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We have isolated a region from the Baci/1us stearothermophilus
CU21 chromosome hybridizing strongly to a fragment of the B.

caldolyticus glycogen operon. Sequence analysis of this region
revealed the presence of a truncated glgB gene encoding the N-
terminus of branching enzyme. A region highly similar to an
internal fragment of B. caldolyticus glgC encoding ADP-glucose
pyrophosphorylase was located approximately 1 kb downstream
from the incomplete glgB gene. The two truncated genes
appeared to flank a sequence with characteristics of bacterial
Insertion Sequences, which was designated RSBst-a. The pres-
ence of RSBst-a at this position indicates that integration of (an)
IS-Iike element(s) may have been involved in deletion formation
in the putative glycogen operon. Upstream of glgB an additional

incomplete ORF was found with significant similarity to puta-
tive transposases from bacterial Insertion Sequences. This
region was designated RSBst-f3. Both RSBst-a and RSBst-f3
appeared to be present in multiple copies in the B. stearotherm-
ophilus CU21 chromosome.

KEY WORDS: ADP-glucose pyrophosphorylase, branching
enzyme, glgB gene, glgC gene, helix-turn-helix motif, Lactoc-
occus lactis abiC gene, nucleotide sequence, repeated sequence

INTRODUCTION

Glycogen is the major reserve carbohydrate in

many prokaryotes. lts synthesis involves three

enzymes: ADP-glucose pyrophosphorylase, glyco-
gen synthase and branching enzyme, encoded by

the glgC, glgA and glg8 genes, respectively (for

review see Preiss and Romeo, 1989). Branching

enzymes catalyze the formation of the a-1,6-glu-
cosidic linkages in glycogen by scission of a 1,4-a-

linked oligosaccharide from growing a-1,4-glucan

chains and the subsequent transfer of this oligosac-

charide to other parts of the growing glucan

chains. Genes encoding branching enzymes have

been cloned and characterized from a number of

bacteria (Okita et al., 1981; Baecker et al., 1986;

Rumbak et al., 1991; Kiel et al., 1989, 1990, 1991,

1992). In Escherichia coli genes encoding enzymes

involved in glycogen metabolism appear to be

clustered on the bacterial chromosome in two ope-

ron-like structures (see Preiss and Romeo, 1989).

The glgB genes from the ruminal bacterium Butyri-

vibrio fibrisolvens, the cyanobacterium Synechoc-

occus sp. PCC7942 and the thermophile Bacillus

stearothermophilus 1503-4R var. 4 are presumably

independently transcribed (Rumbak et al., 1991 ;
Kiel et al., 1990, 1991 ). In contrast, the glgB and

glgC genes from the extreme thermophile Bacillus

caldolyticus appear to be coordinately expressed
(Kiel et al., 1992). The branching enzymes enco-

ded by these bacterial glgB genes appeared to have

a high degree of similarity (35-76% identity). How-

ever, rather limited similarity was observed

between bacterial branching enzymes and those of

eukaryotic -origin (Baba et al., 1991; Kossman et

al., 1991; Thon et al., 1992).
In this communication we investigated the pres-

ence of a glgB gene in another thermophilic Bacil-
lus sp., B. stearothermophilus CU21. In contrast to

the situation observed in B. stearothermophilustAddr~ss tor correspondence. Fax 31 50-632348
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Figure 3 Nucleotide sequence of the B. stearothermophi/us CU21 chromosomal insertof pKBS1. The sequence of both strands of the
3.3 kb EcoRI-Hindlll fragment of pKBS1 was determined as described in Materials and Methods. The deduced amino acid sequence of the
truncated branching enzyme is shown in the one-letter code above the nucleotide sequence. The primary structures of the ORFs found in
the putative Insertion Sequences are presented under the sequence (lower strand). Putative promoters, start codons, stop codons as weil
as the 15 b p inverted repeat borders of the putative IS-element are shown in bold face. Ribosome binding sites are under/ined. PgigB and
PorfU, putative E-d' promoters upst!eam of the truncated g/gB gene, and ORFU, respectively. glgB" and glgC" indicate truncated genes.
The nucleotide sequence has been deposited at EMBL and was assigned the accession number Z21626.
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Figure 3 continued

does not hybridize to the gIg probes. To examine

whether pKBSl specified a functional branching

enzyme, we also performed a complementation

analysis with the plasmid using E. coli KV832

(see Kiel et al., 1989). No complementation of

the glgB mutation in this strain was observed,

suggesting that pKBSl did not direct the

expression of an active branching enzyme.

Presence of a truncated gig operon in pKBSl

The nucleotide sequence of both strands of the

complete 3.3 kb EcoRI-Hindlll fragment on pKBS1

was determined. Analysis of the sequence, pre-

sented in Fig. 3, revealed the presence of two

regions with extensive similarity to the B. caldo-

lyticus gIg operon. The first region (nt 562-1910
in Fig. 3) was 87.8% identical to the 5' end of

the B. caldolyticus glgB gene, and encoded a

polypeptide of 422 amino acid residues, which

was highly similar to the N-terminus of Bacillus

branching enzymes. Apparently, the 3' end of the

putative glgB gene, comprising approximately
one third of the gene, was lacking on pKBS1.

