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Abstract: Pentaketide chromone synthase (PCS) from Aloe arborescens is a novel plant-specific type Il
polyketide synthase (PKS) that produces 5,7-dihydroxy-2-methylchromone from five molecules of malonyl-
CoA. On the basis of the crystal structures of wild-type and M207G mutant PCS, the FBOA/Y82A/M207G
triple mutant was constructed and shown to produce an unnatural novel nonaketide naphthopyrone by
sequential condensations of nine molecules of malonyl-CoA. This is the first demonstration of the formation
of a nonaketide by the structurally simple type Ill PKS. A homology model predicted that the active-site
cavity volume of the triple mutant is increased to 4 times that of the wild-type PCS.

Introduction (Figure 1B)?3 The pentaketide-forming PCS was thus function-
ally transformed into an octaketide synthase by the simple steric
Pentaketide chromone synthase (PCS) fidoe arborescens  modulation of the chemically inert single residue lining the
(Liliaceae) is a novel plant-specific chalcone synthase (CHS) active-site cavity. Indeed, recently solved crystal structures of
(EC 2.3.1.74) superfamily type Il polyketide synthase (PKS) wild-type and M207G mutant PCS revealed that the large-to-
that catalyzes sequential decarboxylative condensation of fivesmall substitution dramatically increase the volume of the
molecules of malonyl-CoA 1) to produce 5,7-dihydroxy-2-  polyketide elongation tunnel by opening a gate to newly found
methylchromone2), which is a biosynthetic precursor of the hidden pockets behind the active site of the enzyme (Figure
anti-asthmatic furochromones including khellin and visnagin 3A,B).# To further manipulate the PCS enzyme reaction, here
(Figure 1A)12 A, arborescen®CS shares 5060% amino acid we extended the polyketide elongation tunnel of the M207G
sequence identity with those of other type Ill PKSs of plant mutant by simultaneously replacing two aromatic residues,
origin. In PCS, CHS's conserved active-site Thr197, Gly256, Phe80 and Tyr82, forming the bottom of the novel pocket, with
and Ser338 (numbering M. satiza CHS), sterically altered in ~ Ala. A homology model based on the crystal structure of the
a number of divergent type Ill PKSs, are uniquely replaced with PCS M207G mutant predicted that the active-site cavity volume
Met, Leu, and Val, respectively (Figure 2). Remarkably, of the F8OA/Y82A/M207G triple mutant (10313fis increased

substitution of the Met207 of PCS (corresponding to the CHS'’s to 4 times that of the wild-type PCS (247)Figure 3).

Thr197) with Gly yielded a mutant that efficiently catalyzes gyperimental Section

successive condensation of eight molecules of malonyl-CoA to

produce octaketides, SEK8)(and SEK4b 4), the products of from Moravek Biochemicals (California). Authentic samples of SEK4/
.. . . \Y | | | 1a). AU |

the minimal type Il (subunit type) PKS for the benzoisochro- SEK4b and aloesone were obtained in our previous wbtks.

manequinone actinorhodiagt from Streptomyces coelicolpr Site-Directed Mutagenesis.Aloe arborescen®CS F80A/Y82A/
M207G mutant was constructed with the QuickChange Site-Directed

Chemicals. [2-1“C]Malonyl-CoA (48 mCi/mmol) was purchased

T University of Shizuoka.
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Figure 1. Enzyme reaction of (A) wild-type PCS, (B) PCS M207G mutant, and (C) PCS F80A/Y82A/M207G mutant. HPLC elution profile of the reaction
products of the triple mutant.

Mutagenesis Kit (Stratagene), according to manufacturer’s protocol, and the protein was subsequently eluted usingZ® mM NaCl linear
using a pair of primers (mutated codons are underlined): seRse 5 gradient. Finally, the mutant PCS protein solution was further purified

GGGAAGCGTTAGCCAACGCTGACGAGGAGTTC-3 and anti-
sense as a sense primer-GAACTCCTCGTCAGCGTTGGCG-

to homogeneity by Superdex 200HR (10/100GL) (Amersham) and
concentrated to 10 mg/mL in 20 mM HEPES/NaOH (pH 7.0) containing

TAACGCTTCCC-3, and the PCS M207G expression plasmid as the 100 mM NaCl and 2 mM DTT.

