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An extracellular enzyme activity in the culture supernatant of the acarbose producer Actinoplanes sp. strain
SE50 catalyzes the transfer of the acarviosyl moiety of acarbose to malto-oligosaccharides. This acarviosyl
transferase (ATase) is encoded by a gene, acbD, in the putative biosynthetic gene cluster for the a-glucosidase
inhibitor acarbose. The acbD gene was cloned and heterologously produced in Streptomyces lividans TK23. The
recombinant protein was analyzed by enzyme assays. The AcbD protein (724 amino acids) displays all of the
features of extracellular a-glucosidases and/or transglycosylases of the a-amylase family and exhibits the
highest similarities to several cyclodextrin glucanotransferases (CGTases). However, AcbD had neither a-amy-
lase nor CGTase activity. The AcbD protein was purified to homogeneity, and it was identified by partial
protein sequencing of tryptic peptides. AcbD had an apparent molecular mass of 76 kDa and an isoelectric
point of 5.0 and required Ca21 ions for activity. The enzyme displayed maximal activity at 30°C and between
pH 6.2 and 6.9. The Km values of the ATase for acarbose (donor substrate) and maltose (acceptor substrate)
are 0.65 and 0.96 mM, respectively. A wide range of additional donor and acceptor substrates were determined
for the enzyme. Acceptors revealed a structural requirement for glucose-analogous structures conserving only
the overall stereochemistry, except for the anomeric C atom, and the hydroxyl groups at positions 2, 3, and 4
of D-glucose. We discuss here the function of the enzyme in the extracellular formation of the series of
acarbose-homologous compounds produced by Actinoplanes sp. strain SE50.

Several aminoglycosidic a-glycosidase inhibitors with C7-
cyclitol moieties have been found in the culture broth of var-
ious actinomycetes (20, 30). These include the a-glucosidase
and trehalase inhibitors of the acarbose-amylostatin group of
compounds produced by Actinoplanes sp. and Streptomyces sp.
(9, 21, 38) (Fig. 1), the oligostatins (26), adiposins (24, 25), and
trestatins (42). Another member group of this class of com-
pounds are the chitinase inhibitors validamycins and validoxy-
lamines produced by Streptomyces hygroscopicus var. limoneus
(13). They all contain 1 or 2 U of a valiolol-derived cyclitol.
Since 1990 the a-glucosidase inhibitor acarbose is used in the
therapy of non-insulin-dependent diabetes mellitus. The oral
antidiabetic agent is produced by fermentation of the actino-
mycete Actinoplanes sp. strain SE50. Besides acarbose, the
organism produces an extensive series of acarviosyl {4-N-4,6-
didesoxy-4-([4,5,6-trihydroxy-3-hydroxymethyl-2-cyclohexen-1-
yl]amino)-a-D-glucopyranose} containing pseudo-oligosaccha-
rides (Fig. 1). These compounds differ in the number of
glucose units connected among each other by a-1,4 glycosidic
bonds which are attached to the acarviosyl core at the reducing

and nonreducing ends. The number of glucose units deter-
mines the inhibitory specificity against different a-glycosidases.
In addition, some compounds show variations in the type of the
terminal glycosidic bond or in the nature of the terminal sugar
moiety (Table 1).

The different homologues are formed dependent on the
sugar source in the culture broth (34). If glucose or maltose are
supplied as the sole carbon source inhibitors with a small
number of glucose units are produced, preferentially acarbose
(strong inhibition of disaccharidases), while addition of starch
leads to compounds with a higher number of glucose units
(strong inhibition of amylases). Now it is known that acarbose
in contact with a-amylases and cyclodextrin glucanotrans-
ferases (CGTases) in the presence or absence of maltooligo-
dextrins becomes converted to longer-chain derivatives con-
taining at least two acarviosyl residues, as shown in crystallized
enzyme-inhibitor complexes (10, 15, 31, 36). Therefore, acar-
bose can be regarded as a prodrug which forms more active
inhibitors by the catalytic activity of its target site.

Fermentation experiments with Actinoplanes sp. in the pres-
ence of [U-14C]maltose showed that the maltosyl unit of acar-
bose is derived directly from maltose (K. Goeke and H. Pape,
unpublished results). These findings point to an enzymatic
activity responsible for many variations found in acarbose ho-
mologues. We describe here the purification and characteriza-
tion of the enzyme AcbD (acarviosyl transferase [ATase]) from
the supernatant of Actinoplanes sp. strain SN223/29 cultures.
In addition, the location of the corresponding gene, encoding
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the AcbD protein, within the recently identified biosynthetic
gene cluster for acarbose (35) is shown, and the protein was
heterologously produced in Streptomyces lividans TK23.

