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ABSTRACT. The hallmark of a type | polyketide synthase (PKS), such as the 6-deoxyerythronolide B synthase
(DEBS), is the presence of catalytic modules comprised of covalently fused domains acting together to
catalyze one round of chain elongation. In addition to an obligate ketosynthase (KS), acyl transferase
(AT), and acyl carrier protein (ACP), a module may also include a ketoreductase (KR), dehydratase (DH),
and/or enoyl reductase (ER) domain. The size, flexibility, and fixed dof@gomain stoichiometry of

these PKS modules present challenges for structural, mechanistic, and protein-engineering studies. Here,
we have harnessed the power of limited proteolysis and heterologous protein expression to isolate and
characterize individual domains of module 3 of DEBS, a 150-kD protein consisting of a KS, an AT, an
ACP, and an inactive KR domain. Two interdomain boundaries were identified via limited proteolysis,
which led to the production of a 90-kD KS-AT, a 142-kD KS-AT-KRind a 10-kD ACP as structurally

stable stand-alone proteins. Each protein was shown to possess the requisite catalytic properties. In the
presence of the ACP, both the KS-AT and the KS-AT%Roteins were able to catalyze chain elongation

as well as the intact parent module. Separation of the KS from the ACP enabled direct interrogation of
the KS specificity for both the nucleophilic substrate and the partner ACP. Malonyl and methylmalonyl
extender units were found to be equivalent substrates for chain elongation. Whereas ACP2 and ACP4 of
DEBS could be exchanged for ACP3, ACP6 was a substantially poorer partner for the KS. Remarkably,
the newly identified proteolytic sites were conserved in many PKS modules, raising the prospect of
developing improved methods for the construction of hybrid PKS modules by engineering domain fusions
at these interdomain junctions.

Structural diversity and broad biological activity are ACP intermediate. In modular PKSs, functional units such
hallmarks of the polyketide natural product family).(These as the KS, AT, and ACP are referred to as domains, whereas
complex structures are synthesized in nature from a limited modules refer to collections of catalytic domains that act
repertoire of simple carboxylic acids by multifunctional together to complete one chain elongation cycle. A PKS
proteins called polyketide synthases (PKSBilding blocks module may contain, in addition to the three core domains
are incorporated sequentially by a PKS to synthesize thedescribed above, modifying domains such gsketoreduc-
desired natural product. A PKS minimally requires three tase (KR), a dehydratase (DH), and/or an enoyl reductase
functional proteins to perform one round of chain elonga- (ER). The KR reduces thg-ketothioester intermediate
tion: a ketosynthase (KS), an acyl transferase (AT), and angenerated by the KS to A-hydroxythioester. The DH
acyl carrier protein (ACP). The growing polyketide chain is dehydrates the resulting intermediate intagftunsaturated
anchored on the KS via a thioester linkage. Once the AT ester, whereas ER hydrogenates the olefin to yield a fully
has transferred an acyl-CoA extender unit to the phospho-reduced3-carbon atom. Thus, the KR, DH, and ER domains
pantetheine arm of the ACP, the KS catalyzes decarboxy-expand the functional group diversity of the final polyketide
lative condensation between the electrophile (growing chain) natural product. Two main categories of PKSs are found in
and the nucleophile (extender unit) to formBeketoacyl- microorganisms. Type | PKSs have covalently linked do-
mains, such that one or more modules are contained on a
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Ficure 1: (A) Modular organization of DEBS. Each catalytic domain is represented by a circle; KS, AT, ACP, DH, ER, KR, andTE. KR
denotes an inactive ketoreductase domain. The phosphopantetheine prosthetic group of ACP is drawn as a curly line. Interprotein linkers
are shown as matching tabs. (B) Chain elongation cycle catalyzed by DEBS M3TE. AT is acylated with a methylmalonyl extender unit
from its CoA derivative, which gets transferred to the downstream ACP. KS is primed with a 2-methyl-3-hydroxy pentanoyl unit from
NDK-SNAc. Condensation takes place in the active site of KS with the release of carbon dioxide. TE catalyzes lactone formation with the
release of the final product.

