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Abstract—A phylogenetic tree was constructed on the basis of the amino acid sequences of the known cyclo-
dextrin glucanotransferases (CDGTs), including those deduced from the nucleotide sequences of Bacillus sp.
strain 6.6.3 and Paenibacillus macerans IB-7 genes encoding o- and B-CDGTs. The tree clearly demonstrates
the existence of distinct phylogenetic groups of CDGT-producing microorganisms and the divergence of the o-, 3-,
and y-CDGT produced by microorganisms from the genera Bacillus, Paenibacillus, Brevibacillus, and Ther-
moanaerobacter from a common ancestor, whereas the CDGT of Klebsiella pneumoniae is independent and
results from the convergence of different ancestors. The degree of homology of the leader peptide sequences of
CDGTs may serve as a criterion of intraspecies relatedness between CDGT-producing microorganisms.
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About 70 soil microorganisms belonging to the gen-
era Bacillus, Paenibacillus, Brevibacillus, Micrococ-
cus, Thermoanaerobacter and others are presently
known to produce cyclodextrin glucanotransferases
(CDGT, EC 2.4.1.19) [1], which degrade starch to
cyclodextrins with the formation of 1,4- a-D-gluco-
sidic bonds. Cyclodextrins are widely used in biotech-
nology, as well as in food, chemical, pharmaceutical,
and other industries, due to their unique ability to form
complexes with many organic molecules and thus
improve their properties [2]. a-, B-, and y-cyclodex-
trines, which contain 6, 7, and 8 glucose residues,
respectively, are the most abundant cyclodextrins.
CDGTs from different organisms differ in the propor-
tion of -, -, and y-cyclodextrin they produce from
starch.

The amino acid sequences of nineteen different
CDGT were deduced from the nucleotide sequences of
their genes cloned in foreign organisms. The X-ray dif-
fraction analysis of some CDGTs showed that they
have a specific domain structure [3-5].

The aim of the present work was to elucidate the
phylogenetic relatedness between the microbial pro-
ducers of cyclodextrin glucanotransferases, based on
the comparative analysis of the nucleotide sequences of
CDGT genes and the deduced amino acid sequences of
their products. Relevant data for the o-CDGT of
P. macerans 1B-7 and the B-CDGT of Bacillus sp.
strain 6.6.3 were obtained in our laboratory, and those

for other CDGTs were obtained from the literature and
databases available on the Internet.

MATERIALS AND METHODS

Bacillus sp. strain 6.6.3 (= VKM B-1793) and
P. macerans 1B-7 (= VKM B-1794) used in this study
were isolated from soil samples collected in Bashkor-
tostan [6, 7]. The nucleotide sequences of DNA frag-
ments containing the o- and B-CDGT genes [8, 9] were
determined by the method of Sanger et al. [10]. The
determination of open reading frames, the multiple
alignment of nucleotide and amino acid sequences, and
the construction of the phylogenetic tree were per-
formed using the Lasergene software package from
DMASTAR Inc. (United States). The nucleotide and
amino acid sequences of CDGTSs from microorganisms
other than Bacillus sp. strain 6.6.3 and P. macerans 1B-
7 and the nucleotide sequences of 16S rRNA genes were
taken from the literature, DNA Data, and GenBank
databases.

RESULTS AND DISCUSSION

Analysis of the domain structure of CDGTs.
CDGTs refer to a large group of starch-hydrolyzing
enzymes, such as a-amylase, glucoamylase, and pullu-
lanase [3]. The X-ray diffraction analysis of the tertiary
structure of some of these hydrolases showed that they
have a domain structure. For instance, CDGTs have five
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Fig. 1. Amino acid sequences of the A1 domains of CDGTs in single-letter notation. Identical amino acids and amino acid deletions
are indicated by points and dashes, respectively. Invariant amino acids, inherent to all CDGTs under study, are italicized.

domains, A, B, C, D, and E, among which domain D
separates the extended domain A into subdomains Al
and A2 of unequal sizes [4]. Because of the different
functional activities of the domains, their evolutionary
conservativness is also different. This explains the
interest researchers show in the analysis of the amino
acid sequences of CDGT domains.

