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ABSTRACT. Aromatic polyketides are medicinally important natural products produced by type Il polyketide
synthases (PKSs). Some aromatic PKSs are bimodular and include a dedicated initiation module which
synthesizes a non-acetate primer unit. Understanding the mechanism of this initiation module is expected
to further enhance the potential for regiospecific modification of bacterial aromatic polyketides. A typical
initiation module is comprised of a ketosynthase (KS), an acyl carrier protein (ACP), a malonyl-CoA:
ACP transacylase (MAT), an acyl-ACP thioesterase, a ketoreductase (KR), a dehydratase (DH), and an
enoyl reductase (ER). Thus far, the identities of the ketoreductase, dehydratase, and enoyl reductase remain
a mystery because they are not encoded within the PKS biosynthetic gene cluster. Here we report that
SC01815 fromStreptomyces coelicolgk3(2), an uncharacterized homologue of a NADPH-dependent
ketoreductase, recognizes and reduce@tketoacyl-ACP intermediate from the initiation module of the
R1128 PKS. SCO1815 exhibits moderate specificity for both the acyl chain and the thiol donor. The
X-ray crystal structure of SCO1815 was determined to 2.0 A. The structure shows that SCO1815 adopts
a Rossmann fold and suggests that a conformational change occurs upon cofactor binding. We propose
that a positively charged patch formed by three conserved residues is the ACP docking site. Our findings
provide new engineering opportunities for incorporating unnatural primer units into novel polyketides
and shed light on the biology of yet another cryptic protein in $he&oelicolorgenome.

Polyketides are structurally diverse and medicinally im-
portant natural productd). They are produced as secondary
metabolites primarily by bacteria, fungi, and plar} &énd
comprise many of the widely used drugs in the woiBjl (
Polyfunctional aromatic products 8treptomycespp. such
as the tetracyclines and doxorubicin (Figure 1) are an R1128 0 OH
important subclass of polyketides. Aromatic polyketides are
biosynthesized through repeated decarboxylative condensa-
tions between malonyl-CoA-derived building blocks. Their
synthesis is catalyzed by type Il polyketide synthases
(PKSs)! which share a common architecture and mechanism
with type Il fatty acid synthases found in bacteria and plants
(2). A minimal type Il PKS is comprised of four proteins,
including the ketosynthase (KS), the chain length factor
(CLF), the acyl carrier protein (ACP), and the malonyl-CoA:
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FIGURE 1: Bacterial aromatic polyketides. Doxorubicin and tetra-
%ycline are primed with acetate primers. Frenolicin is primed with
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Ficure 2: Biosynthesis of R1128. The reactions catalyzed by the initiation module are shown. ZhuG is charged with a malonyl group by
MAT, and ZhuH catalyzes the condensation between malonyl-ZhuG and an acyl-CoA t@-ketmacyl-ZhuG. Thes-ketoacyl-ZhuG is

then reduced t@-hydroxyacyl-ZhuG by a KR, which is further reduced to acyl-ZhuG by a DH and an ER. The elongation module is then
primed with acyl-ZhuG. The reaction catalyzed by the KR is highlighted in the red box.