substitution ). In contrast, surprisingly little is known about  dures 0). Plasmid pRSG3410) was coexpressed iks-

the structure of DEBS or the structure of type | PKSs in cherichia coliwith a plasmid encoding the Sfp phospho-
general. The X-ray structures of the isolated TE domain from pantetheinyl transferase to ensure complete pantetheinylation
DEBS and the pikromycin PKS have recently been reported of the ACP domain of M3TEX1). TransformecE. coli cells
(6—7), and the solution NMR structures of terminal-docking were grown in LB medium at 37C to an ORy = 0.6 before
domains of DEBS2 and DEBS3 have also been determinedthe cultures were cooled to 3C and induced with 0.2 mM
(8). However, the absence of high-resolution structural jsopropyl-p-galactopyranoside (IPTG) for 12 h. Cells were
insights into any other DEBS domains or modules (or for harvested by centrifugation (45§015 min), resuspended
that matter, those of any other type | PKS proteins) presentsin |ysis/wash buffer (50 mM phosphate at pH 7.6, 300 mM
a major stumbling block for the enzymology and protein NaCl, and 10 mM imidazole), lysed with sonication 51
engineering of these remarkable modular megasynthases. Agnin), and cellular debris was removed by centrifugation.
a step in this direction, we investigate the effect of splitting Njckel-NTA agarose resin was added directly to the super-

a module into its constituent domains. Our results have natant (8 mL of resin/L of culture) and mixed for 20 min at
encouraging implications for the structural biology of PKSs 4 o This resin was poured into a fritted column, washed

as well as for combinatorial biosynthesis of new polyketide \\ith 10 column volumes of lysis/wash buffer, and eluted
natural products. with 3 column volumes of elution buffer (50 mM phosphate
MATERIALS AND METHODS at pH 7.6, 100 mM NaCl, and 150 mM imidazole). The
Reagents and ChemicalsL-[2-Methyl-**C]-methylma- ellfted protdelnl v'zlads a.[:rp])hed_to a H_lTralp-Q allzllog-lexcl'éangte
lonyl-CoA and [224C]-malonyl-CoA were from American SO ;';m eluted with an mlcreasmg inear | - gradient.
Radiolabeled Chemicalst“C]-NDK-SNAc was from Am- MS3TE eluted at approximately 370 mM NaCl (Figure 2A).
ersham Pharmacia. All other chemicals, including nonlabeled Preparation of Proteolytic Fragment®urified M3TE (1
CoA derivatives, were from Sigma. Thin-layer chromatog- Mg/mL in 20 mM HEPES at pH 7.6) was digested with 1
raphy (TLC) plates (IB2) were from J. T. Baker. SBS  ug/mL trypsin at #C and quenched after 10 min by addition
PAGE-gradient gels (415% acrylamide) were from BioRad. ~ of 6 mM benzamidine. Ni-NTA agarose was added to the
Ni-NTA affinity resin was from Qiagen. HiTrap-Q anion mixture and stirred for 30 min at 4C. The resin was
exchange and Superdex-200 size-exclusion columns weresubsequently removed using a gravity column and discarded.

from Amersham Pharmacia.
Expression and Purification of Modulet3 hioesterase

The eluate was applied to a HiTrap-Q anion-exchange
column and eluted with 350 mM NacCl. The large fragment

(M3TE). M3TE was purified according to published proce- was further purified via gel-filtration chromatography using
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1 MTDSEKVAEY LRRATLOLRA ARQR];ELES DPIAIVSMAC RLPGGVNTPQ RLWELLREGG ETLSGFPTDR
71 GWDLARLHHP DPDNPGTSYV DKGGFLDDAA GFDAEFFGVS PREAAAMDPQ QRLLLETSWE LVENAGIDPH