Subdomains A1 of different CDGTs contain from
131 to 139 amino acid residues (AARs). The subdo-
main A1l of the CDGTs of strain 6.6.3 and P. macerans
IB-7, as well as that of the majority of other CDGTs,
has 138 AARs. The most conserved AARs of CDGTs
are located in the middle of subdomain Al. Some sub-
domains A1 lack two to four amino acid residues at
their upstream end, whereas subdomains Al of the
B. stearothermophilus, Thermoanaerobacter sp., and
Klebsiella pneumoniae CDGTs have an additional
asparagine residue in their central part. The K. pneumo-

niae subdomain A1 also has two additional amino acid
residues at its downstream end. As can be seen from
Fig. 1, allied CDGTs (i.e., those which produce differ-
ent types of cyclodextrins in similar proportions) are
distinguished by specific substitutions of certain amino
acids. At the same time, subdomains Al have 32 so-
called invariant (i.e., inherent to all subdomains Al)
amino acids, which made up about 23% of the amino
acid residues of Al. These invariant amino acid resi-
dues are dominated by glycine, aspartate, tyrosine, and
asparagine residues. Most invariant amino acid resi-
dues are located in the high-homology regions of sub-
domain A1, and only some are located in the variable
regions of this subdomain.

Domain B is the shortest domain (Fig. 2), compris-
ing typically 64 AARs, except the domain B of Bacillus
sp. DSM 5850 y-CDGT, which lacks six amino acid
residues in its variable region and the domain B of
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Fig. 2. Amino acid sequences of the B domains of CDGTs. Designations as in Fig. 1.
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Fig. 3. Amino acid sequences of the central parts of subdomains A2. Designations as in Fig. 1.
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Bacillus sp. 1011
Bacillus sp. 38-2
Bacillus sp. 17-1

B. circulans 251

B. circulans 8

Bacillus sp. 6.6.3.
Bacillus sp. ck104

B. licheniformis

P. macerans 1B-7

B. macerans IFO3490
B. macerans

B. stearothermoaphilus
Thermc robacter sp.

Brevibacillus brevis
/’é Bacillus sp. 1-1
B. ohbensis

Bacillus sp. DSM5850

K. pneumoniae

Fig. 4. Phylogenetic tree of CDGT-producing microorganisms from the genera Bacillus, Paenibacillus, Brevibacillus, Thermoa-
naerobacter, and Klebsiella derived from the analysis of the amino acid sequence homology of their CDGTs.

K. pneumoniae a-CDGT, which lacks five AARs in the
analogous region (actually, other regions of these two
domains B strongly differ). Domains B have 12 invari-
ant amino acid residues, including four glycine resi-
dues. It is noteworthy that two adjacent histidine resi-
dues in the conservative region of y-CDGT domains B
are substituted by tyrosine and threonine residues.

Subdomain A2 is the longest CDGT domain (Fig. 3
shows only the central part of this subdomain), contain-
ing usually 203-205 AARs. The only exception is the
subdomain A2 of K. pneumoniae CDGT, which is made
up of 244 AARs and contains four insertions from 4 to
21 AARs in size. Subdomain A2 includes 43 invariant
amino acid residues located in different regions of this
subdomain (presumably, these regions are important
for the functional activity of CDGTs). Unlike domains
Al and B, whose invariant amino acid residues are
dominated by a glycine residue, the invariant AARs of
subdomain A2 are dominated by the catalytically active
aspartate, arginine, and asparagine residues.

Domain C differs from domains A and B in having
a more conservative N-terminus. Amino acid homology
in domain C decreases in the direction toward its C-ter-
minus, especially in the case of K. pneumoniae CDGT,
although the last 15 C-terminal amino acid residues
exhibit relatively high homology. Domains C of most
CDGTs have 88-89 AARs except those of K. pneumo-
niae CDGT and y-CDGT, which have 86 and 90 AARs,
respectively. The number of invariant amino acid resi-
dues in this domain is as low as eight.

Domain D (83-87 AARs) is absent in some starch-
hydrolyzing enzymes, for instance, in o-amylase [4]
and K. pneumoniae CDGT. Amino acid homology in
domain D decreases in the direction toward its C-termi-
nus. Like the invariant amino acid residues of domains
Al and B, the 12 invariant AARs of domain D are dom-
inated by glycine residues.