polyketide chain length, the building block used for chain (Novagen), yielding a construct encoding SCO1815 with an
initiation, regioselective cyclizations, and subsequent enzy- N-terminal Hig tag.Escherichia colBL21(DE3) cells were
matic modifications. Over the past decade, PKSs have beertransformed with the pYT3 resulting plasmid, and the
targets of extensive manipulations in producing novel resulting transformant was grown in LB medium at 37
polyketides. One example is the replacement of the primerto an ORQyo of 0.6. The culture was then cooled to 18,
unit of an aromatic polyketide with alternative functional induced with 0.2 mM isopropy#-p-galactopyranoside, and
groups (3—16). Although most of aromatic polyketides are incubated for an additional 14 h at 2&. The cells were
primed with an acetate unit, derived via malonyl-ACP centrifuged (5000 rpm for 15 min), resuspended in lysis/
decarboxylation, there are a few exceptions such as doxo-wash buffer [50 mM phosphate (pH 7.6), 300 mM NacCl,
rubicin, R1128, frenolicin, and enterocitd—21). and 10 mM imidazole], and lysed via sonication. The cell
Recent studies have revealed that a set of enzymes, termedebris was removed by centrifugation, and the supernatant
the initiation module, are dedicated to non-acetate priming was applied to a nickeINTA agarose (Qiagen) column.
for some of these polyketides (Figure 222(-24). By After the column had been extensively washed with 10
coupling one of these initiation modules with different volumes of lysis/wash buffer, the protein was eluted with 3
minimal PKSs, novel polyketides with alternative primer volumes of elution buffer [50 mM phosphate (pH 7.6), 100
units have been synthesize24). The initiation module of mM NacCl, and 150 mM imidazole]. Final purification was
the R1128 PKS is comprised of a homodimeric KS (ZhuH), achieved on a Hi-TrapQ anion exchange column (Amersham-
an ACP (ZhuG), an MAT (identical to the one used by the Pharmacia) with an increasing linear gradient of 0 to 1 M
minimal PKS described above), and an editing acyl-ACP NaCl. SCO1815 eluted at approximately 190 mM NaCl. The
thioesterase (ZhuC). ZhuH dictates primer unit selectivity, purified protein was exchanged into a buffer containing 20
whereas ZhuC suppresses acetate priming in favor of non-mM HEPES (pH 7.6) and concentrated to 10 mg/mL.
acetate priming by selectively hydrolyzing acetyl-ACB)( Mutant V129A was constructed via QuickChange mu-
In addition, the R1128 initiation module is also expected to tagenesis (Stratagene) and purified as described above.
recruit a ketoreductase (KR), a dehydratase (DH), and an  Substrate PreparationCoenzyme A derivatives were
enoylreductase (ER), although their identities remain a purchased from Sigma and used without further purification.
mystery, since their genes are absent from the R1128 geng39)-Hydroxybutyryl-SNAc, (®)-hydroxybutyryl-SNAc, 3-hy-
cluster. A similar situation also exists in the frenolicin droxypentanoyl-SNAc, and E-2-methyl-3-hydroxypen-
biosynthetic pathway. tanoyl-SNAc were prepared by established procedur8s (
Because the intact R1128 gene cluster, when introduced28, 29). Apo-ZhuG was expressed and purified as previously
into Streptomyces coelicolpcan yield the expected conge-  reported 80), and (3R)-hydroxybutyryl-ZhuG was prepared
ners of this natural product, we attempted to identify the KR, as described previously for malonyl-ZhuG0.
DH, and ER from this heterologous host since its genome  Ketoreductase Assaur assay monitors oxidation of the
has been completely sequenceb)( Drawing upon our g hydroxyl group of appropriate thioester substrates by
previous experience with the MAT26, 27), which was  measuring an increase in NADPH or NADH fluorescence
shown to be shared between the type Il PKSs and theysing a Hitachi F-4500 fluorescence spectrophotometer. The
housekeeping fatty acid synthase Bf coelicolor we — excitation wavelength was 340 nm, and the emission
hypothesized that the KR, DH, and ER responsible for R1128 \yavelength was 455 nm. Reactions were performed at room
biosynthesis inS. coelicolormay also be shared between temperature in 100 mM phosphate buffer (pH 7.2). Reaction
the polyketide and fatty acid pathways. Rather than taking a mixtures involving CoA derivatives or SNAc thioesters
reverse genetic approach, however, this time we elected tocontained 1 mM cofactor (NADPor NAD™), 100 or 200
take a forward genomics approach to identifying these ;M substrate, and 4M SCO1815 in a total reaction volume
proteins. Here we report the results of our efforts t0 of 1004L. To quantify the substrate specificity of SCO1815
biochemically and structurally characterize SCO1815, a for (3R)-hydroxybutyryl-ZhuG, steady-state kinetic measure-
putative gene product from t. coelicolorgenome. ments were obtained in the presence of variablR){3
MATERIALS AND METHODS ng%ﬁ%b:%rgozmesé%‘fg'l‘gat'onS {200 xM), 1 mM
Cloning, Expression, and Purification of SCO18The Crystallization and Data CollectiornThe crystals of the
gene encoding SCO1815 was amplified fr@&ncoelicolor apo form of SCO1815 were grown at room temperature via
genomic DNA by PCR using the primersGGAAAGGGT- the hanging-drop vapor diffusion method, using«R2 of
GATCATATGAGCCGCTCGGTTCT-3 and 3-CCGGT- protein (10 mg/mL) and 2L of mother liquor. Several initial
GATCAGGACAAGCTTGCCCTCGAGAAT-3(restriction crystallization conditions were identified using crystal screens
sites underlined). The amplified insert was digested Witk 1 and 2 from Hampton Research. Crystals used for data
and Hindlll and cloned into the pET28a expression vector collection were grown in 20% PEG MME 2000, 10 mM
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Table 1: Data Collection and Structure Refinement Statistics for

SCO01815

data collection statistics
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Docking between ZhuG and the NADRSCO1815 complex
was performed on the Patchdock server (http://bioinfo3d.cs.
tau.ac.il/PatchDock/index.html) and the Cluspro server (http://

wavelength (A) 1.03155 nrc.bu.edu/cluster/). In both cases, the NABRCO1815

resolution (A) 2.00 complex was defined as the receptor and ZhuG was defined

no. of fefl;ECtlonS (observed/  551154/37985 as the ligand. The best docking models returned by both
unique servers were very similar, identifying the same recognition

let % 100 (100 . ’

O ases (%) YRy site for ZhuG on SCO1815.