template.
Enzyme Expression and Purification.After confirmation of the

Enzyme Reaction.The standard reaction mixture contained 26
of malonyl-CoA and 1Qig of enzyme in a final volume of 500L of

sequence, protein expression, extraction, and initial purification by 100 mM potassium phosphate buffer, pH 6.0. Incubations were carried
glutathione Sepharose 4B affinity chromatography (Amersham) were out at 30°C for 1 h. The products were extracted with 1000 of
carried out as previously described by PreScission protease digestionethyl acetate and analyzed by reverse-phase HPLC on a TSK-gel ODS-
to remove the GST tatjThe resultant PCS mutant protein thus contains 80TsQA column (2.0< 150 mm) (TOSOH, Tokyo, Japan) with a flow
three additional residues (GPG) at the N-terminal flanking region rate of 0.8 mL/min. Gradient elution was performed withCHand
derived from the PreScission protease recognition sequence. AfterMeOH, both containing 0.1% TFA: -056 min, 30% MeOH; 5-17 min,
affinity purification and the GST tag removal, the protein solution 30-60% MeOH; 1725 min, 60% MeOH; 2527 min, 66-70%
containing the mutant PCS was diluted 5-fold with 50 mM HEPES/ MeOH; 27-35 min, 70% MeOH; 3540 min, 70-100% MeOH.
NaOH buffer (pH 7.0) containing 5% glycerol and 2 mM DTT and Retention time: SEK4 (15.3 min), SEK4b (16.3 min), and the novel
then was applied to a Resource-Q column (Amersham). The column nonaketide (21.1 min). On-line LC-ESIMS spectra were measured with
was washed with the HEPES/NaOH buffer containing 50 mM NaCl, a Agilent Technologies HPLC 1100 series coupled to a Bruker Daltonics
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Figure 2. Comparison of the amino acid sequence#\laie arborescen®CS and other CHS superfamily type Ill PKSs. M.s CiN®dicago satia CHS;

A.h STS, Arachis hypogaeatilbene synthase; G.h 2PG&gerbera hybrida2PS; R.p ALS,Rheum palmatuniLS; A.a OKS, A. arborescen®ctaketide
synthase; A.a PCS\. arborescen®CS. The critical active-site residue 197 (in pink), the catalytic triad (Cys164, His303, and Asn336) (in red), and the
residues lining the active site (Phe215, Gly256, F265, and Ser338) (in blue) are marked with # (numbktirggtiina CHS), and residues for the CoA
binding with +. Phe80 and Tyr82 oA. arborescen$CS are also marked (in pink).

(A) (B) (©)
Hm{f_ Substrate H3_1-6~_ Substrate H318_ Substrate
c174 j/n Entrance C174. 4 Entrance C174, 4. Entrance
cml /4 [ " 4
L266 V3 1 L266 { V35 L266 [ (V351
c143 N349 c143f i Q N349 Ci1i3f Ny, ! Q N349
l} F225 "N b F225 N F225
M207 \ a&
1204 6207‘&":{._ _ _ G207 AN
T204 T204) -
= Irf/ e % ‘
Q\ F80 As0
Y82 AB2 &

Figure 3. Comparison of the active-site cavities of (A) wild-type PCS (PDB code 2D3M), (B) PCS M207G mutant (PDB code 2D52), and (C) PCS
F80A/Y82A/M207G mutant (homology model). The residues lining the cavity (blue and orange) are shown with the catalytic triad (yellow). The bottoms
of the pockets of the mutants are highlighted in light blue. The cavity volumes are calculated to be 247, 649, and 1031 A, respectively.

esquire4000 ion trap mass spectrometer fitted with an ESI source. HPLC  Homology Modeling. The model ofA. arborescen®CS F80A/
separations were carried out under the same conditions as described?82A/M207G mutant was generated with the CPHmodels 2.0 paékage
above. The ESI capillary temperature and capillary voltage weré@20  (http://www.cbs.dtu.dk/servicessCPHmodels/) based on the crystal
and 4.0 V, respectively. The tube lens offset was set at 20.0 V. All structure of the PCS M207G mutarfPDB code: 2D52). The model
spectra were obtained in both negative and positive mode, over a masgjuality was checked using PROCHECKThe cavity volume was
range ofm/z 50—600, at a range of one scan every 0.2 s. The collision calculated on the basis of the residues composing the active-site cavity
gas was helium, and the relative collision energy scale was set at 30.0%wall, by using CASTP (http://cast.engr.uic.edu/cast/).

(1.5 eV).