14t SLRGTATGVF LGVAKFGYGE DTAAAEDVEG YSVTGVAPAV ASGRISYTMG LEGPSISVDT ACSSSLVALH KS
211 LAVESLRKGE SSMAVVGGAA VMATPGVFVD FSRORALAAD GRSKAFGAGA DGFGFSEGVT LVLLERLSEA
220 _-_y Ty vy YyY 281 RRNGHEVLAV VRAGSALNQDG ASNGLSAPSG PAQRRVIRQA LESCGLEPGD VDAVEAHGTG TALGDPIEAN
180 - s | ks | AT [kr"lacF| TE 351 ALLDTYGRDR DADRPLWLGS VKSNIGHTQA AAGVTGLLKV VLALRNGELP ATLHVEEPTP HVDWSSGGVA
—— 421 LLAGNOPWRR GERTRAARVS AFGISGTNAH VIVEEAPERE HRETTAHDGR PVPLVVSART TAALRAQAAQ
120 —— - Module 3 + TE (186 kD) 491 IAELLERPDA DLAGVGLGLA TTRARHEHRA AVVASTREEA VAGLREIAAG AATADAVVEG VTEVDGANVY
100 -— | i . =1 FLFPGQGSQW AGMGAELLSS SPVFAGKIRA CDESMAPMQD WKVSDVLRQA PGAPGLDRVD VVQPVLFAVM

Ji— (’ & GT{(R' 631 VSLAELWRSY GVEPAAVVGH SOGEIAAAHV AGALTLEDAA KLVVGRSHLM RSLSGEGGMA AVALGEAAVR AT
—_ | KS A 701 ERLRPWODRL VNGPRS VVVSGEPGAL RAFSEDCAAE GIRVRDIDVD YASHSPQIER VREELLETTG
- Large fragment (142 kD) 771 DIAPRPARVT ESRSM DGTELDARYW YRNLRETVRF ADAVTRLAES GYDAFIEVSP HPVVVOJAVEE
- ss1  AVEEADGAED GSLHRD GGDLSAFLRS MATAHVSGVD IRWDVALPGA APFALPTYEF QRERYWLQPA
i 511 APAAASDELA YRWSWTPIEK PESGNLDGDW LVVTPLISPE WTEMLCEAIN ANGGRALACE VDTSASRTEM
. ’.’Tf_s /;T sa1  AQAVAQAGTG FRGVLSLLSS DESACRPGVP AGAVGLLTLY QALGDAGVDA PVWCLTQGAY RTPADDDLAR
: 1051 PAQTTAHGFA QVAGLELPGR WGGVVDLPES VODAALRLLV AVLRGGGRAE DHLAVRDGRL HGRRVVRASL

= Medium fragment (95 kD) 1171 POSGSRSWTP HGTVLVTGAA SPVGDQLVRW LADRGAERLV LAGACPGDDL GAS AVVCAQDARA | 50
1191 LREALGDEPY TALVHAGTLT NFGSISEVAP EEFAETIAAK TALLAVLDEV L REV YCSSVAGIWG
- e 1261 GAGMAAYAAG SAYLDALAEH HRARGRSCTS VAWTPWALPG GAVDDGYLRE R SADR AMRTWERVLA
5 — (ace 1331 AGPVSVAVAD VDWPVLSEGF AATRPTALFA ELAGRGGOAE AEPDSGPTGE PAORLAGLSPIDEQUENLLEL 4 ~p

0 - 1401 VANAVAEVLG HESAAEINVR RAFSELGLDS LMAMALRKRL SASTGLRLPA SLVFDHPTVT ALAQHT:SQLD
20 I ACP3 (10 kD) 1470 SGTPAREASS ALRDGYRQAG VSGRVRSYLD LLAGLSDFRE HFDGSDGFSL DLVDMADGPG EVTVIGCAGT
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Ficure 2: (A) SDS-PAGE of purified DEBS module 3 proteins. Lane 1, recombinant M3TE; lane 2, 142-kD proteolytic fragment of
M3TE; lane 3, 95-kD proteolytic fragment of M3TE; and lane 4, recombinant ACP3. Molecular weight of the proteolytic fragments was
determined by EStMS. (B) Amino acid sequence of M3TE. Individual domains, as identified by sequence homology with fatty acid
synthase, are shaded in gray and are labeled on the right. Arrows indicate experimentally observed trypsin partial proteolysis sites. The N
terminus of each of the two proteolytic fragments was determined by N-terminal sequencing. The C terminus of each protein was deduced

from the ES+MS-determined molecular weight.

a Superdex-200 column. To generate the medium fragment,

purified M3TE was digested with trypsin fdl h under
identical conditions. The purification procedure for the

medium fragment was identical to that for the large fragment.

