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impede the GFAP promoter activation by the
two cytokines. Expression of any of the p300
deletion mutants used in this experiment re-
duced the GFAP promoter activation by LIF
and BMP2 ecither alone or in combination (6,
11) (Fig. 4C), possibly by competing with the
endogenous p300 for the binding to STAT3 and
Smad1. The p300(1-1736) fragment, which in-
teracted with neither STAT3 nor Smadl, also
behaved as an inhibitor, possibly because of the
seclusion of downstream targets of endogenous
p300.

It is interesting that the neuroepithelial
cell cultures (6) over 3 days with LIF or
BMP2 alone produced GFAP-positive cells,
although their extent was smaller than that
observed in the 2-day culture with a combi-
nation of LIF and BMP2 (8). This is consis-
tent with previous observations in which LIF
(5) or BMP2 (22) alone induced astrocyte
differentiation in cultures for a relatively
longer period. This may be due to the forma-
tion of a STAT3-Smadl-p300 complex in-
duced by an exogenously added cytokine and
the endogenous expression and accumulation
of its counterpart.

We have proposed a mechanism by which
p300 coordinates the interaction of STAT3
and Smadl, leading to synergistic astrocyte
differentiation. Similar interactions between
transcriptional coactivators and different
kinds of transcription factors may explain
synergistic actions of distinct types of cyto-
kines in other biological signaling pathways.
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Dissecting and Exploiting
Intermodular Communication in
Polyketide Synthases

Rajesh S. Gokhale," Stuart Y. Tsuji,” David E. Cane,*
Chaitan Khosla®23*

Modular polyketide synthases catalyze the biosynthesis of medicinally impor-
tant natural products through an assembly-line mechanism. Although these
megasynthases display very precise overall selectivity, we show that their
constituent modules are remarkably tolerant toward diverse incoming acyl
chains. By appropriate engineering of linkers, which exist within and between
polypeptides, it is possible to exploit this tolerance to facilitate the transfer of
biosynthetic intermediates between unnaturally linked modules. This protein
engineering strategy also provides insights into the evolution of modular

polyketide synthases.

Since the discovery of the modular architecture
of certain polyketide synthases (PKSs), several
reports have highlighted the functional versatil-
ity of these multienzyme assemblies by exper-
iments involving domain inactivation, substitu-
tion, or addition (/). Although these empirical
gene fusion approaches have led to the biosyn-
thesis of diverse “unnatural” natural products,
they have usually resulted in decreased in vivo
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productivity (2). The reasons for the lower
productivity are poorly understood but could
include structural instability of the engi-
neered protein, suboptimal chemistry within
the altered module, or inefficient processing
of the nonnatural polyketide intermediates by
downstream modules.

An alternative strategy for combinatorial
biosynthesis would be to recombine intact mod-
ules from the vast natural repertoire of PKSs.
Such an approach would benefit from the use of
highly evolved modules as intact catalytic units,
thereby eliminating unwanted perturbations in
module structure or chemistry. Along with the
diverse chemistry observed in polyketide bio-
synthetic pathways, greater degrees of freedom

16 APRIL 1999 VOL 284 SCIENCE www.sciencemag.org



could be combinatorially accessed through the
interweaving of PKS modules with those of
nonribosomal peptide synthetases, as found in
nature (2). However, productive chain transfer
between heterologous PKS modules has not
been reported, perhaps because of the lack of
understanding of the molecular basis for inter-
modular communication. Furthermore, al-
though many bacterial genomes encode more
than one PKS, each composed of multiple mod-
ules, there is no evidence for crosstalk between
modules belonging to different dedicated PKS
assemblies. A variety of experiments and ob-
servations have reinforced the view that indi-
vidual modules show considerable selectivity
toward their cognate substrates and that this
intrinsic selectivity places serious constraints on
harnessing the combinatorial potential of PKSs
(1, 2). Here we present several lines of evidence
that challenge this viewpoint. Our studies on
four individually expressed, catalytically func-
tional modules of the erythromycin PKS reveal
that these modules have very similar kinetic
parameters for extending a given diketide sub-
strate into the corresponding triketide. Surpris-
ingly, short intermodular segments of variable
amino acid sequence, referred to as linkers,
were found to play a crucial role in the assem-
bly of functional modules as well as in the
intermodular polyketide chain transfer. By ap-
propriate engineering of these linkers, we show
that it is possible to facilitate communication
between heterologous modules. Our results
suggest that whereas the chemistry within PKS
modules may be substrate- and stereo-selective,
chain transfer between intact modules is per-
missive as long as the evolutionarily optimized
linkers can provide the connectivity between
adjacent modules.