/o (1) 62.0 (7.8)
erge 0.080 (0.497) RESULTS AND DISCUSSION

refinement statistics
space group P3:21 Cloning, Expression, and Purification of SCO1815 and

unit cell parameters

no. of monomers per AU

a=113.993 Ab=113.993 A,

c=74.307 Ay =12C°
2

ZhuG. The gene encoding SCO1815 was amplified from
genomic DNA ofS. coelicolorand expressed and purified

Matthews coefficient 2.8 as described in Materials and Methods. The typical yield of

resolution (A) 2.0 SC01815 was 100 mg/L of culture volume. The cloning and

no. of protein atoms 8269 purification of ZhuG have been described previougg)(

no. of water molecules 304 )

no. of missing residues 26 SCO01815 Can Function as the Ketoreductase Component

Riree (‘;/0) 23.2 of the Initiation Module of the R1128 PKBhe high degree

Rerys (%) 19.8 of sequence similarity between SCO1815 and the FabG

rmsd for bonds (A) 0.005 . :

rmsd for angles (deg) 117 component of thé. coli fatty acid synthase suggested that

Ramachandran plot (%) SCO01815 could be a-ketoacyl ACP reductase. We therefore
most favored 94.3 wished to test whether SC0O1815 could redyieketoacyl
favored 5.7 substrates tethered to the ACP (ZhuG) from the R1128
generously allowed 0

initiation module. Initial attempts to assay SCO1815 em-
ployed 3-keto-butyryl-ZhuG as a substrate; however, this
NiCl, and 100 mM Tris (pH 8.5). These crystals belonged substrate was readily hydrolyzed under the reaction condi-
to space grougP3;21 and contained two monomers per tions, even in the absence of any enzyme. Therefore, the
symmetric unit. They were found to have a solvent content ketoreductase activity of SCO1815 was assayed through the
of 55%. The unit cell had the following dimensions: = reverse reaction usirfgshydroxybutyryl-ZhuG as a substrate.
113.993 Ab = 113.993 A,c = 74.307 A, andy = 120 The reaction was monitored by an increase in fluorescence
Prior to being cryo-cooled, crystals were soaked in a solution as NADP* or NAD* was reduced. As shown in Figure 3A,

of 10% glycerol. Diffraction data sets were collected on SC01815 was able to oxidiz8-hydroxybutyryl-ZhuG.
beamline 11-1 at the Stanford Synchrotron Radiation Labo- Analogous CoA thioester and SNAc thioester substrates were
ratory (SSRL) to 2.0 A and processed using HKL20BD){  also examined. Under comparable reaction conditions, the
A summary of the crystallographic data is presented in Table rates of oxidation of (B)-hydroxybutyryl-SNAc or (®)-

1. hydroxybutyryl-CoA were negligible compared to the rate
Several attempts were also made to grow diffracting at which (R)-hydroxybutyryl-ZhuG was oxidized (Figure
crystals of SCO1815 bound to NADPbut these crystals  3A), suggesting that the extended pantetheinyl arm and

failed to yield interpretable electron densities. especially the protein portion of holo-ACP contribute
Structure Refinement and Model Buildifgitial phases significantly to its specificity. Steady-state kinetic experi-
were obtained by molecular replacement using Molrep in ments with (R)-hydroxybutyryl-ZhuG yielded &a/Kw of
CCP4i 32). The structure of the FabG protein frde coli 0.29uM~* min~* (Figure 3B). Although the enzyme could
(Protein Data Bank entry 1Q7B) was used as the searchnot be saturated when the reverse reaction was monitored,
model. The initial solution contained two monomers per its bimolecular rate constant was fast enough to suggest that
asymmetric unit with a correlation coefficient of 26.7% and -ketoreduction would not limit the overall rate of polyketide
an R factor of 55.5%. The SCO1815 sequence was intro- biosynthesis. [Under steady-state conditions, the typical
duced into the model, and the structure was further refined turnover number of an aromatic PKS is less than 1+hin
using CNS 83). In addition, O was used for manual fitting  (38).]
(34). Noncrystallographic symmetry restraints were applied  Substrate Specificity and Stereospecificity of SC0O1815.
for initial rounds of refinement but were removed for the The cofactor preference of SCO1815 was investigated using
final stages of refinement. Water molecules were added usingboth NADP" and NAD*. SC0O1815 exclusively utilized
CNS, followed by visual inspections with O at the final stage. NADP* as its cofactor; no reaction was observed in the
Ten percent of the reflections were excluded from the presence of NAD (data not shown). To gain insight into
refinement and constituted tf&.. set. The final geometry  the stereospecificity of SCO1815, enantiomerg-bfydroxy-
was assessed using PROCHEG)( butyryl-SNAc were assayed in lieu Gfhydroxybutyryl-ACP
Molecular Docking SimulationsDocking models of substrates. Both &- and (R)-hydroxybutyryl-SNAc were
SC01815 bound to NADPand the thioester substrate were tested as substrates. The fluorescence of the reaction mixture
generated manually, followed by energy minimization using increased in the presence ofR)zhydroxybutyryl-SNAc,
CNS 393). Coordinates for ZhuG were generated using the while it remained unchanged whenSjahydroxybutyryl-
WHATIF homology server and were based upon the solution SNAc was present (data not shown). Thus, SCO181R)is (
NMR structure of the closely relatedct ACP (36, 37). stereospecific. To examine whether SCO1815 aceetsh-
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Ficure 4: Crystal structure of apo SCO1815. (A) Structure of the
monomero-Helices are colored cyafi;strands magenta, and loops
brown. (B) Structure of the tetramer. Each monomer is colored
with a different color.
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(39, 40). aFG1 is invisible in both monomers, wheragsG2
is only partially visible; the temperature factors are more
than 20 & higher than that of the remaining protein.