[*C]Methylmalonyl- and J*C]Malonyl-CoA Labeling
KS-AT-KR? (20 4M, in 100 mM phosphate at pH 7.2) alone
or KS-AT-KRC together with holo-ACP3 (20 and 1Q0M,
respectively, in 100 mM phosphate at pH 7.2) were incubated

Both the large and medium fragments were characterizedon ice with 100uM [*“C]methylmalonyl-CoA or }*C]-

by mass spectrometry (ESMS) and N-terminal sequencing

malonyl-CoA for 5 min. Similarly, KS-AT (2Q:M, in 100

(automated Edman degradation). The observed molecularmM phosphate at pH 7.2) alone or KS-AT together with
masses of the large and medium fragments were 142.58 andholo-ACP3 (20 and 10Q«M, respectively, in 100 mM
94.73 kD, respectively (calcd masses were 142.24 and 94.56phosphate at pH 7.2) were incubated on ice with 400

kD, respectively).

Expression and Purification of ACPBNA manipulations
were performed using standard protocdl®)( The DNA
sequence encoding DEBS ACP3 (nucleotides 414810;

GenBank accession no. M63677) was amplified by PCR as

an Ndd—EcdRl fragment using primers '8S5AGCCG-
CATATGCGGCTCGCGGGGCTTTCC -3 and 3-CGCG-
GCGAATTCTTAGGCGTCACCGACGAGCCGGGC -

[**C]methylmalonyl-CoA or }*C]lmalonyl-CoA for 5 min.
Samples were quenched with SBBAGE loading buffer
lacking any reducing agents such as dithiothreitgf-oner-
captoethanol and loaded directly onto a SEFAGE gel.
The gel was dried using a BioRad gel-drying system and
analyzed using a Packard phosphorimager.
[**CINDK-SNAC LabelingKS-AT-KR? (20 uM, in 100
mM phosphate at pH 7.2) and KS-AT (204, in 100 mM

3' (sequences complementary to DEBS are shown in bold), phosphate at pH 7.2) were each incubated with 1 rifia]f
with a stop codon inserted at the end of the region of NDK-SNAc alone or together with 1 mM cerulenin for 10

homology (delineated by alignment to other ACP domains min at room temperature. Samples were quenched with

of DEBS). ThisNdd—EcadRl fragment was cloned into a
pPET28a expression vector. The resulting plasmid pVYAO05,
encoding an N-terminal Higagged ACP, was used to
produce ACP3 irE. coli BL21(DE3). The DNA sequence
encoding DEBS ACP6 was similarly amplified using primers
5-TTCATATGGCGGCCCCGGCGCGGG-3 and 53-T-
TGAATTCAGAGCTGCTGTCCTATGTGGTCG -3. The
resultingNdd —EcaR| fragment was cloned into pET28a to
yield plasmid pPK223, encoding DEBS ACP6 with an
N-terminal Hig tag, The construction of genes encoding
ACP2 (pNW7) and ACP4 (pNW8) has been previously
described 13, 14). All ACPs were expressed and purified
using the following procedure. Cells were grown at°&7

in LB medium with 100ug/mL kanamycin to an OFy =
0.6, then cooled to 23C, and induced with 0.2 mM IPTG

SDS-PAGE loading buffer lacking any reducing agents and
loaded directly onto a SDSPAGE gel. The gel was dried
using a BioRad gel-drying system and analyzed using a
Packard phosphorimager.

Triketide Lactone FormatianThe reaction volume was
10uL for all single time point assays. As a positive control,
M3TE (20 uM, in 100 mM phosphate at pH 7.6) was
incubated with 1 mM [1¥C](2S 3R)-2-methyl-3-hydroxy-
pentanoyl-SNAc (NDK-SNAc) for 15 min at room temper-
ature, followed by addition of methylmalonyl-CoA (1 mM
final concentration). The reaction was quenched after 120
min by adding 20uL of 0.5 M potassium hydroxide and
heating the mixture for 20 min at 6%. A total of 10uL of
1.5 M hydrochloric acid was added, and the mixture was
dried in a Speed-vac for 1 h. The pellet was resuspended in