The remarkable overall selectivity exhibited
by naturally occurring multimodular PKSs sug-
gests that each module possesses significant
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substrate specificity. As a direct test of this
hypothesis, we sought to functionally express
and kinetically characterize representative mod-
ules of 6-deoxyerythronolide B synthase
(DEBS) (Fig. 1), which synthesizes the macro-
cyclic core 1 of the antibiotic erythromycin (3).
For technical convenience, Escherichia coli
was chosen as the expression host. The thioes-
terase (TE) domain, which ordinarily occurs at
the COOH terminus of module 6 of DEBS, was
fused to the COOH-terminal end of each mod-
ule to facilitate substrate turnover (4). A key
barrier to the functional expression of PKS
modules in E. coli is the inability of the host’s
phosphopantetheiny] transferases to posttrans-
lationally modify the acyl carrier protein (ACP)
domains of PKS modules. To overcome this
problem, we coexpressed the sfp phospho-
pantetheinyl transferase from Bacillus subtilis
in E. coli BL21(DE3) cells (5). Coexpression of
the sfp gene was both necessary and sufficient
for functional expression of NH,-terminal mod-

Fig. 2. Cell-free synthe-
sis of triketides cata- oH ©
lyzed by individual

modules. All of the pro- '\/'\‘)l\s‘N Ac
tein assays were done

with varying concen-

trations of diketide

thioester 2 (0.5 to 10 2
mM), 2.5 mM '4C-
methylmalonyl-CoA,

and 100 pmol of puri-

fied protein in a 100-ml

ules such as module 3+TE (M3+TE) and
MS+TE (6), as assayed by their ability to
convert the diketide thioester 2 into the expect-
ed triketide products 3 and 4, respectively (Fig.
2). However, no activity could be detected from
similarly expressed COOH-terminal modules
such as M2+TE and M6+TE (6), even though
these proteins were homodimeric and chro-
matographically similar to their NH,-terminal
counterparts. This lack of activity was unex-
pected because M2+TE and M6+TE are
known to accept diketide thioester 2 when pre-
sented in their natural bimodular contexts (7).
Detailed analysis of each domain of recombi-
nant M2+TE indicated that whereas its acyl-
transferase (AT) domain was catalytically com-
petent (as assessed by selective labeling of
methylmalonyl-CoA) and its ACP domain was
pantetheinylated, the ketosynthase (KS) domain
could not be acylated with radiolabeled diketide
thioester 2 (8). Because the KS domain is
present at the NH,-terminal ends of these re-

0
Module 3+TE n,
methylmalonyl-CoA
W Ng 0
3
OH

m,,
Module 2+TE or Module 5+TE or Module6+TE N
reaction. Because the 2
KR domain is inactive in 77N TN N
M3+TE, 1 mM of NADPH  NADP* |
NADPH was only used methylmalonyl-CoA 4

in the assay mixtures

for M2+TE, M5+TE, and M6-+TE proteins. The reaction mixtures were quenched and extracted by ethyl

. acetate and separated by means of thin-layer chromatography (TLC). The products were confirmed by

simultaneously running standards on TLC plates. Time courses for the formation of triketide lactone 4
and triketide ketolactone 3 were performed for 30 min. Quantitative measurements were done on a
Packard Instantimager. All of these experiments were performed in triplicate.

Fig. 1. Schematic DEBS 1 DEBS 2 DEBS 3
representation of the S
modular organization r

of DEBS, which cata- :
lyzes the synthesis of
the macrolide agly- Ml ‘
cone of erythromycin,
6-deoxyerythronolide
B (6-dEB, 1). DEBS is a

hexameric  protein

complex (a2B2vy2).