A tetrameric structure is formed along the 2-fold crystal-
lographic axis between the-AB dimer and the €D dimer
(Figure 4B). The tetramer has an approximate diameter of
85 A. It has 222 symmetry, and there are two different dimer
interfaces. The first interface, between monomer A and
monomer B, is comprised efG—aG' andfG—fG' interac-
tions. A total of approximately 1400%f solvent-accessible
surface area is buried in each monomer. At ti&—oG'
interface, the interactions are mainly hydrophobic in nature
with the two aromatic rings of Phe210 from each monomer
stacked upon each other. In the loop region, the side chain
oxygen of Tyr218 is hydrogen bonded to the backbone
carbonyl oxygen of Arg197 from the other monomer, and
the backbone carbonyl oxygen of Tyr218 forms a hydrogen
bond with the backbone nitrogen of Gly228 from the other
monomer. At the¢sG—pG' interface, the interactions are also
stituted substrates, both diastereomers &){3-methyl-3- mostly hydrophobic. At the second interface between mono-
hydroxypentanoyl-SNAc were synthesized and assayed. Nomer A and monomer D, a four-helix bundle is formed by
activity was detectable for either diastereomer (data not oE, oF,aE', andaF, and approximately 1000%%f solvent-
shown), suggesting that SCO1815 discriminates againstaccessible surface area is buried in each monomer. At this
o-branched substrates. Last, 3-hydroxypentanoyl-SNAc, ainterface, aE primarily interacts withaE', whereasoF
longer chain substrate, was also recognized and oxidized byinteracts with oF. Both hydrophobic and hydrophilic
SCO01815. This is consistent with the observation that the interactions are observed at the—oE' interface. The side
R1128 PKS can be primed with a variety of non-acetate chain oxygen of Thr101 forms a hydrogen bond to the main

ow

BOF
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—+— 100 pM B-hydroxybutyryl-CoA
—— 200 UM P-hydroxybutyryl-SNAc
—— 100 pM P-hydroxybutyryl-ZhuG
200 uM P-hydroxybutyryl-ZluG

[NADPH)/{SCO1815]

Ficure 3: Enzymatic activity of SCO1815. (A) Steady-state kinetic
assay of (R)-hydroxybutyryl-ZhuG. Reactions were performed in
the presence of 5, 10, 20, 50, 100, and 200 (3R)-hydroxybu-
tyryl-ZhuG. (B) Assay with 10@:M (3R)-hydroxybutyryl-CoA, 200
uM (3R)-hydroxybutyryl-SNAc, and 100 or 200M (3R)-hydroxy-
butyryl-ZhuG.

groups (Figure 1)X8).
Overall Structure of Apo SCO1815he apo form of
SCO01815 was crystallized in space grd@®21 with two

chain carbonyl oxygen of GIn90 from the other monomer;
additionally, a salt bridge is observed between Arg105 and
Asp91. The interactions betweed andoF are largely van

monomers per asymmetric unit. Phasing was carried out viader Waals in nature, as these two helices have a stretch of
molecular replacement using the 48% identEatoli FabG alanine residues that sterically complement each other. In
as the search model. All of the polypeptide chains could be addition, the oxygen atom of the Ser134 side chain forms
traced through the electron density map except residues 84 hydrogen bonds with the Serl53 and Glul57 side chains.
86 and 176-184 and C-terminal residue His234. A Ram- Comparison of SCO1815 to Other Ketoreductasdse
achandran plot of the structure showed that all residues lieresidues that are known to be important for cofactor binding,
within the favored regions (94.3% in the most favored catalysis, and the structural integrity of SDR enzymes are
regions and 5.7% in favored regions). conserved in SCO1815. For example, the N-terminal cofactor
Like other members of the short chain dehydrogenase/binding motif (Thr8-Gly9-%-Gly13-X-Gly15), the catalytic

reductase (SDR) family, each SCO1815 monomer is com-tetrad (Asn99-Ser127-Tyr140-Lys144), and the C-terminal
prised of two subdomains. The large subdomain adopts aPro170-Gly171 motif are conserved in SCO1815. The central
Rossmann fold (Figure 4A), which consists of a twisted, Asn-Asn-Ala-Gly sequence, believed to play a role in

parallel seven-strandgétsheet A, 5B, SC, D, BE, (F,
andpG) in the center, flanked by two short heliced3(and
aG) on one side and three long heliced( oE, andaF)
on the other. The small subdomainHG1 andaFG?2) is

cofactor binding, is present in a slightly modified form as
the Ala74-Asn75-Ala76-Gly77 sequenctl) The predicted
property of these residues agrees well with our NADP
SCO01815 model, in which Asn75 hydrogen bonds to the