MATERIALS AND METHODS

Bacterial strains, plasmids, medium, and culture conditions. The Actino-
planes sp. strain SN223/29 used in this study is an improved acarbose producer
developed from the wild-type strain SE 50/110. For purification of the AcbD
protein, the organism was cultivated in a two-stage complex medium. For the
preculture stage (72 h), defatted soy flour (Henselwerk, Magstadt, Germany) at
2%, glycerol at 2%, and CaCO3 at 0.2% in tap water were used; the pH was
adjusted to 7.2 before sterilization. For the inoculation stage, a 4% (vol/vol)
inoculum was obtained from a frozen stock. The main culture (125 ml) was
cultivated for 120 h in soluble starch at 3%, defatted soy flour at 1%, and CaCO3

at 0.2% in tap water, with a 4% (vol/vol) preculture inoculum. The cultivation

was carried out in Erlenmeyer flasks at 28°C and 150 rpm in a rotary shaking
incubator. S. lividans 66 strain TK23 (12) was used as the host strain for the
heterologous expression of the AcbD protein. The strain was routinely cultured
at 28°C on SMA agar plates (7), and liquid cultures were carried out in TSB
medium (12). The strain Actinoplanes SE50/110 was cultivated in acarbose-
production medium [MD-50(maltodextrins), 70 g; (NH4)SO4, 5 g; yeast extract,
2 g; K2HPO4, 1 g; KH2PO4, 1 g; Tri-sodiumcitrat, 5 g; MgCl2 z 6H2O, 1 g; FeCl3 z

6H2O, 0.25 g; and CaCl2 z 2H2O, 2 g, all dissolved in 1,000 ml of H2O, with pH
adjusted to 6.8, and sterilized by filtration]. The isolation of the plasmids pAS5
and pAS6, with 10.7-kb SstI and the 12.4-kb BglII inserts of Actinoplanes sp.
DNA, respectively, was described earlier (35) (Fig. 2). Cloning experiments with
Escherichia coli were performed using the plasmids pUC18 (41) and pUWL201
(8) and the host strain DH5a [F2 f80d lacZDM15 endA1 recA1 hsdR17 (rK2

mK1) supE44 thi-1 l gyrA96 relA1 D(lacZYA-argF)U169 (11)], which was grown
at 37°C in Luria-Bertani (LB) broth or on LB agar plates supplemented with
ampicillin (100 mg/ml) (33). To maintain the pUWL201 derivatives in the cor-
responding S. lividans strains, the media were supplemented with thiostrepton
(25 mg/ml).

Purification of ATase. The culture broth (500 ml) of Actinoplanes sp. strain
SN223/29, grown in main culture medium, was centrifuged at 2,500 3 g for 10
min to remove the cells. The supernatant was brought to 20% ammonium sulfate
saturation in the cold by adding solid ammonium sulfate. After 2 h the solution
was centrifuged at 25,000 3 g for 30 min. The supernatant was brought to 40%
ammonium sulfate saturation and again centrifuged. The resulting precipitate
was dissolved overnight in 100 ml of 25 mM Tris-HCl buffer (pH 8.5), containing
10% glycerin–1 mM CaCl2 and then cleared by centrifugation. The enzyme
solution was applied to a Fractogel DEAE anion exchanger (Merck, Darmstadt,
Germany) column (2 by 16 cm) previously equilibrated with 25 mM Tris-HCl
buffer (pH 8.5). Under these conditions the enzyme did not bind to the anion
exchanger. The column was washed with 50 ml of the same buffer. The combined

FIG. 1. Chemical structures of the acarbose and amylostatin family
of a-glucosidase inhibitors from Actinoplanes sp. strain 50/110. For
components marked with an asterisk, the main ingredient of the iso-
mer mixture with m 1 n is 3 (4 or 5).

FIG. 2. Map location of the acbD gene within the putative biosynthetic gene cluster for acarbose. The restriction sites flanking the inserts of
10.7-kb SstI and 12.4-kb BglII of Actinoplanes sp. DNA in plasmids pAS5 and pAS6 (35), respectively, are given in bold face. The transcriptional
direction and the relative sizes of the predicted open reading frames are indicated by bars with arrowheads. The DNA sequence for this segment
is available from the databases under accession no. AJ293724.

TABLE 1. Names and compositions of acarviosyl-containing
compoundsa

Name Composition

Acarbose (component 3) ............Acarviosyl-1-4-Glc-1-4-Glc
Component A...............................Acarviosyl-1-4-Glc-1-4-Fru
Component B...............................Acarviosyl-1-4-Glc-1-4-Val
Component C...............................Acarviosyl-1-4-Glc-1-1-Glc
Component D ..............................Acarviosyl-1-4-Glc-1-4-Man
Component 4a..............................Acarviosyl-1-4-Glc-1-4-Glc-1-4-Fru
Component 4b..............................Acarviosyl-1-4-Glc-1-4-Glc-1-4-Glc
Component 4c ..............................Acarviosyl-1-4-Glc-1-4-Glc-1-1-Glc
Pseudo-acarbose...........................Acarviosyl-1-4-(6-desoxy)Glc-1-4-Glc

a Structural differences compared to acarbose or component 4b, respectively,
are indicated in boldface. Glc, glucose; Fru, fructose; Man, mannose; Val, 1-epi,
2-epi-valienol.
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effluent was dialyzed overnight against the same buffer. The desalted enzyme
solution was again applied to the same anion exchanger, and the column was
washed with the equilibrating buffer. Proteins were eluted by applying a linear
NaCl gradient in the same buffer (300 ml, 0 to 1 M NaCl, flow rate of 0.5 ml/min).
The active fractions (0.15 to 0.3 M NaCl) collected from the column were pooled,
100 mg of prepared starch (see below) per ml was added, and the mixture was
stirred overnight and then centrifuged at 40,000 3 g for 1 h. The resulting pellet
was homogenized in 30 ml of buffer (25 mM Tris-HCl [pH 7.5] plus 1 mM CaCl2)
containing 25 mM acarbose, stirred at 20°C for 2 h, and then centrifuged (as
described above). The supernatant was dialyzed against 10 mM Tris-HCl (pH
7.5) and 1 mM CaCl2 for 2 days with several changes of the buffer and then
treated again with the prepared starch. From the resulting pellet, the enzyme was
desorbed by incubation with a 250 mM maltose solution in 10 mM Tris-HCl (pH
7.5) and 1 mM CaCl2 at 4°C overnight. The resulting supernatant after centri-
fugation (as described above) was dialyzed against 0.1 mM Tris-HCl buffer (pH
7.2) and 0.01 mM CaCl2 for 2 days with several changes of buffer.