Each constituent polypeptide

chain (DEBS 1, 2, and 3; shown

here in yellow, blue, and green, respectively) is
composed of two modules: an NH,-terminal
(lighter shade) and a COOH-terminal (darker

shade) module that are covalently connected by an intermodu-
lar linker (shown in red). Each module contains a set of domains
beginning with a KS domain, followed by an AT domain, and
ending with an ACP domain. All modules except M3 have active ketoreductase
(KR) domains, and M4 contains an additional dehydratase domain and an enoyl

M2

i)
HOJ1
HOJix

reductase domain. The TE domain (shown in pale blue) follows M6, which is
responsible for the cyclization of the heptaketide intermediate to form 1. The loading domain (LD, shown in pink) is present at the beginning of M1. During
the course of reaction, all the intermediates are covalently sequestered as acylthioesters of the corresponding ACP and KS domains. The growing chain gets
passed on from one module to next, like a baton in a relay race.
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combinant proteins, we suspected a problem at
this end of the protein for these COOH-terminal
modules. Amino acid sequence comparisons of
the six DEBS modules had led to the identifi-
cation of linker regions of variable sequence
that spanned the boundaries between the highly
conserved ACP domain at the COOH-terminal
end of an upstream module and the KS domain
at the NH, terminus of the following module
(9). Our analysis of these linker regions be-
tween DEBS modules, and those of other
PKSs, revealed a marked contrast between the
sequences separating covalently connected
modules (for example, sequences between M1
and M2, M3 and M4, or M5 and M6 of DEBS)
and those separating noncovalently connected
modules (for example, sequences between M2
and M3 or M4 and M5 of DEBS). Specifically,
the sequences separating covalently connected
modules (hereafter referred to as intermodular
linkers) are short and are characterized by the
presence of a relatively conserved proline resi-
due, whereas those upstream of NH,-terminal
modules and downstream of COOH-terminal
modules (hereafter referred to as interpolypep-

A Intermodular linker

M2ery: GGATGAEQAAPATT..APVD M3ery:
Mdery: VGDAD..QAA.VRVVGAA.DES MS5ery:
M6ery: VGAAEAEQA.PALVREVPKDAD M4rif:
M2rif: FGSA.A.NR.PAEIGTAAAE M7rif:
M3rif: LG..ER.PAAPAPVTRDVSD M8rif:
MS5rif: GETVAGAPATPVTTVADAG MI9rif:
M3rap: .ELFTGENPAPVRGPVSAVGQD MSrap:
M4rap: .ELFTGENPAPVRGPVSVVGQD Mllrap:
M7rap: .ELFTGENPAPVRGPVSA.GQD

REPORTS

tide linkers) are longer and relatively hydrophil-
ic (Fig. 3). The NH,-terminal ends of all KS
domains contain a highly conserved stretch of
four amino acids, PIAI (/0), whose coding
sequence often encompasses a Bsa BI restric-
tion site (4 of 6 modules in DEBS and 8 of 10
modules in the rifamycin PKS possess this re-
striction site). Thus, construction of gene fu-
sions at this site is a straightforward matter.
Using this strategy, we replaced the DNA en-
coding the first 18 amino acids at the 5" end of
the inactive M2+ TE construct described above
with DNA encoding the first 39 amino acids
from M5+TE (11). The resulting M2 +TE pro-
tein could now accept diketide thioester 2 and
convert it into the expected triketide lactone
(Fig. 2). Likewise, the activity of the above-
mentioned M6+TE gene was restored by a
similar replacement. These results indicated
that intermodular linkers play a crucial role in
the assembly of functional PKS modules.
Moreover, the development of this strategy for
heterologous expression of single modules pro-
vided us with convenient access to the reagents
needed for evaluating module specificity.