disordered, as is the case in many SDR enzyme structuresofactor (vide infra) (Figure 5).
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scol815 1 MSRSVLVTGGNRGIGLATARAFADA—GDKVAITYR——————————SGEPPEG
maba 1 MTATATEGAKPPFVSRSVLVTGGNRGIGLATAQRLAAD—GHKVAVTHR—————————GSGAPKG
FabG 1 MNFEGKTALVTGASRGIGRATAETLAAR-GAKVIGTATSEN—————— GAQATSD
ACTKR 1 MATQDSEVALVTGATSGIGLETARRLGKE-GLRVFVCARGEE————GLRTTLKELR
debskrl 1 PTGTVLVTGGTGGVGGQITARWLARR-GAPHLLLVSRSGPDADGAGELVAELE
debskr2 1 PGGTILVTGGTAGLGAEVARWLAGR—GAEHLALVSRRGPDTEGVGDLTAELT
debskr3 1 PHGTVLVTGAASPVGDAQLVRWLADR—GAERLVLAGACPGD————— DLLAAVE
debskr4 1 LTQPAPVDPDGTVLITGGTGTLGRLLARHLVTEHGVRHLLLYVSRRGADAPGSDELRAETE
debskr5 1 PRGTVLVTGGTGGIGAHVARWLARS—GAEHLVLLGRRGADAPGASELREELT
debskr6 1 TRESSWEPAGTALVTGGTGALGGHVARHLARC—GVEDLVLVSRRGVDAPGAAELEAELV
rifakrl 1 PLDPEGTVLITGGTGTLGALTARHLYVTAHGVRHLVLVSRRG-EAP———ELQEELT
rifakr2 1 EPRGTVLV;EGAE%LQRHASVWLAQS—GAERLIVTGTDGVD ————— ELTAELA
scol815 42 FLAVK———CDITDTEQVEQAYKEIEETHGPVEVLIANAGVTKDQLLMRMSEEDFTSVVETNLT
maba 55 LFGVE————~— CDVTDSDAVDRAFTAVEEHQGPVEVLVSNAGLSADAFLMEMTEEKFEKV INANLT
FabG 48 YLGANGKGLMLNVTDPASIESVLEKIRAEFGEVDILVNNAGITRDNLLMRMKDEEWNDIIETNLS

ACTKR 52 EAGVEADGRTCDVRSVPEIEALVAAVVERYGPYDVLVNNAGRPGGGATAELADELWLDVVETNLT
debskr] 52  ALGARTTVAACDVTDRESVRELLGGTGDD-VPLSAVFHAAATLDDGTVDTLTGER TERASRAKVI.
debskr2 52 RLGARVSVHACDVSSREPVRELVHGLIEQGDVVRGVVHAAGLPQQVAINDMDEAAFDEVVAAKAG
debskr3 47 EAGAS——AVVCAQDAAALREALGDEP—————VTALVHAGTLTNFGSISEVAPEEFAETIAAKTA
debskr4 61 DLGASAELIAACDTADRDALSALLDGLP———RPLTGVVHAAGVLADGLVTSIDEPAVEQVLRAKVD
debskr5 52 ALGTGVTIAACDVADRARLEAVLAAERAEGRTVSAVMHAAGVSTSTPLDDLTEAEFTEIADVKVR
debskr6 59 ALGAKTTITACDVADREQLSKLLEELRGQGRFVRTVVHTAGVPESRFLHEIGELES—VCAAKVT
rifakrl 52 ALGASVAIAACDVADRAQLEAVLRAIPAE-HPLTAVIHTAGVLDDGVVTELTPDRLATVRRPKVD
rifakr2 48 EFGTT—VEFCADTDRDATAQLVADSE————— VTAvaéégIAQTSSVDDTGVADLDEVFAAKVT

scol815 102 GTFRVVKRANRA—MLRAKKGRVVLISSVVGLLGSAGRQANYAASKAGLVGFARS - LARELGSRNI

maba 115 GAFRVAQRASRS—MQRNKFGRMIFIGSVSGSWGIGNQANYAASKAGV IGMARS—TARELSKANV
FabG 113 SVFRLSKAVMRA—MMKKRHGRIITIGSVVGTMGNGGQANYAAAKAGLIGFSKS—LAREVASRGI
ACTKR 117 GVFRVTEKQVLKAGGMLERGTGRIVNIASTGGKQGVVHAAPYSASKHGVVGFTKA-LGLELARTGI
debskrl 116 GARNLHELTRE————— LDLTAFVLFSSFASAFGAPGLGGYAPGNAYLDGLAQGQRRSDGLPATAV
debskrZ2 117 GAVHLDELCS———————= DAELFLLFSSGAGVWGSARQGAYAAGNAFLDAFARHRRGRGLFATSV
debskr3 104 LLAVLDEVLGD RAVEREVYCSSVAGTWGGAGMAAYAAGSAYLDALAEHIRARGRSCTSV
debskr4 123 AAWNLHELTAN————— TGLSFFVLFSSAASVLAGPGRGVYAAANESLNALAALRRTRGLPAKAL
debskr5 117 GTVNLDELCP—————— DLDAFVLFSSNAGVWGSPGLASYAAANAFLDGFARRRRSEGAPVTST
debskr6 122 GARLLDELCP——————— DAETFVLFSSGAGVWGSANLGAYSAANAYLDALAHRRRAEGRAATSV
rifakrl 116 AARLLDELTRE———— ADLAAFVLFSSAAGVLGNPGQAGYAAANAELDALARQRNSLDLPAVST
rifakr2 106 TAVWLDQLFED—————— TPLDAFVVFSSTAGIWGGGGAGPAGAANAVLDALVEWRRARGLEKATST
scol815 164 TENVVAPGEVDTD MTKVLT-DEQRANIVSQVPLGR————YARPEEIAATVRF
maba 177 TANVVAPGYIDTD MTRALD-ERIQQGALQFIPAKR————VGTPAEVAGVVSF
FabG 175 TVNVVAPGFIETD MTRALS-DDQRAGILAQVPAGR————LGGAQETANAVAF
ACTKR 181 TVNAVCPGFVETPMAASVR EHYSDIWEVSTEEAFDRITARVPIGR YVQPSEVAEMVAY
debskrl 175 AWGTWAGSGMAEGAVAD————RFRRHGVIEMPPETACRALQNALDRAEVC-FPIVIDVRWDRFLLA
debskr2 174 AWGLWAAGGMTGDEEAVSF——-LRERGVRAMPVPRALAALDRVLASGE-TAVVVTDVDWPAFAES
debskr3 163 AWTPWALPGGAVDDG—————— YLRERGLRSLSADRAMRTWERVLAAGP-VSVAVADVDWPVLSEG
debskr4 182 GWGLWAQASEMTSGLGD———RIARTGVAALPTERALALFDSALRRGG———EVVFPLSINRSALR