For the preparation of starch, soluble starch (100 mg/ml of water) was incu-
bated for 20 min at 121°C and then precipitated for 4 days at 4°C. After cen-
trifugation at 40,000 3 g for 1 h, the pellet was homogenized in Tris-HCl buffer
(25 mM at pH 8.5 containing 10% glycerin and 1 mM CaCl2) and centrifuged.
The pellet was used for the starch adsorption of the ATase.

Determination of ATase activity. The enzyme assay used for ATase activity
determination is based upon the transfer of the acarviosyl moiety of acarbose
(donor) to radioactive maltose (acceptor) (reaction A, see below). The standard
assay used for determination of the ATase activity is based on this exchange
reaction. With other sugars the catalyzed reaction has to be formulated as in
reaction B.

(A) acarbose 1 maltosep º acarbosep 1 maltose
(B) acarbose 1 ROH º acarviosyl-OR 1 maltose

where an asterisk indicates a radioactively labeled sugar. After the incubation of
unlabeled acarbose with [14C]maltose, the amount of radioactivity found in
acarbose depends on the incubation time and the enzyme activity in the added
protein solution.

A 10-ml volume of appropriately diluted enzyme solution was mixed with 4 ml
of the reaction solution consisting of 0.25 M Tris-maleinate buffer (pH 6.3), 19.6
mM acarbose, and 1.75 mM [U-14C]maltose (44,000 dpm). This mixture was
incubated at 30°C for normally 15 min. The reaction was stopped by adding 100
ml of ethanol. After centrifugation to remove precipitated protein, the radioac-
tive acarbose was separated from radioactive maltose by adding the supernatant
to a suspension (500 ml) of Dowex 50 WX 4 (Serva, Heidelberg, Germany),
H1-form, in demineralized water (1:1; vol/vol). To remove the unbound radio-
active maltose, the supernatant was taken off, the resin was washed three times
with 500 ml of water, and the washings were collected. Acarbose was eluted from
the cation exchanger with 0.5 M ammonia solution (three times with 500 ml). In
both fractions the radioactivity was measured by scintillation counting. The
relative amount of radioactivity in the acarbose fraction (the exchange rate,
typically between 5 and 50% of the total radioactivity applied per assay, was
corrected by the exchange rate of a control assay stopped directly with ethanol
after addition of the reaction solution) is used as measure for enzyme activity.

Protein concentration was determined according to the method of Bradford
(5).

Substrate specificity and enzyme kinetics. The Km and relative Vmax values of
ATase for acarbose and maltose were calculated from Lineweaver-Burk plots.
The data were obtained through standard incubation tests (see above), with a
constant concentration (10 mM) of one substrate and varied concentrations (0.1
to 6 mM) of the other substrate. Assays for the determination of acceptor
specifity consisted of ATase preparation (15 nkat/ml) in buffer (0.1 mM Tris-
HCl, 0.01 CaCl2; pH 7.2), acarbose (23 mM), and different acceptor substrates
(23 mM each) in a total volume of 30 ml. The incubation was stopped after 18 h
by adding 70 ml of ethanol. After centrifugation the supernatant was analyzed by
thin-layer chromatography (TLC) and high-pressure liquid chromatography
(HPLC) (see below). The donor specificity was tested by use of the purified
ATase in similar reaction mixtures with the same buffer system and volume, but
with maltose (200 mM) and different mixtures of acarbose homologues (16.6
mg/ml) as acceptor and donor substrates, respectively. The incubation was
stopped after 0 and 24 h by adding ethanol, and the supernatant obtained after
centrifugation was analyzed by HPLC (see below).

Further enzyme characterization. For the determination of temperature and
pH stability of the ATase activity, the assay mixture was incubated at various
temperatures (18 to 67°C) and pH values (70 mM Tris-maleinate buffer [pH 5 to
8.4] at 30°C). The thermostability of the enzyme was estimated through prein-
cubation of the ATase preparation at different temperatures (see above) for 15

min, followed by standard enzyme assay at 30°C. The effect of metal ions was
analyzed for 1 mM additions of CaCl2, MgCl2, MnCl2, FeCl2, FeCl3, CoCl2,
CuSO4, ZnSO4, and EDTA after incubation at 4°C for 72 h. Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was done by the
method of Laemmli (16). Marker proteins with molecular weights ranging from
205,000 to 29,000 (Fluka, Buchs, Switzerland) were used for estimation of the
molecular weight of ATase. The isoelectric point was determined by isoelectric
focusing (IEF) using ampholyte (Serva) for a pH gradient from 3 to 10 and
marker proteins with isoelectric points from 3.6 to 9.3 (Sigma, Deisenhofen,
Germany).