Upstream of the TTG start codon of the truncated

glgB gene a sequence closely resembling Gram-

positive ribosome binding sites (RBS, 5'

AGAAAGGATGCGATC 3') was found. Moreover,
a sequence with similarity to the consensus

sequence reported for promoters recognized by
the B. subtilis RNA polymerase containing the

sigma factor H (E-aH) preceded the RBS. The

sequences of both the RBS and the putative pro-
moter were almost identical to those found

upstream of other Bacillus glgB genes (see Fig. 4;
Kiel et al., 1991, 1992).

A second region of pKBSl (nt 2905-3327 in

Fig. 3) had 84.7% identity with a fragment of the

incomplete B. caldolyticus glgC gene as present



on pKBC3, the Hindi II site being at identical pOS-
itions in glgC on both pKBS1 and pKBC3. This
region lacked the 5' end of a putative glgC gene,
comprising approximately one fourth of the gene.
In addition, a comparison to B. caldolyticus glgC
indicated that this region of pKBS1 lacks one
base pair (between nt 3014 and 3015 in Fig. 3).
Therefore, no intact reading frame is present in
this truncated glgC gene.

The truncated gIg operon of pKB51 carries an 15-

like element

Between the two regions in pKBS1 with hom-

ology to B. caldolyticus gJgB and glgC a DNA

fragment is located which has characteristics of

bacterial Insertion Sequences. The first of these

characteristics concerns the presence of a short

inverted repeat of 15 nt at the borders of the frag-

ment, giving the entire region a size of 998 bp. A

possible transcription terminator is located close
to one of these border sequences {Fig. 5). We

have compared the complete nt sequence of the

998 b p fragment to the entries in the EMBL datab-

ase and found a 57 b p region downstream from

the B. stearothermophilus NCA 1503 alcohol

dehydrogenase gene {Sakoda and Imanaka, 1992)
that was identical to nt 2849-2905 of pKBS1,

which comprises one of the borders of the pre-

sumed Insertion Sequence in pKBS1 {Fig. 5).

Unfortunately, no additional sequence data are
available downstream from the homologous

region on the B. stearothermophilus NCA 1503

chromosome precluding further comparison.

Further analysis of the IS-Iike sequence

revealed the presence of a number of small

ORFs. Two of these, designated ORFA and ORFB,

are presumed to encode proteins (see Figs. 2 and

3). ORFA is probably coding because the putative

A TG start codon is preceded by a sequence

highly similar to the Gram-positive RBS (5'

AAAGGAGGATC 3'). ORFA encoded a 194
amino acid polypeptide with a molecular weight

of 22,161. The putative protein appeared to be

quite basic (p1=12.07), which is characteristic of

transposases encoded by bacterial Insertion

Sequences (Galas and Chandler, 1989). Using
TFASTA we have screened the EMBL database for

proteins having similarity to ORFA. No significant
similarities were observed.

A second putative ORF overlapped ORFA over

a region of 233 bp. ORFB potentially encodes a

174 amino acid polypeptide with a molecular

weight of 20,140, which also appeared to be

rather basic (pl=9.31 ). Despite the absence of an

RBS upstream of the putative GTG start codon we

presume that ORFB is coding because a compari-
son of its deduced primary sequence to the

entries in the EMBL database using TFAST A

revealed extensive similarity to a reading frame

located directly downstream from the plasmid-

encoded Lactococcus lactis abiC gene (Durmaz
et al., 1992; see Fig. 6). Recently in our labora-

tory a DNA fragment from the L. lactis genome

was isolated carrying a region which was shown

to be nearly identical to that found downstream

from abiC. Preliminary sequence analysis

revealed a reading frame which lacked the N-ter-

minal amino acid sequence isoleucine-serine-

asparagine of the URF shown in Fig. 6, but con-

rained a putative translational initiation site 11

codons upstream of the projine codon. Southern

blot analysis has indicated that the cloned frag-

ment is present in the L. lactis chromosome in

approximately lOcopies (Igor Mierau, personar
communication).

The presence of a region similar to bacterial

Insertion Sequences between truncated glgB and

glgC genes suggests that integration of this IS-Iike
element may have been involved in the deletion

of part of a putative glycogen operon of B. stear-

othermophilus CU21. Deletion formation due to
the presence of Insertion Sequences has been

observed in Gram-negative bacteria (see Galas

and Chandler, 1989). We hypothesize that

initially integration of one copy of an Insertion

Sequence in the glycogen operon resulted in a

separation of the operon into two regions. A
second integration of the same element, or one

Figure 4 Comparison of putative promoter sequences of pKBS1

with promoters recognized by B. subtjJjs E-oH .Sequence data

were taken from Kiel et at., 1991, 1992. The number of times that

a particular nucleotide was present in nine B. subtjJjs E-G"

promoter sequences is shown below the consensus sequence.