for 12 h. The cells were harvested by centrifugation and 10 uL of ethyl acetate and spotted onto a TLC plate. A 60:
disrupted via sonication. ACPs were purified using Ni- 40 mixture of ethyl acetate/hexane was used for radioactive
affinity chromatography. The resulting protein was applied TLC and visualized using a Packard phosphorimager. As a
to a HiTrap-Q anion-exchange column and recovered in the control, KS-AT-KR’ or KS-AT (20 uM, in 100 mM
flow-through. A typical protein yield was 10 mg/L culture phosphate at pH 7.6) was preincubated with 1 nitC]-
volume. NDK-SNAc for 15 min at room temperature, followed by
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addition of holo-ACP3 (10Q«M, in 100 mM phosphate at  fragment, and the molecular weights were used to deduce
pH 7.6) and subjected to the same procedures as above. Tohe size and infer the presumed C-terminal cleavage site
assay triketide lactone formation by M3TE, tryptic fragments (Figure 2B). The 142-kD fragment is composed of the KS-
and recombinant module 3 KS-AT didomain, methylmalonyl- AT-KR° domains, while the 95-kD fragment is composed
or malonyl-preloaded ACP2, ACP3, ACP4, and ACP6 (100 of the KS-AT region of module 3. It was encouraging to
uM, in 100 mM phosphate at pH 7.6) were used. It should note that these trypsin recognition sites were located
be noted that M3TE catalyzes multiple turnovers, whereas exclusively in the interdomain linker regions, and the
KS-AT together with ACP catalyzes a single turnover. resulting fragments contained full-length domains.
Expression and Purification of KS-AT Didomain from  Expression and Purification of Recombinant KS-AT Di-
DEBS Module 3The DNA sequence encoding the KS-AT domain On the basis of the M3TE proteolysis results, an
didomain from pRSG34 was modified by eliminating the expression plasmid, pAYC2, encoding the DEBS module 3
sequences encoding the domains downstream of a conservef S-AT didomain was constructed. The resulting plasmid
YRVXW sequence (Figure 2B). The resulting plasmid, expressed a soluble protein of 98 kD at a yield of 20 mg/L
pAYC2, was transformed into BL21(DE8®). colicells. Cells ~ culture (Figure 5A). In all of the experiments described
were grown at 37°C in LB medium with 100xg/mL below, this recombinant protein was indistinguishable from
carbenicillin to an Oy = 0.6, at which point they were  the KS-AT didomain protein isolated via limited proteolysis
cooled to 18°C and induced with 0.5 mM IPTG for 24 h. of M3TE.
The cells were harvested by centrifugation and disrupted by AT Actiity. The AT domain transfers polyketide chain
sonication. The KS-AT didomain was purified using Ni- extension units from methylmalonyl-CoA to the ACP (Figure
affinity and anion-exchange chromatography as described1B). In the DEBS system, such extender AT domains are
above for the purification of proteolytic fragments. The final highly specific for the methylmalonyl-CoA substrates).

yield of the protein was 20 mg/L. The KS-AT-KR® and KS-AT proteins prepared by limited
proteolysis of M3TE were incubated with*C]methylma-
RESULTS lonyl-CoA or [**C]malonyl-CoA, and protein labeling was

_ visualized by SDSPAGE followed by phosphorimaging.

Module 3 of DEBS was chosen as a target for this study goinh KS-AT-KR and KS-AT were labeled by*C]meth-
bgcause its molecular recognition feature; have been eXte”yImalonyI-CoA (lanes 1 and 3 of Figure 3A, respectively)
sively investigated 4, 10) and because it represents the |t not with [“C]malonyl-CoA (lanes 2 and 4 of Figure 3A,
simplest kind of PKS module comprising only of a functional respectively), indicating that the AT domain maintained
KS, AT, and ACP domain. Although this module possesses gcyjation activity and substrate specificity outside the context
a domain homologous to catalytically active KR domains ¢ g intact module. Furthermore, this AT activity did not
(3), on the basis of the known structure of 6-deoxy- annear to be affected by the presence or absence of an
erythronolide B as well as detailed sequence analysis, it Wasadjacent KR domain. When holACP3 was present in the
expected that the domain, designated °KiRereafter, is  reaction mixture, the'fCJmethylmalony! label was trans-
Inactive. ferred from KS-AT-KR and KS-AT to the ACP (lanes 5