TLC. The acceptor specifity assays were analyzed by TLC with silica gel plates
(Merck, Darmstadt, Germany), which were developed with butanol-ethanol-
H2O (5:3:2 [vol/vol/vol]). The spots were visualized by spraying the plate with
ceric sulfate reagent [phosphomolybdic acid z H2O (25 g), cer(IV)-sulfate z 4H2O
(10 g), concentrated H2SO4 (60 ml), demineralized water (940 ml)] followed by
heating (15 min at 110°C).

HPLC. The acceptor specificity assays were analyzed by HPLC on a Carbopac
PA 1 anion-exchange column (4 by 250 mm; Dionex, Idstein, Germany), with a
gradient formed by solvent A (0.1 M NaOH) and solvent B (0.1 M NaOH, 0.5 M
sodium acetate) as eluent at a flow rate of 1 ml/min (time:%A values 5 0:100,
10:92, 30:90, 45:35, 46:0, 48:0, 49:100, and 58:100). Peaks were recorded with a
pulsed electrochemical detector (Model HP 1049 A; Hewlett-Packard, Ratingen,
Germany) with measuring voltage of 0.1 V 0.2 s and a pulse voltage of 0.6 V
0.08 s and 20.6 V 0.08 s.

The donor specificity assays were analyzed with an NH2 column (4 by 250 mm;
Shandon Hypersil APS 1 [5 mm]; refill by Muder und Wochele, Berlin, Germa-
ny), with an eluent formed by 75% acetonitrile and 25% 5 mM potassium
hydrogen phosphate buffer (pH 6.8) at a flow rate of 2.5 ml/min and at 35°C.
Acarbose homologues peaks were recorded at 210 nm with a UV 1000 detector
(Thermo Separation Products, Darmstadt, Germany).

General DNA manipulation techniques. Restriction enzymes and T4 DNA
ligase were purchased from Life Technologies (Eggenstein, Germany) and used
in accordance with the manufacturer’s instructions. DNA fragments were recov-
ered from agarose gels using the JetSorb Kit (Genomed, Bad Oeynhausen,
Germany). DNA manipulations of E. coli were done as described by Sambrook
et al. (33); transformations of E. coli were carried out by the method of Hanahan
(11). Protoplast preparation and plasmid transformations techniques for S. livi-
dans were performed according to published procedures (2, 12).

Identification, cloning, and expression of the acbD gene. The acbD gene was
identified as a part of the biosynthetic gene cluster for acarbose in Actinoplanes
strain SE50/110 by using the recombinant plasmid pAS5. A 2.6-kb HindIII/PstI
DNA fragment was isolated from pAS5 and ligated into pUC18 in E. coli DH5a.
The resulting recombinant plasmid pAS5/15.1 was analyzed by DNA sequencing.
One open reading frame of 2,172 bp was identified and named acbD. For the
expression of acbD in S. lividans TK23 under the control of the ermEp promoter,
the 2.6-kb HindIII/PstI DNA fragment was cloned into pUWL201 HindIII/PstI,
resulting in pAS9. To remove the 126-bp sequence upstream of the GTG start
codon of the acbD gene (Fig. 3), pAS9 was hydrolyzed with the enzyme EcoNI.
After treatment with the Klenow enzyme (Roche, Mannheim, Germany) and
hydrolysis with BamHI, a 2.5-kb DNA fragment was isolated and cloned in
pUC18 HincII/BamHI resulting in pAS5/15.1.1. The deletion of the 126 bp was
controlled by DNA sequencing. The shortened acbD DNA fragment was reiso-

FIG. 3. Putative regulatory region upstream of the acbD reading
frame. Inverted- and direct-repeat structures are marked by arrows.
The possible ribosome-binding site and a possible promoter region
(210, 235) with similarity to E. coli s70-like Streptomyces sp. promot-
ers are marked by underlining. The recognition sites for restriction
enzymes are indicated.
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lated as a HindIII/BamH1 fragment and ligated into pUWL201 HindIII/BamHI,
resulting in pAS9-2. The strains S. lividans TK23/pAS9 and S. lividans TK23/
pAS9-2 were cultivated in 10 ml of TSB medium for 3 to 4 days, and the
supernatants were dialyzed for 12 h at 4°C against buffer (5 mM Tris-HCl, 1 mM
CaCl2; pH 7.5). To test the extracellular production of the AcbD protein, 500 ml
of the desalted supernatants was concentrated under vacuum and analyzed by
SDS-PAGE (8% polyacrylamide [PAA] gel).

DNA sequencing, computer analysis of DNA sequences, and accession number
of the nucleotide sequence. Various overlapping restriction fragments of the
2.6-kb HindIII/PstI DNA fragment insert in pAS5/15.1 were subcloned in pUC18
and sequenced by the dideoxynucleotide chain termination method (32) using an
AutoRead sequencing kit and an A.L.F. DNA sequencer (Amersham Pharmacia
Biotech, Freiburg, Germany). The entire sequences of both strands were deter-
mined from double-stranded plasmid DNAs prepared by the alkaline lysis
method (33). The DNA sequences were analyzed using DNA-Strider 1.2 (19)
and BrujeneII sequence analysis software. Homology searches were performed
against EBI, GenBank, and SWISSPROT data libraries using BLAST (1) and
FASTA 1.432 (27) software. The accession number of the nucleotide sequence
is AJ293724.

