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Abstract Acridone synthase II cDNA was cloned from
irradiated cell suspension cultures of Ruta graveolens L. and
expressed in Escherichia coli. The translated polypeptide of Mr

42 681 revealed a high degree of similarity to heterologous
chalcone and stilbene synthases (70^75%), and the sequence was
94% identical to that of acridone synthase I cloned previously
from elicited Ruta cells. Highly active recombinant acridone
synthases I and II were purified to apparent homogeneity by a
four-step purification protocol, and the affinities to N-methylan-
thraniloyl-CoA and malonyl-CoA were determined. The mole-
cular mass of acridone synthase II was estimated from size
exclusion chromatography on a Fractogel EMD BioSEC (S)
column at about 45 kDa, as compared to a mass of 44 þ 3 kDa
found for the acridone synthase I on Superdex 75. Nevertheless,
the sedimentation analysis by ultracentrifugation revealed
molecular masses of 81 þ 4 kDa for both acridone synthases. It
is proposed, therefore, that the acridone synthases of Ruta
graveolens are typical homodimeric plant polyketide synthases.
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1. Introduction

Acridone synthase (ACS) catalyzes the condensation of N-
methylanthraniloyl-CoA and three malonyl-CoAs to yield 1,3-
dihydroxy-N-methylacridone (Fig. 1), a reaction pivotal to the
biosynthesis of all acridone alkaloids [1]. ACS is thus classi-
¢ed as a member of the polyketide synthases which are in-
volved in the biosynthesis of various secondary plant me-
tabolites such as £avonoids, stilbenes, styrylpyrones,
benzophenones or benzalacetone [2,3]. Acridone alkaloids
are con¢ned exclusively to the Rutaceae, and ACS had been
initially puri¢ed from elicited cell suspension cultures of Ruta
graveolens L. [4]. This enzyme showed an Mr of 40 000 on
SDS-PAGE, whereas a molecular mass of roughly 69 kDa
was estimated for the native Ruta enzyme [4], which ambigu-
ously left the option for a mono- or dimer-subunit composi-

tion. Partial sequencing of the enzyme polypeptide had al-
ready suggested the close relationship of the ACS with
heterologous chalcone and stilbene synthases (CHSs and
STSs) [4], which was con¢rmed after cloning of the full length
cDNA [5]. This enzyme, now designated ACS I, was expressed
in a highly active state in Escherichia coli, and its molecular
mass was calculated at 44 þ 3 kDa from size exclusion chro-
matography on Superdex 75 [5].

We now report the cloning of another acridone synthase
from a V ZAP cDNA library of irradiated Ruta graveolens
cells, and the identity of this enzyme, termed ACS II, was
veri¢ed by alignments of the nucleotide and amino acid se-
quences with those of ACS I as well as by the catalytic func-
tion of the highly active, heterologously expressed enzyme.
The recombinant ACSs I and II were used to reinvestigate
the subunit composition by sedimentation analysis.

2. Materials and methods

2.1. Cell cultures and irradiation
Cell suspension cultures of the common rue (Ruta graveolens strain

R-20) were grown as described previously [4,5], and the cells were
induced by simultaneous irradiation with UV-B and white light in a
standard light ¢eld consisting of two TL 40-W/12 Philips (UV-B), two
TL 40-W/18 Philips (blue light) and two L 40-W/73 Osram (UV-A)
lighting tubes (£uence rate = 11 W m32).

2.2. Poly(A)+ RNA
Ruta cells were harvested from cultures that had been irradiated for

3 or 6 h. The cells were deep-frozen immediately in liquid nitrogen
and stored at 370³C till use. Poly(A)� RNA was isolated from the
frozen cells as described elsewhere [6,7].

2.3. Construction and screening of the cDNA library
Poly(A)� RNA from the irradiated Ruta cells was used for cDNA

synthesis [8], and the cDNA was extended with EcoRI and XhoI
adaptors prior to ligation into the V ZAP vector (Stratagene, Heidel-
berg, Germany). The cDNA library of 2.4U105 recombinant phages
was screened for polyketide synthases by plaque hybridization using a
radiolabeled 1.4 kb EcoRI fragment from Callistephus chinensis chal-
cone synthase (EMBL accession number Z67988), yielding ¢ve posi-
tive clones in two further rounds of screening. One of these positive
clones (pBK-CMV) was analyzed in detail.

2.4. DNA sequencing
The cDNA inserts were subcloned into vector pTZ19R [9], and

DNA sequencing was accomplished by the dideoxy nucleotide chain
termination technique [10], using the universal and reverse sequencing
primers and additional oligonucleotide primers synthesized as re-
quired.