Post-translational Modification of ACP2, ACP3, ACP4, and 6 of Figure 3A, respectively), clearly demonstrating that
and ACP6 Acyl carrier proteins of polyketide synthases the AT domains within the fragments were fully functional.
require covalent attachment of aghophopantetheine moiety KS Acylation Actiity. The KS domain receives the
from coenzyme A onto a conserved serine residue to becomegrowing polyketide chain from the ACP of the immediate
catalytically active {1). The holo forms of ACPs were  upstream module onto a conserved KS cysteine residue via
prepared by coexpression of the Sfp phosphopantetheinyla thioester linkage. To test whether this acylation activity is
transferase gene fromacillus subtilisin E. coli. Alterna- maintained, the KS-AT-KRand KS-AT fragments were
tively, in vitro treatment of apo-ACPs with either methyl- incubated with NDK-SNAc, a known high-affinity substrate
malonyl-CoA or malonyl-CoA substrates in the presence of for DEBS module 39, 10). SDS-PAGE and phosphorim-
recombinant Sfp yielded methylmalonyl- or malonyl-ACP,  aging showed that both proteins were labeled (lanes 1 and 3
as verified by ES+MS. of Figure 3B), indicating efficient loading of the electrophilic

Limited Proteolysis of M3TEM3TE was digested with  substrate onto the KS domain. Labeling was substantially
trypsin at 4°C as described in the Materials and Methods. weaker when incubations were carried out in the presence
SDS-PAGE analysis of the digestion mixture revealed a of cerulenin (a KS-specific inhibitor) (lanes 2 and 4 of Figure
large size fragment (142 kD) and a medium size fragment 3B). As with acyl transferase activity, this activity also
(95 kD). Neither fragment bound to nickel-affinity resin, appeared unaffected by the presence and absence of the
suggesting that the C-terminal igg of the parent M3TE  adjacent KR domain.
molecule had been removed. The two fragments were Condensation Actity. In the final step of chain elongation,
separated using anion-exchange chromatography and furthethe acyl-KS (anchoring the growing chain) and acyl-ACP
purified using gel-filtration chromatography to yield highly (anchoring the extender unit) interact to form theCbond
pure proteins (lanes 2 and 3 of Figure 2A). Both proteins by decarboxylative condensation, thereby extending the
appear to be monomeric in solution as determined by native polyketide backbone by two carbon atoms. A radio-TLC
PAGE analysis. Purified fragments were stable and showedassay was used to detect formation of the condensation
no indication of degradation after 1 week when stored at 4 product. In this assay, the KS-AT-KRvas preincubated with
°C. The high purity of these proteins allowed successful massNDK-SNAc to ensure sufficient charging with the electro-
spectrometric and N-terminal sequencing analysis. The philic substrate and then mixed with ACP preloaded with
N-terminal sequences were used to identify the start of eacheither a methylmalonyl or malonyl group. An aliquot of the
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B : Ficure 4. TLC phosphorimaging of triketide ketolactone formation.
A (A) Triketide ketolactone formation by KS-AT-KR Lane 1,
negative control reaction (KS-AT-KRholo-ACP3, and*C]NDK-
‘ . . b SNACc); lane 2, positive control reaction (M3TE, methylmalonyl-
CoA, and [*CINDK-SNAC); lane 3, KS-AT-KR, methylmalonyl-
ACP3, and J*CINDK-SNAC; lane 4, KS-AT-KR, malonyl-ACP3,
and [“C]NDK-SNAc. (B) Triketide ketolactone formation by KS-
AT. Lane 1, negative control reaction (KS-AT, holo-ACP3, and
[MCINDK-SNAC); lane 2, positive control reaction (M3TE, meth-
ylmalonyl-CoA, and J*CINDK-SNACc); lane 3, KS-AT, methyl-
malonyl-ACP3, and PFCINDK-SNAc; lane 4, KS-AT, malonyl-
ACP3, and J*CJNDK-SNAc. The TLC solvent system was 60:40
ethyl acetate/hexane.
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FiGURE 3: (A) [**C]Methylmalonyl-CoA and J*C]malonyl-CoA L

labeling of KS-AT-KR, KS-AT, and ACP3. (B) *CINDK-SNAc
labeling of KS-AT-KR and KS-AT.

g4

ACP2 A.C}-’& ACP‘4 ﬁ.\CIPS

reaction mixture was withdrawn at various time points and Ficure 5: (A) SDS-PAGE of purified recombinant KS-AT
quenched with base, resulting in the release of the expectediidomain from DEBS module 3. (B) Triketide lactone formation
ketolactones, which can be detected by TLC followed by Ry IanoduIe 3 KS-AT didomain with ACP2, ACP3, ACP4, and
phosphorimaging (parts A and B of Figure 4). CPe.