Protein sequencing. About 500 mg of the purified AcbD protein was dissolved
in 1 ml of 6 M guanidinium hydrochloride–0.5 M Tris-(hydroxymethyl)-amin-
omethane (pH 8.6). Then, 5 ml of 1 M dithiothreitol was added, and the sample
was reduced at 54°C for about 18 h. Next, 10 ml of 2 M sodium iodoacetate
solution was added, and the sample was incubated in the dark for 35 min. After
dialysis against 0.5 M urea–0.1 M ammonium hydrogen carbonate solution (buff-
er change after 2 and 4 h; total time of dialysis about 6 h; dialysis tube cutoff, 3.5
kDa). The sample was digested by adding 5 mg of bovine trypsin (sequence
grade) at 37°C for 18 h. The sample was concentrated before HPLC analysis to
about 500 ml by centrifugal evaporation in a Speedvac. The tryptic peptides were
separated by HPLC using an HP1090 system equipped with a diode array de-
tector 1040A, a chemstation, and a fraction collector. The HPLC components
were from Hewlett-Packard (Waldbronn, Germany), and the fraction collector,
Superrac 2211, was from Pharmacia (Freiburg, Germany). A Nucleosil RP-18
column (250 by 4.6 mm; 5-mm spheres; 300-Å pore diameter) from CS-Chro-
matographie Service (Langerwehe, Germany) was used for peptide separation.
The collected peptides were used for sequence analysis. N-terminal sequence
analyses of ATase samples were performed using the gas-liquid-solid-phase
protein sequencer 473A from Applied Biosystems (Foster City, Calif.). The
standard sequencer program FAST Normal was used. The sequencer, the dif-
ferent running programs, and the cycles, as well as the phenylthiohydantoin
(PTH) separation system, are described in detail in the respective user manuals
(i.e., for protein sequencing system model 473A [1989]; Applied Biosystems).
The detection of PTH amino acids were performed online using an RP18-PTH
column (220 by 2 mm, 5-mm spheres) from Applied Biosystems.

RESULTS

Production, purification, and properties of the ATase of
Actinoplanes sp. strain SN223/29. The extracellular ATase is
optimally produced in starch-containing media. The enzyme
was purified from the supernatant of soyflour starch cultures by
a five-step procedure (as described in Materials and Methods):
precipitation with ammonium sulfate, two ion-exchange chro-
matography steps, and two adsorption-elution steps using

starch as the adsorbent and acarbose or maltose as the des-
orbing agents. Although the latter two steps are effective in
obtaining a purification of ATase, the nature of the interaction
between starch and enzyme is currently not clear. Perhaps,
starch, maltose, and acarbose interact with the active center or
a starch-binding site of the enzyme, similar to the raw-starch-
binding sites described for CGTases (17).

The ATase was purified 18-fold to give a homogeneous
preparation (as shown by SDS-PAGE and IEF) with a specific
activity of 77 nkat/mg (Table 2). The molecular mass of the
enzyme was 76 kDa, and it had an isoelectric point of 5.0. The
addition of Ca21 ions led to an enhanced enzyme activity
corresponding to the total inhibition by addition of EDTA.
The enzyme is thermostable up to 40°C and displays a slight
maximum of activity at 30°C. The optimal pH for enzyme
activity was determined to be between pH 6.2 and 6.9. The Km

values of ATase for acarbose and maltose are 0.65 and 0.96
mM, respectively.

The partial amino acid sequence of seven peptides out of the
purified ATase were determined by digestion with trypsin and
subsequent sequencing by Edman degradation (Fig. 4). These
tryptic peptides were identified in the deduced amino acid
sequence of the acbD gene encoding the ATase (see below).

Donor and acceptor substrates of the ATase. The ATase
accepted a wide range of substrates, including glucose, mal-
tooligosaccharides, dextrin, and amylopectin (Table 3). In
standard ATase assays, using unlabeled maltose or the other
compounds as competing substrates for radioactively labeled
maltose, none of these compounds was as efficient an acarvio-
syl acceptor as was maltose itself. Interestingly, the glucosides
of aliphatic alcohols were also good acceptor substrates for the
ATase, with the highest rate measured for nonyl-a-glucopyr-
anoside. As donor substrates, component 2 (acarviosyl glu-
cose) and component 4b (acarviosyl maltotriose) were identi-
fied. The incubation of these substrates with maltose in the
presence of purified ATase resulted in the formation of acar-
bose (Table 4). Only components A and C (Table 1) did not act
as acarviosyl donors in an ATase-catalyzed reaction. In addi-
tion, component C (acarviosyl trehalose) was not formed by
the ATase in the presence of acarbose and trehalose. So this
component, which reaches high concentrations in fermenta-
tions of Actinoplanes sp., probably does not originate from the
activity of the ATase. Component A arises by chemical mod-
ification reactions during the purification procedure of acar-
bose from the culture broth (Bayer AG, unpublished results),

TABLE 2. Purification of the ATase of Actinoplanes sp. strain SN223/29

Stage Total protein (mg) Total activity (nkat) Sp act (nkat/mg of protein) Recovery (%) Purification factor

Culture filtrate 400 1,740 4.3 100 1.0

Ammonium sulfate precipitation 139 1,147 7.7 66 1.8

DEAE-chromatography
Step 1 89 1,078 12.1 62 2.8
Step 2 20 789 38.8 45 8.9

Starch adsorption-elution techniques
Acarbose elution 10 538 55.5 31 12.8
Maltose elution 6 425 77.3 24 17.8
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and so it is not a pseudo-oligosaccharide biosynthesized by the
bacterium.