B NHz-terminal interpolypeptide linker

VTD SE KVAEYLRR .ATLDLRAAR QRIRE..LES
MSGDNGM.TE E.KLRRYLKR TVT.ELDSVT ARLRE..VEH RAG
MSAPNE QIVDAL.R ASLKE....N VRLQQENSAL AAAAA
VSASYE KVVEAL.R KSLEE. ...V GTLKKRNRQL ADAAG
...... V.AD EGQLRDYLKR .AIADARDAR TRLRE..VEE QAR
MATD E.KLLKYLKR .VTAELHS..
MR.. EDQLLDAL.R KSVKE....N ARLRKANTSL RAAMD
......M.PEQD KVVEYL.R WATAELHETTR AKL..... EA LAAANT

. .LRKQGARH .AD

Fig. 3. Amino acid sequence comparisons (70) of representative intermodular (A) and NH,-terminal
interpolypeptide (B) linkers from erythromycin (ery), rifamycin (rif), and rapamycin (rap) PKSs.
These linker sequences have low sequence similarity. However, interpolypeptide linker residues
have a higher occurrence of charged residues [bold residues in (B)], whereas nearly all of the
intermodular linkers have a conserved proline residue [bold residues in (A)].

A

B
& - — -
c

TET GG

Fig. 4. Engineered heterologous modular fusions. Constructs (A) and (B) are bimodular constructs
engineered from the erythromycin PKS, where chain transfer is observed between M1 and an unnatural
downstream module (M3 and M6, respectively), as long as the intermodular linker (shown in red) that
is naturally present between M1 and M2 is maintained. Communication between two modules derived
from different PKSs (erythromycin and rifamycin) is illustrated in (C). The ery M1-M2 linker is also
maintained in this construct. The construct shown in (D) demonstrates successful interpolypeptide
chain transfer between heterologous modules. In addition to retaining the ery M1-M2 linker (shown in
red), the intermodular linkers that are naturally present between M2 and M3 are also preserved (shown

in yellow).

In addition to highlighting the important
role of linkers in module connectivity, the
above experiments showed that at least four
distinct modules of DEBS were able to accept
and extend diketide thioester 2, which is the
natural substrate of M2 only. To quantify this
unexpected substrate tolerance, the steady-state
kinetic parameters of the purified individual
modules were measured. As seen in Table 1,
the apparent catalytic rate constant (k_,) and
Michaelis constant (K,,) for 2 are very similar
for every module except M3+ TE. The value of
ko for M3+TE is five times lower than that for
the other three modules. A possible explanation
for this difference is that the TE domain, which
is present at the COOH-terminal ends of all four
modules, discriminates between the ACP-
bound B-hydroxythioester substrate generated
by M2+TE, M5+TE, and M6+TE, and the
B-ketothioester ~ substrate  generated by
M3+TE. Recent studies with the isolated TE
domain of DEBS have shown that it possesses
significant specificity toward acylthioester sub-
strates that have a (2R, 35)-2-methyl-3-hydroxy
stereochemistry (/2), as is the case for the
normal products of M2, M5, and M6. To assess
the contribution of the TE domain to the appar-
ent k,, and K, of M6+TE, these parameters
were measured for 2 in the absence of
NADPH (the reduced form of nicotinamide
adenine dinucleotide phosphate), which elim-
inates the ketoreductase-catalyzed reaction
from the catalytic cycle. Although the appar-
ent K,, remained virtually unchanged (4.1
mM), the apparent k_,, decreased by half. We
therefore conclude that individual modules of
multimodular PKSs have an unexpectedly
broad tolerance toward incoming ketide
chains and that these modules faithfully pro-
cess incoming substrates.

Because the acyl moiety of 2 is the product
of the first module of DEBS, the above results
suggest that it should be possible to synthesize
novel polyketides by fusing M3, M5, or M6
downstream of M1. Although the previous at-
tempts in our lab to construct a nonnative mod-
ule fusion were unsuccessful (/3), the results
from heterologous expression of individual
PKS modules in E. coli suggested that linkers
might play a crucial role in facilitating chain
transfer between adjacent modules. To assess
the significance of the linkers, the fusions M1-
M3+TE and M1-M6+TE were reconstructed

Table 1. Kinetic parameters of individual modules
for the synthesis of triketide.