debskr5 174 AWGLWAGQNMAGDE-GGEY——LRSQGLRAMDPDRAVEELHITLDHGQ-TSVSVVDMDRRREVEL
debskr6 179 AWGAWAGEGMATG——DLEG——LTRRGLRPMAPERAIRALHQALDNGD-TCVSIADVDWEAFAVG
rifakrl 175 AWGYWATVSGMTEHLGDADLRRNQRIGMSGLPADEGMALLDAATATGGTLVAAKFDVAALRATAK
rifakr2 165 AWGALDQIGIGMDEAALAQ——-LRRRGVIPMAPPLAVTAMVQAVAGNE-KAVAVADMDWAAFIPA

scol815 211 LASDDASYITGAVIPVDGGLGMGH

maba 224 LASEDASYISGAVIPVDGGMGMGH

FabG 222 LASDEAAY ITGETLHVNGGMYMV

ACTKR 239 LIGPGAAAVTAQALNVCGGLGNY

debskrl 235 YTAQRPTRLFDEIDDARRAAPQAPAE—————— PRVGA
debskr2 235 YTAARPRPLLDRIVTTAPSERAGEPE————— TESLRDR
debskr3 221 FAATRPTALFAELAGRGGQAEAEPDSGP————TGEPAQR
debskr4 240 RAEFVPEVLRGMVRAKLRAAGQAEAA—————— GFNVVDR
debskr5 234 FTAARHRPLFDETIAGARAEARQSE-E——————GPFALAQR
debskr6 238 FTAARPRPLLDELVTPAVGA————————————VPAVQA
rifakrl 240 AGGPVPPLLRGLAPLPRRAAAKTASL—————— TER

rifakr2 226 FTSVRPSPLFADLPEAKAILRAAQDDGEDGDTASSLADS

Ficure 5: Multiple-sequence alignment of SCO1815 with other KRs. The cofactor binding sites are denoted with blue circles; the catalytic
tetrad residues are denoted with red stars, and the ACP docking site is denoted with orange squares. Residue V129, which may play a role
in controlling substrate specificity of SC0O1815, is highlighted.

A PSI-BLAST search of the Protein Data Bank revealed napus with levels of sequence identity of 57, 48, and 42%,
that the three most homologous structures are ketoreductasesespectively. The C-9 ketoreductase from the actinorhodin
from fatty acid synthases: MabA frorMlycobacterium PKS (PDB entries 1XR3, 1X7G, 1X7H, and 1W4Z) from
tuberculosisand the FabG proteins froka coli andBrassica S. coelicoloris more distantly related to SCO1815, with a
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37% identical sequence. The structure of apo SCO1815 is
mostly identical to the structures of these apo KRs, but subtle
differences can be observed. For example, hdfixs straight

in SCO1815 but kinked in other KRs at the position
equivalent to Asn99 (a residue in the catalytic tetrad). This
suggests that helixxE of SCO1815 might undergo a
conformational change during catalysis. Another prominent
difference lies between strang8 and SC. This region
adopts a loop conformation in SCO1815 due to a 12-residue
truncation. In contrast, it is replaced with a helix@) in
most other SDR enzymes. This helix to loop switch has also
been observed in the structure of apo-MaHlR)( Superposi-
tion of the SCO1815 structure onto the structures of apo-
MabA (PDB entry 1UZL) ancE. coliapo-FabG (PDB entry
1011) shows rmsd values of 1.06 and 1.05 A for 186 C
and 177 G atoms, respectively. Regions which lack good
electron density in the apo SCO1815 structure are missing
in the apo-MabA and apo-FabG structures as well. When
apo SC01815 is compared with the structures of NADP
KR binary complexes, more prominent differences are

observed. The disordered regions in the apo structures are'GURE 6: Superposition of the active sites of apo SCO1815 and
well-defined in the cofactor-bgund structurez For example the NADP™-FabG complex. Apo SCO1815 is colored cyan, and
: P'€, the NADP*-FabG complex is colored yellow. S127, Y140, and