Identification and characterization of the gene for ATase in
Actinoplanes sp. The acbD gene encoding the ATase was iden-
tified in the DNA region adjacent to the already-characterized
3.4-kb genomic region (accession no. Y18523) of the biosyn-
thetic gene cluster for the aminoglycoside acarbose in Actino-
planes sp. strain 50/110 (Fig. 2). An internal 2.6-kb HindIII/PstI
DNA fragment of the plasmid pAS5 contained a single reading
frame of 2,172 bp showing the typical codon bias found for
genes from actinomycetes (4). In the deduced amino acid se-
quence, the seven tryptic peptides out of the purified ATase
were identified (Fig. 4). This clearly indicates the described
reading frame as the acbD gene.

Heterologous expression of the ATase in S. lividans. The
acbD gene was expressed in S. lividans under the control of the
constitutive ermEup promoter by using the vector pAS9. In the
dialyzed supernatants of a cultivation of S. lividans/pAS9 a

strong additional protein band was visible in comparison to the
vector control experiment (Fig. 5, lanes 1 and 2, respectively).
As a standard, the dialyzed supernatant of Actinoplanes strain
SE50/110 after cultivation in acarbose production medium is
shown (Fig. 5, lane 3). To prove the heterologous expression of
acbD, the ATase activity in the corresponding supernatants
was measured. The specific activity of the recombinant ATase
was 2.9 nkat/mg, and for the parental enzyme it was 0.65
nkat/mg (Fig. 5, lanes 2 and 3, respectively). In the superna-
tants of the vector control (Fig. 5, lane 1), no ATase activity
was detectable.

The expression of acbD using the ermEup promoter shows an
unstable phenotype in S. lividans. In order to reproduce the
heterologous expression of acbD, the plasmid pAS9 has to be
transformed anew into protoplasts of S. lividans and even so
only a few of the resulting S. lividans/pAS9 strains again pro-
duced the AcbD protein. To overcome this problem, the pu-
tative regulatory region upstream acbD was eliminated by leav-

FIG. 4. Alignment of the protein sequences of the ATase AcbD with those of several CGTases. The proteins aligned were from the following
organisms (with GenBank and EBI database accession codes in parentheses): Ac., Actinoplanes sp. (AJ293724); T. ther., Thermoanaerobacterium
thermosulfurigenes (P26827); B. cir., Bacillus circulans 251 (P43379); P. mar., Paenibacillus macerans (P31835); and K. pneu., Klebsiella pneumoniae
(P08704). The three acidic amino acid residues of the active site (catalytic triade), which are also conserved in most of the proteins of the amylase
family, are shown in boldface (15). The amino acid residues identified to participate in the binding of acarbose to the CGTase are boxed (36); the
aromatic amino acid residue identified to be crucial for the CGTases (28), which is changed to A in AcbD, is marked by a delta symbol (D).
Residues identical in all four sequences are marked by an asterisk; those where side chains are replaced by similar ones are labeled by a dot. The
partial protein sequences as determined from tryptic peptides of the purified ATase from Actinoplanes sp. strain 223/29 are underlined.
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ing the putative ribosome-binding site (Fig. 3). The resulting S.
lividans/pAS9-2 strain did not produce the AcbD protein. Both
plasmids pAS9 and pAS9-2 were still present in the corre-
sponding strains, and no changes or DNA rearrangements
were detectable by analysis using different restriction enzymes
(data not shown).

Structural properties of the ATase and comparison to CG-
Tases. The AcbD protein shows significant similarity to mem-
bers of the a-amylase superfamily of proteins. Among these
groups the similarity is highest to the CGTases. AcbD retains

the domain structure of CGTases, including the domains D
and E for raw-starch binding (14, 29, 40). There are no acti-
nomycete CGTases known so far. Therefore, the closest rela-
tives are from other bacterial orders. The highest similarity
scores (39 to 42%) were found with CGTases from the low-
G1C gram-positive bacteria Bacillus circulans, Paenibacillus
macerans, and Thermoanaerobacterium thermosulfurigenes and
from the gram-negative bacterium Klebsiella pneumoniae (Fig.
4). The three acidic amino acid residues of the active site, e.g.,
the catalytic triade of D229, E257, and D331 in the CGTase of
B. circulans 251 (15), which are also conserved in most of the
proteins of the amylase family, are also present in the AcbD
protein (Fig. 4). Most of the amino acid residues identified to
participate in the binding of substrates and of the inhibitor
acarbose in amylase and CGTase proteins of various organisms
are also conserved (10, 18, 36, 37). However, the crucial aro-

FIG. 5. Extracellular expression of AcbD in S. lividans TK23. The
lanes of the gel (0.1% SDS–8% polyacrylamide) contained samples of
lyophilized protein from 500 ml of dialyzed culture supernatant from
each of the following strains (for details of conditions, see Materials
and Methods): lane 1, S. lividans TK23/pUWL201 (cultured in TSB
medium); lane 2, S. lividans TK23/pAS9 (cultured in TSB medium);
lane 3, Actinoplanes sp. strain SE50/110 (cultured in acarbose produc-
tion medium); left lane, molecular weight marker. The location of the
AcbD band is indicated.