Proteins k.. X 100 (min~") Ky (mM)

M2+TE 806 46 £04

M3+TE 15+03 44+04

M5+TE 7507 4.7*04

M6-+TE 9.5+0.6 43+04

M6+TE 45*+07 41*+04
(—NADPH)
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in a manner that preserved the natural inter-
modular linker between M1 and M2 through
use of the conserved Bsa BI restriction site
described above (Fig. 4, A and B) (/4). Re-
markably, the recombinant strain of Streptomy-
ces coelicolor CH999 harboring M1-M3+TE
synthesized the expected triketide ketolactone
3, as judged by nuclear magnetic resonance
(NMR) spectroscopy, in quantities similar to
the triketide synthesized by strains harboring
DEBS1+TE (15 mg/liter). Likewise, MI1-
M6+TE also produced comparable quantities
of the ketolactone 3, as judged by NMR spec-
troscopy (15). As a more demanding test of the
role of linkers in polyketide chain transfer, we
replaced M2 of DEBS with M5 from the rifa-
mycin (rif) PKS from Amycolatopsis mediter-
ranei (16). The a-methyl and B-hydroxyl ste-
reocenters generated by M5 of the rif PKS are
the same as those generated by M2 of DEBS,
although the incoming acyl chain differs sub-
stantially in the two cases. The bimodular PKS
generated by linking 7if M5 downstream of
DEBS M1 produced the expected triketide lac-
tone 4 in vivo, as judged by NMR spectroscopy
(Fig. 4C) (17). Again, the productivity of the
recombinant strain of S. coelicolor expressing
this PKS is comparable to that for the triketide
lactone synthesized by DEBS1+TE (15 mg/
liter). The successful engineering of a DEBS
MI1-rif M5 junction prompted us to test wheth-
er the interpolypeptide linker between M2 and
M3 of DEBS could also facilitate chain transfer
from rif M5 to DEBS M3. For this experiment,
the COOH-terminal linker that ordinarily oc-
curs downstream of ACP2 in DEBS1 was fused
in place of the TE domain in the bimodular
construct described in Fig. 4C (Z8). Upon co-
expression of the resulting bimodular protein
with DEBS2 and DEBS3, the recombinant
strain of S. coelicolor produced 15 mg/liter of 1,
as judged by NMR spectroscopy (Fig. 4D).
These studies demonstrate the feasibility of
functionally rewiring PKS modules. Thus, the
linker hypothesis, which was developed using
an intermodular linker between M1 and M2 of
DEBS, is also applicable to interpolypeptide
linkers (as illustrated by the linker between M2
and M3 of DEBS). The linker hypothesis has
two important implications. First, it suggests a
simple model for the evolution of modular
PKSs and possibly for nonribosomal peptide
synthetases (2, 19), because gene duplication is
both necessary and sufficient for the evolution
of multimodular systems as long as linkers
provide suitable module connectivity. Second,
it provides a fundamentally new strategy for
combinatorial biosynthesis, in which modules,
rather than individual enzymatic domains, are
the building blocks for genetic manipulation.
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P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and
Y, Tyr.

Expression plasmids for M2+TE, pRSG64, and
M6+TE, pRSG54, were constructed by replacing the
Bsa Bl-Eco RI fragment in pRSG46 (6) by the corre-
sponding fragment from pCK12 (4) (for M2+TE) and
pJRJ10 (for M6+TE). The fusion of the TE gene at the
end of M2 has been described earlier (4). Proteins
were expressed in BL21(DE3) cells and induced with 1
mM isopropyl-B-D-thiogalactopyranoside (optical
density at 600 nm = 0.6). Cells were harvested by
centrifugation after 10 hours and resuspended in
disruption buffer [200 mM sodium phosphate (pH
7.2), 200 mM sodium chloride, 2.5 mM dithiothreitol
(DTT), 2.5 mM EDTA, 1.5 mM benzamidine, pepstatin
and leupeptin (2 mg/liter), and 30% v/v glycerol]. The
cells were lysed using a French press, and the lysate
was collected after centrifugation. Nucleic acids were
precipitated with polyethylenimine (0.15%) and re-
moved with centrifugation. The supernatant was
made 50% (w/v) saturated with ammonium sulfate
and precipitated overnight. After centrifugation, the
pellet containing protein was redissolved in buffer A
[100 mM sodium phosphate (pH 7.2), 2.5 mM DTT, 2
mM EDTA, and 20% glycerol (v/v)] and stored at
—-80°C. For chromatography, the buffer was ex-
changed to buffer A + 1M ammonium sulfate using
a gel filtration PD10 (Pharmacia) column. The result-
ing sample was loaded on a Butyl Sepharose (Phar-
macia) column. Fractions containing DEBS proteins
were pooled and applied on an anion exchange col-
umn (6 ml; Resource Q, Pharmacia). Purified protein
fractions were pooled and concentrated with Amicon

20.