2.5. Modi¢cation of cDNA and construction of expression vector
The ACS II cDNA insert of the V ZAP plasmid pBK-CMV was

restricted with BamHI and XbaI and ligated into the vector pTZ19R
[8]. E. coli strain RZ1032 [11] was transformed with the resulting
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construct, and single-stranded DNA was rescued by the in vivo ex-
cision protocol using the phage M13K07. The ssDNA was used as a
template for the subsequent in vitro site-directed mutagenesis which
was performed according to the procedure of Kunkel et al. [12]. The
mutation was generated by using the oligonucleotide 5P-CAGG-
GATTCCATGGCTCTACTCACAATC-3P mismatch primer for hy-
bridization with the ACS II 5P-coding region in antisense orientation,
which introduced a unique NcoI site at the translational start ATG
codon. The mutation was veri¢ed by DNA sequencing [10], and the
ACS II coding DNA was subsequently isolated by digestion with NcoI
and PstI and subcloned into the expression vector pQE6 (ACS II-
pQE6).

2.6. ACS expression and puri¢cation
E. coli strain M15 harboring the plasmid pRep4 was transformed

with the ACS II-pQE6 construct. The expression of ACS II was in-
duced by the addition of IPTG and the bacteria harvested as de-
scribed [13]. The heterologous expression of ACS I was performed
according to Junghanns et al. [5]. Crude bacterial extracts were pre-
pared by ultrasonication and centrifugation (30 000Ug, 5³C, 10 min),
and the clear supernatants were fractionated on a Fractogel EMD
DEAE 650 (M) anionic exchanger (Merck, Darmstadt, Germany)
followed by size exclusion chromatography on a Fractogel EMD Bio-
SEC (S) column (Merck, Darmstadt), chromatography on hydroxy-
apatite (research sample; Bio-Rad, Munich, Germany), as described
elsewhere [13], and a second fractionation on Fractogel EMD DEAE
650 (S). Each step of the puri¢cation was examined by SDS-PAGE
[14] and activity assays of the individual enzyme fractions.

2.7. Size exclusion chromatography
The molecular weights of native ACS I and II were estimated by

size exclusion chromatography on a Fractogel EMD BioSEC (S) col-
umn (600U16 mm; Merck, Darmstadt, Germany), equilibrated with
50 mM Tris-HCl, 200 mM NaCl, pH 7.5. The column was calibrated
in the range of 18^300 kDa (protein calibration kit Combithek, Boeh-
ringer, Mannheim, Germany), and the void volume was determined
with blue dextran 2000. Enzymes or reference proteins were applied in
a small volume (200 Wl), and individual runs were repeated at least
three times.

2.8. Analytical ultracentrifugation
Analytical ultracentrifugation was performed in a Beckman XL-A

analytical ultracentrifuge equipped with absorption scanner optics us-
ing the An-50 8-place rotor. For equilibrium measurements double
sector charcoal ¢lled epon centerpieces were used. 150 Wl of the re-
spective sample was overlaid on 50 Wl arti¢cial bottom (FLUORI-
NERT FC-43, ABCR, Karlsruhe) and centrifuged at 15 000 rpm.
Scans were taken at 30 min intervals for the ¢rst 10 h to measure
the approach to equilibrium. After that scans were taken every 90
min. When the measured concentration pro¢le remained unchanged
for at least 12 h we assumed equilibrium to be attained and scans

from these 12 h were averaged to yield the ¢nal equilibrium concen-
tration pro¢le.

For the approach to equilibrium data apparent molecular masses
and sedimentation rate constants were evaluated by ¢tting Lamm's
di¡erential equation [15] describing the simultaneous sedimentation
and di¡usion of a single species to the measured data using the pro-
gram package AKKUPROG [16]. The same program was used to
determine apparent molecular masses by ¢tting the ideal equilibrium
distribution for a single species [17] to the measured equilibrium con-
centration pro¢le. The partial speci¢c volumes of the proteins were
calculated from the amino acid composition.

2.9. General assays
The protein composition of samples was examined by SDS-PAGE

[14], and protein amounts were quanti¢ed after precipitation with
trichloroacetic acid and employing the Lowry procedure [18] with
bovine serum albumin as a reference. The activity and the kinetic
constants of the ACSs were determined as described previously
[4,5], assaying at saturating concentrations of one or the other sub-
strate.