TABLE 3. Acceptor specificity of ATasea

Acceptor substrates of the ATaseb
Specificity valvesc

TLC HPLC (%)

Nonyl-a-D-glucopyranoside 1 28.1
Xylobiose 1 20.8
Maltotetraose 1 19.9
Maltotriose 1 19.8
Maltoheptaose 1 18.9
Maltopentaose 1 17.9
Cellobiose 2 17.2
Maltohexaose 1 17.2
Octyl-a-D-maltopyranoside 1 16.5
Laminaribiose 1 16.3
Sophorose 1 16.3
Decyl-a-D-maltopyranoside 1 16.2
D-(2)-Salicin 1 14.8
Phenyl-a-D-glucopyranoside 1 14.8
Panose 1 14.0
Octyl-D-glucopyranoside 1 14.0
Methyl-a-D-Glucopyranoside 1 11.5
L-(2)-Xylose 1 11.0
Dextrin 1 10.0
Isomaltose 1 9.7
Palatinose 2 9.3
Nigerose 1 8.8
4-Nitrophenyl-a-D-glucopyranoside 1 8.5
D-(1)-Glucose 1 7.6
D-(1)-Xylose 1 5.7
Isomaltotriose 1 5.4
a-D-(1)-Maltose-1-phosphate 1 5.2
6-Deoxy-glucose 1 4.9
L-(2)-Glucose 1 4.7
5-Thio-D-glucose 1 4.4
D-(2)-Gluconolactone 1 3.7
myo-Inosit 1 3.2
Maltitol 1 3.0
Amygdalin 1
Amylopektin 1
4-Nitrophenyl-a-D-xylopyranoside 1

a The various substrates (each at 23 mM) were incubated with acarbose (23
mM) and purified ATase (15 nkat/ml) in 0.1 mM Tris-HCl buffer (pH 7.2) plus
0.01 mM CaCl2 for 18 h.

b No formation of maltose and of new compounds was measured (via TLC
and/or HPLC) for the following substrates: L-arabinose (TLC, HPLC), D-arab-
inose (TLC, HPLC), D-lyxose (TLC, HPLC), D-ribose (TLC, HPLC), 1.6-anhy-
dro-D-glucose (TLC, HPLC), N-acetyglucosamine (TLC, HPLC), 2-deoxy-D-glu-
cose (TLC, HPLC), D-(2)-fructose (TLC, HPLC), L-(2)-fucose (TLC, HPLC),
D-(1)-galactose (TLC, HPLC), glucosamine (TLC, HPLC), D-glucuronic acid
(TLC, HPLC), a-D-glucose-6-phosphate (TLC, HPLC), 3-O-methyl-a-glucopy-
ranoside (TLC), D-(1)-mannose (TLC, HPLC), lactose (HPLC), melibiose
(HPLC), saccharose (HPLC), trehalose (HPLC), turanose (HPLC), melezitose
(HPLC), raffinose (HPLC), cyclo-a-dextrin (TLC, HPLC), and valienamin
(TLC).

c Product formation was determined by HPLC (i.e., the relative percent signal
intensity of the maltose peak [100% 5 the sum of all recorded peaks]) or by TLC
(“1” [formation of maltose and a new compound detected by TLC] or “2” [no
maltose formation]).

TABLE 4. Donor specificity of ATasea

Homologue or
homologue mixture

% Decrease of
component

Increase in
acarbose concn

Mixture
Component 4a 91
Component 4b 91 Yes
Component 4c 46

Component 2 33 Yes
Mixture

Component B 80 No
Pseudo-acarbose 100

Component A 8 No
Component C 8 No

a Various acarbose homologous or homologue mixtures (16.6 mg/ml) were
incubated with maltose (200 mM) and purified ATase (15 nkat/ml) in 0.1 mM
Tris-HCl (pH 7.2) plus 0.01 mM CaCl2 for 0 and 24 h. The resulting concentra-
tion differences are presented. (See Table 1 for a definition of the homologues
other than acarbose).
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matic amino acid residue in CGTases (Y or F at position 195;
numbering system taken from the B. circulans 251 CGTase;
Fig. 4) for the cyclization reaction of malto-oligosaccharides to
a-, b-, and g-cyclodextrins (23, 28) has been replaced by an A
in AcbD. In this feature the ATase is more similar to a-amy-
lases, in which this position is also occupied by smaller amino
acid residues (G, S, T, V, or L) (40).