For a large-scale reaction, 24 mg of malonyl-CoA was incubate

with 10 mg (_)f the enzyme_in 40 mL of 100 mM phosphate buffer, pH A. arborescen®CS F80A/Y82A/M207G triple mutant was
6.0. Incubations were carried out at 3D for 12 h. The products were ¢, innally expressed iischerichia coliat levels comparable
extracted with 100 mL of ethyl acetate and separated by reverse-phase With the wild-type enzyme and purified to homogeneity as in

HPLC as described. The experiment was repeated 10 times to get ca
1 mg of pure compound for the NMR measurement. 2-Acetonyl-8,10- the case of the wild-type PCSWVhen incubated with malonyl-

dihydroxy-5-methyl-#-naphtho[1,2s]pyran-4-one §): *H NMR (800 CoA as a substrate, the triple mutant .afforde.d a npvel product

MHz, CDsOH) 6 7.20 (s, 1H), 6.60 (s, 1H), 6.52 (s, 1H), 6.31 (s, 1H), (0.2% vyield, which was calculated by incubation with'f&]-

3.94 (s, 2H), 2.77 (s, 3H), 2.34 (s, 3HJC NMR (200 MHz, CROH) malonyl-CoA as a substrate under the standard assay condition;

0 204.6, 181.6, 161.8, 161.4 158.9, 140.7, 135.8, 126.7, 117.5, 114.7,

108.3,104.2, 102.8, 48.1, 30.2, 23.3; W\ax 240, 272, 360 nm; LRMS (5) Lunfd, O.; Nielsen, M.; Lundegaard, C.; Worning, P. Abstract at the CASP5
A102, 2002.

(FAB) m/z 299 [M + H]*, 277, 185, 93, 75; HRMS (FAB) found for (6) E%glfg\?vgiﬁ R. A.; MacArthur, M. W.; Moss, D. S.; Thornton, J. M.

[C17H1505] T 299.0893, calcd 299.0920. Appl. Crystallogr 1993 26, 283-291.

d Results and Discussion
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10 times less efficient than that of the pentaketide production of the nonaketide naphthopyroBés apparently different from

by the wild-type PCS) in addition to SEK&)(and SEK4b 4) that of the pentaketide 5,7-dihydroxy-2-methylchromogg (

(Figure 1C). The product gave a UV spectruipd 240, 272, the normal product of PCS.

and 360 nm) and a parent ion peak [MH]* at m/z 299 on It is remarkable that the PCS F80A/Y82A/M207G mutant

LC-ESIMS, indicating formation of a nonaketide. The nona- not only catalyzed condensation of nine molecules of malonyl-

ketide-forming activity was maximum at pH 6.0, but decreased CoA but also altered the mechanism of the cyclization to

to ca. 30% under alkaline pH. In contrast, the SEK4/SEK4b- produce the unnatural novel “nonaketide” naphthopyréne
forming activity of the PCS mutants showed a broad pH which is the longest polyketide generated by the structurally
optimum within a range of 6:88.0. Thus, the pH change did  simple type Ill PKS. Significant part of the reactions was,
not significantly affect the yield and the ratio of SEK4/SEK4b however, terminated at the octaketide stage to afford SEK4/

(1:4). Only the nonaketide-forming activity suffered sharp SEK4b as shunt products. The low yield of the enzyme reaction

decline under the alkaline pH. products could be attributed to the possible conformational

The *H NMR spectrum of the nonaketide product obtained changes caused by the triple mutation. In addition, it should be
from a large-scale incubation revealed the presence of threenoted that the entrance to the newly formed polyketide tunnel
aromatic protonsq 7.20, 6.60, and 6.52, each 1H, s), ang- is still narrow in the triple mutant (Figure 3). Further optimiza-
unsaturated olefinic protord(6.31, 1H, s), one methylen® ( tion of the active-site structure would lead to improvement of
3.94, 2H, s), and two methyl protond .77 and 2.34, each  the yield of the nonaketide product. On the other hand, despite
3H, s). A structure with a naphthopyrone skeleton was uniquely the structural similarity with eleutherino8), formation of the
consistent with both biogenetic reasoning and NMR spectro- “octaketide” naphthopyrone was not detected either with the
scopic data, including heteronuclear correlation spectroscopyM207G point mutant or with the triple mutant, which was
(HMQC and HMBC). The structure of the novel nonaketide confirmed by the LC-ESIMS analysis. The naphthalene ring-
was thus determined to be 2-acetonyl-8,10-dihydroxy-5-methyl- forming activity was thus only attained by the FS80A/Y82A/
4H-naphthol[1,28]pyran-4-one ) (Figure 1C), which has been  M207G triple mutation.
isolated until now neither from the aloe plant, a rich source of  As mentioned above, our homology model predicted that the
aromatic polyketides such as pharmaceutically important aloenin replacement of the three residues (Phe80, Tyr82, and Met197)
(hexaketide), aloesin (heptaketide), and barbaloin (octakétide), resulted in dramatic increase in the active-site cavity volume.
nor from other natural sources. The functional conversion appeared to be caused by the simple

steric modulation of the active site accompanied by conservation

HO. CHs of the Cys-His-Asn catalytic triad. Interestingly, a similar active-

site architecture with the downward expanding polyketide tunnel

has been reported for a bacterial “pentaketide” naphthalene-
producing type Ill PKS, 1,3,6,8-tetrahydroxynaphthalene syn-