Domain E is more homologous than domains C and
D. This can be explained by the possible involvement

of this domain in catalytic functions. Homology within
domain E decreases in the direction toward its C-termi-
nus, especially in the case of the domain E of K. pneu-
moniae CDGT, which has 98 AARs in comparison with
101 to 105 AARs present in other CDGTs. The eleven
invariant amino acid residues of this domain are located
in its upstream half.

Analysis of the homology of different CDGTs and
some of their domains" led to some generalizations. In
particular, mature CDGTs has 118 invariant amino acid
residues (the K. pneumoniae CDGT being disregarded,
their number increases to 173), of which 20% are gly-
cine residues. The absence of domain D in the a-CDGT
of K. pneumoniae may be indicative of its insignificant
functional role. Noteworthy is the absence of six amino
acid residues in the variable region of the domain B of
Yy-CDGT. However, the y-specificity of this enzyme can
hardly be related only to the deletion mentioned, since
there are a number of amino acid substitutions in this
CDGT.

The comparative analysis of the amino acid
sequences of mature CDGTs allowed for all the CDGT-
producing microorganisms under study to be divided
into the following six groups: (I) Bacillus sp. (strain
6.6.3.), B. circulans (strain 8), B. licheniformis, Bacil-
lus sp. (strain ck104); (I) Bacillus sp. (strains 1011,
38-2, 17-1), B. circulans (strain 251); (II) B. stearother-
mophilus, B. ohbensis, Bacillus sp. (strain 1-1); Brevibacil-
lus brevis, Thermoanaerobacter sp.; (IV) Bacillus sp.
(strain DSM 5850); (V) P. (B.) macerans (several
strains); and (VI) K. pneumoniae.

All but one of the enzymes produced by microorgan-
isms of the first three groups are B-CDGTs. Group IV
includes y-CDGT-producing bacteria, and the last two
groups are made up of a-CDGT-producing species.
The appropriateness of this conventional division is

1 Complete information on the comparative analysis of all CDGT
domains is given on the laboratory’s web site:
http://www.anrb.ru/molgen/pgs&e/cgtase.htm
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Amino acid homology of the domains of some CDGTs with those of the B-CDGT of Bacillus sp. 6.6.3. (%)
Strain Domains
CDGT
Bacillus sp. 6.6.3. (B) Al B A2 C D E

B.circulans 8 (B) 98.5 98.4 99.0 93.2 97.7 95.2 97.7
B.licheniformis (B) 94.9 95.3 94.1 85.2 93.0 84.6 915
Bacillus sp. 38-2 (B) 76.0 75.0 66.2 67.0 535 75.0 68.8
Thermoanaerobacter sp. (00 66.6 71.8 72.0 64.8 50.0 73.8 67.4
P. macerans (o) 70.3 70.3 65.2 614 65.1 49.0 66.4
Bacillus sp. 1-1 (B) 62.3 60.9 61.3 5t.1 41.8 55.7 59.8
Brevibacillus brevis (B) 64.5 64.0 60.3 534 51.1 58.6 59.2
Bacillus sp. (Y) 50.0 60.9 55.9 44.3 384 55.7 504
K. pneumoniae (o) 39.1 28.1 23.0 19.3 - 25.0 -

Note: The homology of the whole oi-CDGT of K. pneumoniae cannot be determined because this enzyme lacks domain D.

confirmed by constructing the phylogenetic tree of
CDGT-producing microorganisms on the basis of the
comparative analysis of the amino acid sequences of
mature CDGTs (Fig. 4). It can be seen that o-CDGTs
largely diverge from other bacillar CDGTs. The CDGT
of Thermoanaerobacter sp. is close to that of B. stearo-
thermophilus, and the CDGT of Brevibacillus brevis is
close to the enzymes produced by Bacillus sp. 1-1 and
B. ohbensis. At the same time, the three a-CDGTs of
P. (B.) macerans strains, two of which are virtually
identical and a third enzyme that has a great number of
substitutions, form a distinct group subdivided into two
subgroups.