3. Results

3.1. Molecular cloning and sequence analysis
A cDNA library from irradiated Ruta graveolens cells was

established with the aim to isolate polyketide synthases related
to ACS I, as reported previously from elicited Ruta cells [5],
or to heterologous CHSs. Accordingly, the library was
screened with a 1.4 EcoRI CHS cDNA fragment from C.
chinensis (G. Forkmann, TU Freising-Weihenstephan, Ger-
many) as a hybridization probe. The screening ¢nally resulted
in one clone encoding ACS I £anked in 3P by an extended
untranslated region, which might represent an allele of ACS I
and was not studied further, and another clone of 1.37 kb
spanning one long open reading frame (ORF) of 1173 bp,
which revealed 90% sequence identity with the coding region
of ACS I, £anked by 64 and 131 bp sequences at the 5P and 3P
borders, respectively. The ORF encoded a polypeptide of 391
amino acids (Fig. 2). Alignment studies revealed a high degree
of similarity of this polypeptide to the ACS I with 367 (93.9%)
identical amino acid residues and 20 (5.1%) conservative ex-
changes including two Q/E transitions [19]. The translated
polypeptide of the newly isolated cDNA clone thus di¡ered
signi¢cantly in only four amino acid residues (Met-12, Asn-
107, Gln-119 and Glu-315) from the ACS I enzyme sequence
(Fig. 2).

FEBS 21823 29-3-99

Fig. 1. Schematic reaction catalyzed by the acridone synthase from Ruta graveolens. The conversion of the intermediate open-chain polyketide
to N-methylacridone involves successive acylation, nucleophilic substitution and dehydration reactions.
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3.2. Functional classi¢cation
The coding region of the isolated cDNA was expressed in

E. coli for functional characterization, and a prominent pro-
tein band of 42 kDa was observed upon SDS-PAGE exami-
nation of the extracts prepared from the IPTG-induced trans-
formants. Moreover, these extracts contained considerable
ACS activity (21 Wkat/kg), whereas the extracts from the
non-induced transformants lacked both the 42 kDa polypep-
tide and ACS activity. These results unequivocally con¢rmed
that the cDNA isolated from irradiated Ruta cells encoded
another ACS, designated as ACS II.

In parallel experiments, ACS I was also expressed in E. coli
[5], and the recombinant polypeptides were puri¢ed by se-
quential ion exchange, size exclusion and hydroxyapatite
chromatographies followed by a ¢nal separation on Fractogel
EMD DEAE 650 (S). This puri¢cation protocol yielded ho-
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Fig. 2. Alignment of the acridone synthase I and II polypeptides translated from Ruta graveolens cDNAs. Only those amino acid residues rep-
resenting conservative exchanges or introducing major changes in the overall charge (bold printed) in ACS I as compared to ACS II are high-
lighted.

Table 1
Kinetic comparison of puri¢ed ACS I and ACS IIa

Enzyme ACS I ACS II

pH optimum 7.5 7.0
Optimal temperature (³C) 32 40
Speci¢c activity (Wkat/kg) 159 236
KmmalonylÿCoA (WM) 13 5
KmNÿmethylanthraniloylÿCoA (WM) 62 77
aAll determinations were made at least in triplicate. Both the pH
optima were determined in various 0.1 M bu¡ers [13]. ACS I activity
in the range of pH 6.0^7.5 and pH 7.5^9.0 was assayed in sodium
phosphate and Tris-HCl, respectively, and the activity at pH 7.5
found in Tris-HCl reached about 95% of that determined in phos-
phate. ACS II activity in the range of pH 6.0^7.5 was assayed in
potassium phosphate bu¡er.
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mogeneous ACSs I and II (Fig. 3), which preserved their high
catalytic activities (Table 1). Kinetic examination revealed dis-
tinct pH and temperature optima for the ACS II, as compared
to ACS I (Table 1), with about 60% and 85% of the maximal
activity recorded at pH 7.0 and 8.0, respectively, for ACS I or
91% and 77% at pH 6.5 and 7.5, respectively, for ACS II;
these minor discrepancies might be explained on the basis of
the di¡erent overall charge due to the amino acid exchanges
(Fig. 2).

3.3. Subunit composition
The molecular masses of catalytically highly active ACS I

and II were calculated from size exclusion chromatographies
on a calibrated Fractogel EMD BioSEC (S) column, which is
supposed to fractionate polypeptides to size in the range from
5 to 1000 kDa. Maximal activities were always recorded at an
elution volume corresponding to masses of about 45 kDa, and
these results comply with the molecular mass of 44 þ 3 kDa
reported earlier for the Ruta ACS I [5]. The data thus sug-
gested that both ACSs are active in the form of single poly-
peptides. However, the results are in sharp contrast to the
homodimeric composition proposed for the closely related
heterologous CHSs and stilbene synthases, which are built
up from 388^400 amino acid polypeptide subunits [2,3], re-
gardless of the fact that a single active site is su¤cient for
enzyme catalysis [20].