Specificity of the KS for Alternat ACP Partnersln type . ) o
| PKSs, the KS and ACP domains that collaborate during Phosphorimaging. As seen in Figure 5, whereas ACP2 and
chain elongation are invariably covalently attached. Conse- ACP4 were comparable substrates to ACP3, ACP6 was a
quently, it has not been possible to determine whether Significantly poorer substrate. Similar results were obtained
substitution of a given ACP domain with a heterologous With the KS-AT-KR® protein or if malonyl-ACPs were used
counterpart carries a kinetic penalty. To test this hypothesis, instéad of methylmalonyl-ACPs (data not shown). These
condensation assays were performed using the KS-AT results suggest that some ACP domains are more inter-
didomain protein and methylmalonyl-ACP2, -ACP3, -ACP4, Cchangeable than others.
and —ACPG. ACP2., _ACP4,_ and ACP6 were gxpressgd as P 5 USSION
proteins and modified using the Sfp protein following the
same procedures described for ACP3 in the Results. The Structure-based protein engineering of multifunctional
reaction product formation was visualized using TLC and PKSs represents an exciting scientific and technological
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opportunity. At the heart of every PKS lies a combination A B

of one (or more) KS, AT, and ACP component. These PKS ooy
components occur as stand-alone proteins in type Il pKSs. K8 | a1 -_F_’_’?’_/_u\ ER— KR S
High-resolution structures of individual KS, AT, and ACP :

protein subunits from type Il PKSs have recently been DEBS M2  DE.LDGWFYRVDWTEVPRSEP  SLRDRUAGIPRAER
obtained 16—21). In contrast, the structural biology of JDEBS M3 DE.LA. .. uuyTPIEKPES ... OUgSPDEQ
multidomain type | PKSs has lagged behind, presumably — iros w»  ToAGERGIYRVEWQPRLLPAG  GTAERLAGLGEREAR
because of the large size and high flexibility of the corre- *Rif M5  GKTRAGSLYRVDWTEVSIADS  GLAGRLAGLAPADQ

H H H *Rif M10 GPAGAGSLYRVDWTPLSSVDT A. .GRLAGLEPAER
sponding modular proteins. Earlier attempts to express &' T EEEEES P v

indivir:'iual functional domains of PKS mOdUIe.S as 'sta'nd-alone FIGURE 6: (A) Portions of the protein sequence from AT-KR, DH-
proteins have been unsuccessful, resulting in insoluble kR (denoted by a single asterisk), or DH-ER (denoted by a double
inclusion bodies (unpublished results). Here, we have takenasterisk) linkers, illustrating the location of the conserved YRVXW
a different approach, using limited proteolysis to identify fusion junction for a selection of PKS modules (Epo, epothilone
structurally and functionally intact protein subunits within a %}g&sse?O?QHEV'?E;ORSSVL‘;%?G?ilf‘uns‘irgt'rhgf?&yfégggggh%?eghém
single PKS module via limited proteonS|§. There'ls con§|d- conserved RLAGL fusionjunctidn for a selection of PKS modules.
erable precedent for such an approach in the biochemistry| inker sequences were obtained from PKSDB, a database of
of other multifunctional enzymes2®). Indeed, limited modular polyketide synthases (www.nii.res.in/pksdb.html).
proteolysis has already led to valuable insights into the
properties of multimodular PKS proteins such as DEBZ3). (

and the related vertebrate fatty acid synthas®. ( conserved YRVXW and RLAGL downstream of most AT