The evolutionary conservativeness of CDGT
domains is apparent from the table, which shows the
homology levels of the amino acid sequences of some
CDGTs with reference to the B-CDGT of Bacillus sp.
6.6.3. Domains A and B are characterized by the high-
est degree of homology, while domains C, D, and E are
much less homologous. The amino acid homology of
the whole B-CDGT of Bacillus sp. 1-1 is as low as
59.8%, and that of the a-CDGT of P. macerans IB-7 is
66.4%. The homology of the y-CDGT of Bacillus sp.
DSM 5850 is also low. In spite of the low homology of
K. pneumoniae CDGT, it however contains regions
showing a high homology with other CDGTs, suggest-
ing a convergent character of its evolution. It should be
noted that all domains are characterized by a great
number of substitutions of similar amino acids, such as
leucine, isoleucine, and valine.

Analysis of the leader peptide sequences of
CDGTs. The homology of the leader peptide
sequences of CDGTs, which are less conservative in
their evolution than other parts of these enzymes, may
serve as a criterion of the intraspecies relatedness of
CDGT-producing microorganisms from the genera
Bacillus and Paenibacillus. The leader peptides of the
CDGTs studied, which have several positively charged
amino acid residues at the N-terminus, hydrophobic

MICROBIOLOGY Vol. 69 No.5 2000

central part, and alanine residue at the C-terminus, are
typical of all gram-positive bacteria. In Fig. 5, leader
peptides are grouped in accordance with their degree of
amino acid sequence homology.

In the first group, leader peptide sequences are 34 AARs
in size, with a homology varying from 82 to 97%.

In the group of CDGTs from alkaliphilic strains,
leader peptide sequences are shorter (27 AARs) and
widely vary in homology (from 55 to 100%).

The leader peptide sequences of CDGTs from
Bacillus sp. 1-1 and B. ohbensis have 29 AARs and
possess the same starting codon, TTG. It is noteworthy
that the structurally similar leader peptides of B. stearother-
mophilus CDGT and of the unique y-CDGT of Bacillus sp.
DSM 5850 have different sizes (31 and 28 AARs, respec-
tively).

Of particular interest is the group of the P. (B.) mac-
erans 0-CDGTs, among which three CDGT's have sim-
ilar leader peptides, and the leader peptide of the fourth
CDGT has a great number of amino acid substitutions
(its homology is as low as 51.8%). Comparing this
leader peptide with the leader peptides of enzymes
from other groups did not reveal any regions with
noticeable homology, suggesting that the strain produc-
ing this fourth CDGT belongs to a distinct bacterial
group within the species P. (B.) macerans. We failed to
reveal any leader peptide homology between different
groups of bacillar CDGTs, nor was there any homology
between the CDGTs produced by members of other
genera, K. pneumoniae, Brevibacillus brevis, and Ther-
moanaerobacter sp. (relevant data are not provided in
this paper).

From the foregoing, it can be inferred that the
homology of the leader peptides of CDGTs may serve
as a criterion for establishing the intraspecies related-
ness of CDGT-producing microorganisms. The phylo-
genetic trees constructed using homology data for
mature CDGTs and their leader peptides (Fig. 6) do not
substantially differ, which is further evidence of the
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(34 AARs)
1 MFQOMAKRAFLSTTLTLGLLAGSALPFLPASAAYA Bacillus sp. 6.6.3.
2 e ceaaeas tees e .V.. B.circulans 8
C Vi...... PSS ivennianns I.. B.licheniformis
4 ..., Vihiieosnn S. G Youuro I.. Bacillus sp. ckl04
(27 AARs)
5 MKRFMKLTAVWTLWLSLTLGLLSPVHA Bacillus sp. 1011
6t creeresae e i Bacillus sp. 38-2
7 ..KIs...TALA.S...A.S..G.A.. Bacillus sp. 17-1
8 ..K.L.S..ALA.G.vvvvevnvnn AQ B.circulans 251
(29 AARs)
9 LNDLNDFLKTILLSFIFFLLLSLPTVAEA Bacillus sp. 1-1
10 .KN.TVL....P.ALLL.I...... A.Q. B.ohbensis
(31 and 28AARs)

11 MRRWLSLVLSMSFVFSAIFIVSDTQKVTVEA
12 .I.R..FS.VVL.LI.FLV..-NPEY-.~-..

(27 AARs)

13 MKSRYKRLTSLALSLSMALGISLPAWA

T
1
16 ..KQV.W...VSM.VGI...AA..V..