DISCUSSION

Structure-function relationships of the ATase in compari-
son to CGTases. The ATase, as a member of the a-amylase
superfamily, adds an interesting new type of catalytic specificity
and substrate selectivity to this group of proteins: all members
of the a-amylase family tested thus far bind acarbose and are
inhibited by it but do not convert acarbose quantitatively. How-
ever, the ATase AcbD has neither a-amylase nor CGTase
activity. The AcbD protein clearly belongs to the CGTase
subfamily, exhibits solely transglycosylation activity on donor
substrates containing the acarviosyl moiety, and accepts a wide
range of acceptor substrates as shown in Fig. 6. Thus, the
stronger transglycosylating activity of the CGTases, catalyzing
a mixture of hydrolytic and group transfer reactions on various
substrate lengths of a-1,4-glucosidic chains (22, 40), has been
shifted during the evolution of AcbD toward a restriction of
transferase activity and to substrates with smaller chain
lengths. However, the strong binding of AcbD protein to starch
and the structure of the protein chain suggest that the raw-
starch-binding domain E is retained fully active but probably
does not participate in catalysis or substrate binding as in the
CGTases (29). Of the three types of transglycosylating activi-
ties which can be distinguished on the CGTases (22), only the
so-called disproportionation reaction on a-1,4-glucosidic do-
nors and acceptors resembles part of the ATase-catalyzed re-
actions and, therefore, could also follow a ping-pong mecha-
nism (3, 39). The overall activities of both a-amylases and
CGTases in the presence of acarbose seem, however, to be
similar, since both enzyme groups use acarbose as donors and
catalyze transglycosylation of parts of acarbose to either itself
or other acceptors (10, 31, 36, 37) (Fig. 7). By this means,
elongated and firmly bound inhibitors with a much higher
inhibitor activity are formed, but with significant differences in
their binding specificity in the catalytic site: (i) in the porcine
pancreatic amylase II, these are positioned with the bridging
pseudoglycosidic imino group of an acarviosyl moiety; and (ii)
in the CGTase of B. circulans 251, the formed maltononaose
inhibitor is positioned with the glycosidic bond between the

reducing end of the acarviosyl moiety and the maltose. Based
on these observations and the results presented here, a model
for the binding specificity of the acarviosyl residue in the cat-
alytic site of the ATase at positions 11 and 12 can be derived
(Fig. 7).

Donor and acceptor specificity of the ATase. The reaction
measured by the standard enzyme assay between acarbose and
maltose probably does not represent a physiologically signifi-
cant role of the ATase. Glucose, maltooligosaccharides, dex-
trin, and amylopectin were accepted with distinct transfer
rates. In addition, the glucosides of aliphatic alcohols were also
good acceptor substrates for the ATase, with the highest rate
measured for nonyl-a-glucopyranoside. It is tempting to spec-
ulate that the enzyme may be responsible for the final step in
the acarviosyl export: the transfer of an acarviosyl moiety from
a membrane carrier (perhaps anchored in the membrane by an
aliphatic moiety) to extracellular saccharides. However, the
fact that other sugars are accepted as substrates indicates a
central role of the ATase for the formation of the observed
diversity of acarbose-related pseudo-oligosaccharides by Acti-
noplanes sp.

Taken together, the data in Table 3 allow us to draw a
generalized structure for acceptor substrates of ATase (Fig. 6).
This general model ignores the different acceptor efficiencies
of the substrates. The basic structure is a pyranose ring with
equatorial hydroxyl groups at C2, C3, and C4. At three posi-
tions substitution of the pyranose ring appears to be tolerated,
as indicated in Fig. 6. The heteroatom in the pyran ring could
be replaced by C or S. A preference for a- over b-glycosidic
binding of the sugar, polyol, or aromatic residues at the ano-
meric hydroxyl was observed. The structures of donor sub-
strates used by ATase (Table 4) correspond to this general
model. Incubation of component 2 (acarviosyl glucose) and
component 4b (acarviosyl maltotriose) with maltose resulted in
the formation of acarbose (Table 4). Therefore, we generalize
that the 4-hydroxyl group at the nonreducing end of the mal-
tosaccharides can accept the acarviosyl moiety by the action of
ATase.

Possible physiological role for ATase and acarbose in the
ecology of Actinoplanes sp. strain SE50. The ATase is probably
responsible for the formation of the various pseudooligosac-
charides observed in cultures of Actinoplanes sp., containing
oligosaccharide chains of different lengths and compositions at
the “reducing end” of the acarviosyl moiety, with the exception
of components A and C. The dominant acceptor substrates in
the extracellular matrix are the malto-oligosaccharides, origi-
nating from starch utilization by Actinoplanes. Taking into con-
sideration the inhibitory action of acarbose and related pseu-
do-oligosaccharides toward a-glucosidases, one could envisage
a central role of ATase in sugar utilization by the acarbose
producer. The extracellular starch degradation by amylases
from Actinoplanes sp. (or competing organisms in more natural
environments) leads to the production of dextrins and malto-
oligosaccharides. ATase transfers acarviosyl moieties to these
saccharides, generating effective inhibitors for starch-degrad-
ing “foreign” enzymes, such as the acarbose-sensitive bacterial
and fungal a-amylases of microbial competitors (20, 38). This
system would be even more efficient for the producer if the
acarbose family of inhibitors would also prevent the uptake of
malto-oligodextrins by other microbes. In this context, the ef-

FIG. 6. Acceptor specificity of the ATase (for details, see the text).
R1 5 H; OH; CH2PH; CH3. R2 5 H; (CH2)mCH3, m 5 0 to 9;
pyranoses [a(132); a(133); a(134); a(136); b(132); b(133);
b(134)]; furanoses [a(136)]; glucit; phenyl-; nitrophenyl-; etc. R3 5
O; S; CHOH.
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ficient inhibition of the maltose-binding protein MalE from E.
coli by acarbose is interesting to note (6). Since the acarbose
producer still grows on starch in the presence of even high
acarbose concentrations, it must contain an acarbose-insensi-
tive starch-degrading enzyme system. Together, this could re-
sult in a successful competition for a needed carbon source.
This seems to be the case, since at least one extracellular
a-amylase, AcbE, of Actinoplanes sp. is acarbose resistant (A.
Stratmann and W. Piepersberg, unpublished results).
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