CHa thase (THNS) fromS. coelicolot® that shares only ca. 20%

0 amino acid sequence identity with the plant enzyme. On the
basis of the crystal structure 8f coelicolorTHNS, the possible
involvement of an additional catalytic Cys residue has been
proposed for the unusual naphthalene ring formation rea&tion.

HO. CHs o OG CHa However, such an additional Cys residue is not present at the

OO CH, 0 catalytic center oA. arborescen$CS; only the conventional
OH O Cys174 (corresponding to CHS'’s Cys164) serves as the covalent

CHy attachment site for the growing polyketide intermediates,
suggesting a different mechanism of the enzyme reaction in the
PCS F80A/Y82A/M207G mutant.

Interestingly, the structure of the novel nonaketidghowed The proposed mechanism of the formation of the nonaketide
close similarity with heptaketides aloesone (2-acetonyl-7- naphthopyroné with a fused tricyclic ring system involves a
hydroxy-5-methylchromone))’ produced by the aloe plantand  consecutive intramolecular aldol condensation (Figure 4A).
6-hydroxymusizin (2-acetyl-1,6,8-trihydroxy-3-methylnaphtha- Presumably, the enzyme catalyzes the first aromatic ring
lene) (7) from rhubarb (Polygonaceag)and an octaketide  formation reaction after the sequential decarboxylative conden-
eleutherinol (8,10-dihydroxy-2,5-dimethyH4naphtho[1,25]- sations of nine molecules of malonyl-CoA. One of the most
pyran-4-one) §), a constituent of another medicinal plant important points here is the timing of the cyclization reaction
Eleutherine bulbos@iridaceaef, suggesting that these aromatic  and the thioester bond cleavage of the nonaketide intermediate
polyketides are produced by closely related type Il PKSs. bound to the active-site Cys. Further, it is not certain whether
Indeed, we have previously reported that the G207A mutant of all three ring formations are enzymatic or not. At least, the final
A. arborescensoctaketide synthase produced aloesone from pyranone ring formation, as in the case of that of SEK4/SEK4b
seven molecules of malonyl-Co®.In contrast, the structure  (Figure 1B), is likely to be a nonenzymatic process. The partially

- - cyclized aromatic intermediates would be released from the
(7) Abe. 1.5 Utsumi, ¥.; Oguro, S.; Noguchi, HEEBS Lett2004 562 171 active site and undergo subsequent spontaneous cyclizations,

OH OH O

7 8

(8 I’S‘l;k;ozi,s N£7 o'\g];?qié M.; Nonaka, G.; Nishioka, Chem. Pharm. Bull thereby completing the formation of the fused ring system.
(9) (a) Birch, A. J.; Donovan, F. WAust. J. Chem1953 6, 373-378. (b)
Ebnother, A.; Meijer, Th. M.; Schmid, HHelv. Chim. Actal952 35, 910~ (10) Austin, M. B.; Izumikawa, M.; Bowman, M. E.; Udwary, D. W.; Ferrer,
928. J.-L.; Moore, B. S.; Noel, J. Rl. Biol. Chem2004 279, 45162-45174.
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Figure 4. Proposed mechanism for the formation of (A) naphthopy®frem a nonaketide intermediate, and (B) emodin anthr@dér¢m an octaketide
intermediate.
Interestingly, Harris and co-workers have developed a meth- Structure-based engineering of the CHS superfamily type IlI
odology for chemical syntheses of polycyclic polyketides; PKS enzymes would thus lead to further production of chemi-
p-polyketones having the two terminal carbonyl groups protected cally and structurally disparate unnatural novel polyketides.
as ketals are efficiently and directly cyclized into aromatic
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of anthrones and anthraquinones including emodin anth@ne (

and barba|0|n |n the a|0e plant (F|gure @) SuppOl’ting Information AVailable: A Complete set Of NMR
In summary, this is the first demonstration of the formation SPectra of nonaketide naphthopyror§ (*H and **C NMR,

of a nonaketide by the structurally simple type I PKS. DEPT135, HMQC, and HMBC). This material is available free

of charge via the Internet at http://pubs.acs.org.
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