B.stearothermophilus
Bacillus sp. DSM5850

.macerans IB-7
.macerans IAM1243
.macerans IF03490
.macerans

oW o

Fig. 5. Deduced amino acid sequences of the leader peptides of CDGTs. For designations, see the legend to Fig. 1.

Bacillus sp. ck104

D. licheniformis

B. circulans

Bacillus sp. 6.6.3.
Bacillus sp. 1011
Bacillus sp. 38-2

B. circulans 251
Bacillus sp. 17-1

P. macerans 1B-7

B. macerans IFO3490
B. macerans

B. stearothermophilus

Bacillus sp. DSM5850

Brevibacillus brevis

Thermoanaerobacter sp.

Bacillus sp. 1-1
— '
B. ohbensis

K. pneumoniae

Fig. 6. Phylogenetic tree of CDGT-producing microorganisms from the genera Bacillus, Paenibacillus, Brevibacillus, Thermo-
anaerobacter, and Klebsiella derived from the analysis of homology of the leader peptide sequences of their CDGTs.

appropriateness of using short regions of leader pep-
tides for elucidating the phylogenetic relationships of
CDGT-producing microorganisms.

The phylogenetic trees constructed using the amino
acid sequences of CDGTs and the nucleotide sequences
of 16S rRNA of some bacilli (Fig. 7) are very similar,
except for the position of P. macerans and B. stearo-
thermophilus. This can be explained by different rates
of mutations in the genes that encode macromolecules
with different metabolic functions. The phylogenetic
tree derived from the 16S rRNA sequence data is in

good agreement with those constructed by other
authors [11, 12].

Thus, the comparative analysis of amino acid
sequences of o, B-, and y-CDGT made it possible to
reveal some specific features in their structural organi-
zation, in particular, the existence of high-homology
and diverged regions. The phylogenetic trees con-
structed in this study clearly demonstrated the exist-
ence of quite distinct phylogenetic groups of CDGT-
producing microorganisms and the divergence of the
o-, B-, and y-CDGTs produced by microorganisms
from the genera Bacillus, Paenibacillus, Brevibacillus,
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Fig. 7. Phylogenetic tree derived from the comparative
analysis of the primary structure of 16S rRNA genes of
microorganisms from the genera Bacillus, Paenibacillus,
Brevibacillus, Thermoanaerobacter, and Klebsiella: (1)
B. licheniformis B-6-4-J [AN D317391, (2) B. lichenifor-
mis DSM 13 [AN X68416], (3) B. licheniformis NCDO
1772 [AN 606231, (4) Bacillus sp. [AN X81131], (5) B. cir-
culans NCDO 1775 [AN X60613], (6) B. circulans 1AM
12462 [AN D78312], (7) Bacillus sp. DSM 3922 [AN
X60602}, (8) Bacillus sp. DSM 2349 [AN 26929], (9) Bacil-
lus sp. DSM 8717 [AN X76441], (10) Bacillus sp. DSM
8718 [AN X76442], (11) B. stearothermophilus T10
[AN X57309], (12) B. stearothermophilus NCDO 1768
[AN X60640], (13) B. brevis NCIMB 9372 [AN 60612],
(14) B. brevis JCM 2503 [AN D784571, (15) P. macerans NCDO
1764 [AN 60624}, (16) P. macerans DSM 24 [AN X57306],
(17) Thermoanaerobacter sp. Abll [AN US51198], and
(18) K. pneumoniae DSM 30102 [AN X93214].

and Thermoanaerobacter from a common ancestor,
whereas the CDGT of Klebsiella pneumoniae is inde-
pendent and results from the convergence of different
ancestors. The degree of homology of the leader pep-
tides of CDGTs, which are evolutionary low-conserva-
tive, may serve as a criterion for establishing the
intraspecies relatedness of CDGT-producing microor-
ganisms.
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