In the current study, limited trypsin-catalyzed proteolysis and KR dc_)mains, respe_zctively. Interestingly, the YRVXW
of DEBS module 3 has yielded two interesfing multidomain S€AUence is also found in other PKSs such as epothilone and
fragments, a 142-kD KS-AT-KRand a 95-kD KS-AT rifamycin synthase (Figure 6). Utilizing the YRVXW junc-
fragment. Although both proteins possess the same catalyti-iOn sequence, we have successfully expressed recombinant
cally active domains, they have notably different structural KS-AT didomain from DEBS module 3 (Figure 5A). In the

properties. The former protein includes the large intervening Presence of methyl_malonyl- or malonyI.-ACP, Fh.is recom-
linker region found in most PKS modules between N- binant KS-AT protein shows condensation activity similar

terminal domains (KS, AT, and DH, when present) and to .that of trypsin—proteolyzgd fragmgnts. However, the
C-terminal domains (ACP and, when present, ER and KR). efﬁuenc;y of the _condensafuon reaction appears to vary
It also includes the inactive KRiomain of module 3. Both ~ dépending on which ACP is used. Therefore, for future
these regions are missing from the smaller 95-kD fragment. construction of hybrid PKS modules, the YRVXW junction
It should be noted, however, that the C terminus of the 95- could be used to replace KS-AT didomains between different
kD fragment maps to a short conserved sequence, YRVXW PKS modules. Most prote?n-gngineering experiments thus
(Figure 2B), that lies downstream of not just the AT domain far have focused on substituting only the AT domain. The
but also the DH domain whenever present. Together, these®Sulting hybrid PKSs often synthesize the expected com-
results suggest that KS and AT domains (and the DH domain, pounds, aIbeltlat sul_)stantlally lowered ylglds when compared
when present) form a single functional unit in a PKS module. t© corresponding wild-type systems. This may be due to an
This model is mechanistically appealing because the KS angunstable KS-AT structural unieg) and could be alleviated
AT domains do not interact directly with each other in the PY Preserving the KS-AT interface of individual PKS
catalytic cycle and therefore could be fixed in position Mmodules. Similarly, thg-ketoester-modifying enzymes (KR,
relative to one another. It is also supported by the limited DH, and/or ER) could be exchanged between modules by
proteolytic studies of Wakil and co-workers on the vertebrate €ngineering protein fusions at the YRVXW and RLAGL
fatty acid synthase2d). sites. It should be noted that the act|V|t_y_of bqth types of
When a recombinant ACP is added to the reaction mixture, Nybrid modules would depend on efficient interactions
both the KS-AT-KR and KS-AT fragments are capable of Petween the acyl-ACP and heterologous KS, AT, DH, ER,

catalyzing efficient acyl transfer and condensation reactions. @nd/or KR domains. In our study, the KS3 shows a
Furthermore, neither the large interdomain linker nor a simple Preference for ACP2, ACP3, and ACP4 over ACP6. There-

covalent linkage between either of these multidomain fore, the catalytic efficiency of a hybrid module could be
proteins and ACP appears to be required for chain elongation.OPtimized by either retaining the endogenous ACP (down-
This finding, which is in contrast to the vertebrate fatty acid Stréam of the RLAGL site) or by replacing it with a
synthase 25), might suggest that interactions between the compatible heterologous ACP.
KS and ACP are not required for chain elongation. However, Our results here and elsewhere also demonstrate that
because methylmalonyl-CoA (which also has a phospho- specificity of a PKS module for the electrophile (acyl) and
pantetheinyl moiety) is unable to substitute for methylma- nucleophile (malonyl or methylmalonyl) substrates is or-
lonyl-ACP in the condensation reaction (data not shown), thogonally controlled, specificity for the former being
the results of this study suggest that the KS and ACP domainsdictated by the KS domain and for the latter being under
of a module engage via noncovalent protgimotein interac- the exclusive control of the AT domain. Thus, it appears
tions between specific surface residues rather than linkers.that the engineering of hybrid modules is primarily a problem
Similar interactions between ACP and KS domains from of establishing architecturally and dynamically intact modules
adjacent modules have also been detect&l ( using heterologous domains, because the programming of
From a protein-engineering standpoint, we have identified enzyme-substrate interactions is intrinsically modular in
two new interdomain fusion junctions, corresponding to nature.
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