superposition of the apo SCO1815 structure onto the K144 in the catalytic tetrad are shown in stick representation. The
structures of NADP-FabG complexes fronk. coli (PDB putative conformational change induced by cofactor binding leads

entry 1Q7B) andB. napus(PDB entry 1EDO) shows rmsd 0 the reorganization of catalytic residues, which results in S127
values of 1.25 and 1.25 A for 190,Gind 186 G atoms, ~ Moving approximately 4.7 A.
respectively. The higher rmsd arises from conformational (OD1) of Asn75, the backbone oxygen of lle125, and the
changes induced upon cofactor binding. Among KR enzymesside chain nitrogen of Lys144. The pyrophosphate group is
from fatty acid synthases, the structure of FabG fingoli likely anchored on the SC0O1815 protein through a hydrogen
has been determined in both the apo forg®)(and the bond and a salt bridge interaction with Arg12, whereas the
NADP*-bound form 43). Through these two structures, it adenine ring and its associated ribose are predicted to reside
has been established that the loop betweé&nand SE in a pocket formed by four N-terminal loops andE. A
undergoes a conformational change upon cofactor binding. hydrogen bond is likely present between the primary amine
It has also been suggested that the cofactor binds to thenitrogen at position N6 and the side chain of Asp48. The
enzyme through a two-stage procegs3)( The adenine  3'-hydroxyl of adenine ribose is presumably secured through
moiety of the NADP first binds to the protein, which then  hydrogen bonding to side chain oxygen OD1 of Asn11 and
pushes the loop back to reveal the nicotinamide binding the backbone oxygen of Gly9, while theghosphate is held
cavity. As a consequence of these conformational changesijn place by forming hydrogen bonds with ND2 of Asnil
the active site residues are brought into catalytically active and the Ser35 oxygen. Not surprisingly, nearly all the
positions. By careful comparison of the structure of apo residues thought to be involved in cofactor binding are highly
SCO1815 with the structures of apo and NABBbund KRs, conserved among KR enzymes.
it appears that a similar conformational change is also likely A structural comparison among SDR enzymé4) Ghows
to occur when NADP binds to SCO1815. As there is not that NADP" specific SDRs have at least one positively
enough space for the nicotinamide ring, when NAD#hds charged residue at position 12 or 35 (SCO1815 numbering),
to SCO1815 the gatom of the catalytic residue Ser127 and interacting directly with the phosphate group. In contrast,
the G, atom of Val128 would be expected to move 4.9 and NAD™" specific SDRs contain a negatively charged Asp
8 A, respectively (Figure 6). residue at position 34. A double mutant D34S/M35D of XDH
Modeling of Binding of the Cofactor to SCO188801815 reverses its cofactor specificity from NAQo NADP" (44).
utilizes NADP(H) as its cofactor. However, our attempts to By analogy, we propose that Argl2 in SC0O1815 indicates
grow crystals of NADP(H)-bound SCO1815 failed to yield that it is NADP! specific. The side chain of this residue is
crystals with interpretable electron densities. To gain further predicted to undergo a conformational change, allowing a
insight, we modeled the binding of NADP(H) to SCO1815 salt bridge to form with the adenine ribose phosphate group.
using theE. coli FabGNADP" coordinates. As shown in Active Site.In the active site of KR enzymes, a tyrosine,
Figure 7, NADP(H) is predicted to bind to the SCO1815 alysine, a serine, and an asparagine form the catalytic tetrad.
protein in an extended conformation. The nicotinamide ring, The tyrosine and lysine contribute to cofactor binding by
which is in the trans conformation, inserts into the cavity forming hydrogen bonds with the cofactor, whereas the serine
created bySE andpgF. Its amide oxygen forms a hydrogen orients the substrate by forming a hydrogen bond with the
bond to the backbone amide nitrogen of Glyl71. The oxygen of the3-ketone group. In the apo SCO1815 structure,
nicotinamide ribose is predicted to be involved in four Tyrl40 and Lys144 in the catalytic tetrad are located on helix
hydrogen bonds. The'-hydroxyl presumably forms a  oF, pointing to a nonproductive orientation. Upon binding
hydrogen bond to the side chain oxygen of Tyr140, and the of NADPH (but not NADH), the catalytic tetrad is predicted
3'-hydroxyl is predicted to bond to the backbone oxygen to reorient into a reactive conformation.
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‘ Nl I 2] S\ o . —— 1
Ficure 7: Model for binding of NADP to SC0O1815. NADP C—C bonds are colored yellow, SCO1815-C bonds colored green, and
hydrogen bonds depicted as dashed lines.

Possible Substrate Binding and ZhuG Docking Sités
crystal structures of several SDR enzymes, such asdhe 7
hydroxysteroid dehydrogenase froEa coli (PDB entry
1AHI) and tropinone reductase Il (PDB entry 2AE2), have
been determined as cofactor- and substrate-bound ternary
complexes. Although neither shares a high degree of
sequence identity with SCO1815, the three-dimensional
structures are strikingly similar to the structure of SCO1815
reported here. Guided by these two ternary structures, we
readily modeled a 3-ketobutyryl-CoA substrate in the active
site. TheS-ketone group is within hydrogen bonding range
of Serl27 and Tyr140 and is also close to the C-4 atom of
the nicotinamide ring from which a hydride is transferred.
The relative orientation of the remainder of the substrate
determines the catalytic stereospecificity of SC0O1815. As
described above, SC0O1815 R){stereospecific. Thus, the
substrate can only enter into the active site from the same
side as the cofactor-binding pocket (Figure 8). A similar
substrate binding mode was also proposedfarapusd-abG
(45) andM. tuberculosisMabA (42).