The elution characteristics of proteins on gel chromatogra-
phy are supposed to depend primarily on the spatial protein
structure as well as on the inertness of the gel matrix, but also,

to a lesser extent, on the ionic strength and pH of the solvent.
These various parameters limit the reliability of the procedure.
Therefore, the sedimentation rate constants of pure ACS I
and ACS II were subjected to analytical ultracentrifugation
in order to assess their partial speci¢c volume. Fig. 4 shows
the equilibrium concentration pro¢les for ACS I and ACS II
which yielded molecular masses of 81 and 82 þ 4 kDa, respec-
tively, corresponding to both proteins forming dimers. Table 2
shows the sedimentation rate constants evaluated from the
approach to equilibrium measurements and the corresponding
frictional ratios assuming a monomer and a dimer. Since the
lowest possible frictional ratio is that of a perfect sphere (1.0)
these data clearly con¢rm the dimeric structure of the pro-
teins.

4. Discussion

The sequence homologies of ACS I and II with heterolo-
gous CHSs and STSs classify both ACSs as plant polyketide
synthases [2,3]. Nevertheless, the mode of ACS action appears
to di¡er slightly from that of the CHSs and STSs, since the
acylation reaction forming the ring from three malonyl moi-
eties must be followed by nucleophilic attack of the secondary
amine on the neighboring ring-carbonyl and subsequent loss
of water prior to aromatization (Fig. 1). This reaction mech-
anism as compared to that of CHSs or STSs must be the
consequence of subtle changes in the primary sequence, since
CHSs and STSs from various plants did not show ACS ac-
tivity [5], and irrespective of the fact that the carboxy-termi-
nus and `CHS/STS signature motif' with the presumed bind-
ing site of the aromatic starter substrate are preserved [2,3].

Plant polyketide synthases are involved in the biosynthesis
of a broad range of secondary metabolites of divergent phys-
iological relevance, including the solar UV-B protectant £a-
vonoids [21] and the stilbene phytoalexins [22]. Correspond-
ingly, CHSs are commonly induced upon irradiation, whereas
STSs are expressed on fungal elicitation. Acridones might
serve more than one purpose, since they are capable of ab-
sorbing UV-B as well as visible light and possess a consider-
able antimicrobial potential [1,5]. Accordingly, ACS I was
constitutively expressed in dark-grown Ruta cell cultures,
but was transiently induced further upon the addition of fun-
gal elicitor [23]. It remains to be established whether ACS II
or related enzymes in Ruta respond to an appropriate light
regime.

All the CHSs and STSs have been described as homodimers
[2,3], although in case of CHS and STS a single active site in a
dimer is su¤cient for catalysis [20]. It was thus puzzling that
the size exclusion chromatographies on Superdex 75 or Frac-
togel EMD BioSEC (S) matrices always assigned single poly-
peptides to the highly active, recombinant ACSs I and II. The
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Fig. 3. Separation of puri¢ed recombinant ACSs I and II (2.8 Wg
each; lanes 1 and 2) by SDS-PAGE using 12.5% separation and 5%
stacking gels and stained with Coomassie brilliant blue R 250.
Marker proteins in the range of 66^14.3 kDa (SDS-7 kit, Sigma)
were used for comparison (left lane).

Table 2
Hydrodynamic properties of ACS I and II determined from approach to equilibrium experiments in the analytical ultracentrifuge

Protein ACS I ACS II

Partial speci¢c volume (kg/m3) (from amino acid composition) 7.40U1034 7.42U1034

Theoretical molecular mass (kDa) (from amino acid sequence) 42.7 42.6
S20�;W (10313 s) 5.56 þ 0.1 5.37 þ 0.1
Apparent molecular mass (kDa) (from approach to equilibrium data) 81 þ 4 82 þ 4
Frictional ratio (f/f0) (dimer) 0.76 0.79
Frictional ratio (f/f0) (monomer) 1.21 1.25
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careful examination by sedimentation analysis, however,
proved the homodimeric composition of native ACSs I and
II, corresponding to molecular masses of about 81 and 82 þ 4
kDa, respectively (Fig. 4, Table 2). Retrospectively, the results
from size exclusion chromatography may be rationalized by
an interaction of the enzyme with the gel matrix, causing the
disaggregation of subunits. This assumption, however, is un-
likely with reference to CHS and STS which do not reasso-
ciate to the active state once the subunits have been separated
(J. Schroëder, unpublished). Alternatively, the interaction of
the ACS dimers with the gel matrix must be strong enough
to cause the considerable retardation observed in the elution
volume.
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