Centriprep30. Typical purified protein yields were ~3
to 4 mg per liter of culture. All these individual
modules eluted as dimers on the gel filtration col-
umn. More than 90% of the proteins were phospho-
pantetheinylated in vivo as a result of the overex-
pression of sfp phosphopantetheinyl transferase. Al-
though these proteins were expressed as His,-tagged
proteins, they did not bind to a Ni-column under
experimental conditions. It is unclear whether this
inability to bind to a Ni-agarose column is due to
steric effects or whether the His, peptide was lost
during purification.

. R. S. Gokhale, D. Hunziker, D. E. Cane, C. Khosla,

Chem. Biol. 6, 117 (1999).

. Previous attempts to generate heterologous module

fusions, such as M1-M6+TE, M1-M3+TE, and M1-
M2-M6+TE, have been unsuccessful [R. McDaniel et
al., ibid. 4,667 (1997); C. M. Kao, J. Lau, R. S. Gokhale,
C. Khosla, unpublished results]. Although none of
these recombinant PKSs, constructed by engineering
restriction sites at arbitrarily chosen positions in the
linkers between ACP and KS domains, yielded any
polyketides in vivo, the fusion proteins were stable
and could be purified as homodimers. In vitro assays
carried out with radiolabeled propionyl-CoA and un-
labeled methylmalonyl-CoA did not produce any ra-
diolabeled triketide product. Instead, when diketide
thioester 2 and radiolabeled methylmalonyl-CoA
were used as substrates, these bimodular constructs
produced radiolabeled triketide, probably by exog-
enously priming at the downstream module. It has
been previously shown that 2 does not acylate at the
KS domain of M1 [N. Tsukamoto et al., Biochemistry
35 15244 (1996)].

. Bsa Bl-Eco RI fragments containing ery M3 and ery

M6 were cloned behind ery M1. The M1-M3+TE and
M1-M6+TE genes were excised as Pac I-Eco Rl frag-
ments and inserted into pCK12 (4). The resultant
plasmids pST97 and pST96, respectively, were trans-
formed in S. coelicolor strain CH999.

. The reason for the inability of KR6 to reduce the

triketide keto ester is unclear, because incubation of
M5-M6+TE with diketide 2 and NADPH can synthe-
size 4.

. P. R. August et al, Chem. Biol. 4, 69 (1998); T.

Schupp, C. Toupet, N. Engel, S. Goff, FEMS Microbiol.
Lett. 159, 201 (1998).

. The construction of ery M1-rif M5+TE was done as

follows: Based on an alignment with ery ACP se-
quences, the natural sequence at 28024 5'-CGCGAC-
3"in rif ACP5 was replaced with the Spe | recognition
sequence of 5'-ACTAGT-3. Standard polymerase
chain reaction techniques were used to carry out
mutagenesis. The Bsa BI-Spe | fragment containing rif
M5 was excised and used to replace the correspond-
ing ery M2 fragment in pCK12. The resultant expres-
sion plasmid, pST110, was transformed into S. coeli-
color strain CH999.

. To graft the interpolypeptide linker from the COOH

terminus of ery M2 onto the rif M5, the Pac I-Spe |
fragment of pST110 was inserted into a derivative of
pCK7 [C. M. Kao, et al. Science 265, 509 (1994)]. The
derivative had a Spe | site engineered in the homol-
ogous region at the end of ACP2. The resulting
pST113 construct contained ery M1 linked to rif M5
(through the natural cis linker between ery M1 and
M2), rif M5 noncovalently linked to ery M3 (through
the natural interpolypeptide linker between ery M2
and M3), and the subsequent natural links to ery M4,
M5, and M6.

. P. ). Belshaw, C. T. Walsh, T. Stachelhaus, Science 284,

486 (1999).
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