The stereospecificity of KR domains in type | PKSs is
determined by specific motifs that can be recognized from
the primary sequences of these enzymes. KR domains with
LDD and PXXXN motifs yield products withR)-stereo-
chemistry, whereas those which lack these signature motifsg,; == 8- Model for docking of ZhuG on SCO1815. SCO1815 is

have opposite stereospecificit#). Mutagenesis of the  shown with a surface model. ZhuG is shown as yellow lines;
signature motifs has successfully switched the stereospeci-3-ketobutyryl-CoA substrate and NADRre shown as orange and

ficity of the KR from module 1 of the 6-deoxyerythronolide 9reen sticks, respectively. The positive patch formed by Argl2,

: Arg34, and Lys80 is circled and denoted with an arrow. The surface
B synthase_ 47, 48. However, none of these motifs are electrostatic potential was generated by PyMOL.
conserved in SCO1815.

It has been recognized that chargharge interactions are  interacts with a negatively charged Glu47 from the AGB (
essential for ACPs to interact with other domains in type Il Neither set of residues is conserved in SCO1815, suggesting
PKSs and fatty acid synthase9). Inspection of the surface  that SCO1815 interacts with ZhuG in a different manner. It
of SCO1815 reveals a positively charged patch formed by has been shown that two conserved Arg residues (Arg129
three residues, Arg12, Arg34, and Lys80 (Figure 8). Interest- and Arg172) ink. coli FabG are essential for the KRACP
ingly, these residues are located at the substrate entrance iiteraction 62). Mutation of these Arg residues abrogates
our docking model discussed above and are also conservedatty acid biosynthesis. These two residues are also conserved
among type Il KR proteins. This is consistent with the fact in SCO1815, as Lys118 and Arg161, respectively. However,
that the products of the reactions catalyzed by type Il KRs Lys118 is located in the loop region between heli and
have R)-stereochemistry. Different KRACP binding mod- sheeBE, while Arg161 is located in the loop region between
els were proposed for the C-9 ketoreductase of the actinor-helix aF and sheefF. These residues are ca. 30 A from the
hodin PKS B0, 51). In one model, residues Vall52, Tyr202, catalytic tetrad. Since the substrate is presented to the active
Trp206, Glu212, and Arg220 are important in ACP docking site through the 18 A long phosphopantetheine arm of ZhuG,
(50); in the other model, three arginine residues, Arg38, it is unlikely that the substrate could reach the active site if
Arg65, and Arg93, form a positively charged pocket that ZhuG docks at these residues.
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We have shown that 2-methyl-substituted acyl-SNAc 5.
substrates are not accepted by SCO1815. Therefore, the
substrate docking model was used to pinpoint the structural
basis for the substrate specificity of SCO1815. Our model
suggests that a B-methyl group would clash with the 6.
nicotinamide ring, whereas agemethyl group would clash
with the side chain of Val129. In contrast to SC0O1815, the
substrates of many ketoreductase domains from type | PKSs 7.
are o-substituted acyl-ACPs. Multiple-sequence alignment
indicates that the residue in a type | PKS at the position
corresponding to Vall29 is a highly conserved alanine g
residue (Figure 5). Thus, Val129 was hypothesized to play
a role in controlling the substrate specificity of SCO1815.
The V129A mutant, however, is similar to wild-type 9
SCO01815. Although it retains wild-type oxidative activity
against (®)-hydroxybutyryl-SNAc, it failed to reveal activity
against either diastereomer oR)32-methyl-3-hydroxypen-
tanoyl-SNAc (data not shown). This suggests that the
selectivity filter which prevents binding of 2-methyl-
substituted acyl-SNAc substrates is comprised of additional 11-
residues within the SCO1815 protein.

12.
SUMMARY

Polyketides are among the most important secondary 13.
metabolites. Precursor-directed biosynthesis has been shown
to be a powerful tool for rational syntheses of structural 14
analogues of type | polyketides, such as erythromycin,
avermectin, and rapamycinl3—16). The discovery of
bimodular type 1l PKSs prompted a similar approach with ;5
aromatic PKS systems. By coexpressing the R1128 initiation
module with the actinorhodin and tetracenomycin minimal
PKSs, polyketides primed with pentanoyl, hexanoyl, and
isohexanoyl groups were efficiently synthesized By 16
coelicolor (24). Successful exploitation of this approach
requires a detailed understanding of the initiation module.
In this work, SC0O1815, a FabG homologue from the genome
of S. coelicolor was shown to function as the-ketoacyl
ACP reductase component of the R1128 initiation module. 18.
Its crystal structure suggests that NADP(H) and ACP interact
with the enzyme through a positive patch formed by Arg12,
Arg34, and Lys80. These studies provide a foundation for
future efforts aimed at exploiting SCO1815 for biosynthetic  19.
engineering.

17.
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