Bcl, B. caJdoJyticus; Bst, B. stearothermophjJus.



Bcl qlqB

Bst CU21

..L L y A y S E N F I L p F S H D E V V H G K K S L ..

1602 ctcctttatgcgtattcggaaaatttcattttgccattttcccatgatgaagttgtgcatggcaaaaaatcgctgc 1677

Irllllllllllllllllllllllllllllllll ~ .
1875 ctcctttatgtgtattcagaaaatttcattttgccA~AGttgagctttagcgctcaactagcccaa 1950

..L L y V y S E N F I L p p V V L V E L *

..A S S G V K W y E G T A H A I y Q H M H y I E Q y ..

Bcl glgC 2544 cgcctcttccggcgtcaaatggtacgaaggcacagcgaacgccatttatcaaaatatgaattatattgaacaatac 2619

IIIIIIIIIIIIIIII III
Bst CU21 2849 ggatcctcatgcaagggctatttttatgcttgtttgagtttatCTAGCACCACGGGTgaattatattgaacagtac 2924

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIJ 1111
Bst HCA1503 1688 ggatcctcatgcaagggctatttttatgcttgtttgagtttatCTAGCACCACGGGTaatatgctatacctcctga 1613

Figure 5 Border sequence of the putative Insertion Sequence located between the truncated B. stearothermophilus CU2l glgB and glgC
genes. The nucleotide $equence of the regions comprising the inverted repeat of the putative IS-element in pKBSl was compared to the
glycogen operon of B. caldolyticus and a region downstream from the alcohol dehydrogenase gene of B. stearothermophilus NCA 1 503.
Amino acid residues oi the proteins encoded by the glgB and glgC genes of B. caldolyticus are shown in one-letter code above the
nucleotide sequences, those of the truncated glgB gene present on pKBSl below the sequence. Capitalletters and large arrows indicate
the sequence and location of the inverted repeat borders of the IS-like element. Thin arrows represent the location of a possible
transcription terminator in the putative Insertion Sequence. Bcl, B. caldolyticus; Bst, B. stearothermophilus.
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element, or a fusion between two closely related

elements. This model would also explain the

absence of duplicated target sequences at the

borders of the presumed Insertion Sequence, a

feature characteristic of many IS-elements {Galas

and Chandler, 1989).

OOFB 1

LAC URF 1

OOFB 31 rsK1KIQ w y y GilrK1llH1l QrvTïi\Q["Gll P[ii]Gr;;]Vrv"TlE~
LAC URF 28 ~GIQ y F y GIC~C~A l~S~Y Vl:JD~T~P~

OOfB 61 C H["ólR I A ArE1Sr;;MT""Qj1 p H["P1V N flGii1KrG1 84
LAC URf 58 H A~S S H T~E~f G T~T V L~H~ 81

Figure 6 Alignment oi part of the primary sequence of ORFB

with an incomplete unidentified reading frame downstream from

the Laclococcus facli-" subsp. faclis abiC gene. Amino acid

residues are shown in the one-letter code. The primary sequence

of the L. faclis subsp. faclis URF (LAC URF) is a translation of nt

1028-1270 of EMBL accession number M95956 (Durmaz el af.,

1992). Residues in box es represent identical residues or

conservative replacements.

Presence of an incomplete second IS-Iike

element on pKBS1

Upstream of the truncated B. stearothermophifus

CU21 gfgB gene the 51 end of an additional ORF,

designated ORFU, was located. This ORF is

entirely unlike the ORFs observed upstream of

the B. stearothermophifus 1503-4R var. 4 and B.

cafdofyticus gfgB genes (Kiel et af., 1991, 1992).

ORFU is preceded by an RBS-Iike sequence (51

GAACGGAGAG 3'). No sequence similar to the

consensus sequence re:cognized by RNA poly-

merase containing the major vegetative sigma

factor of B. subtifis (E-if) was observed upstream

of ORFU. However, a sequence with some simi-

larity to promoters recognized by E-~ preceded

this ORF (Fig. 4). A TFASTA search of the gene

product of ORFU with sequences present in the

EMBL Database revealed significant similarity to

putative transposases encoded by ORFs found in

closely related, close to the first site of inte-
gration, and in the same orientation in the

operon, presumably occurred at a later stage.

5ubsequent homologous recombination between
the two 15-like elements would have resulted in a

deletion of part of the glycogen operon as weil as

parts of the two identical (or similar) elements.

This mode of deletion formation would imply that

the region between the truncated glgB and glgC

genes either constitute the intact copy of an 15-
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Figure 7 Alignment of a region conserved in putative bacterial
transposases. The one-letter code is shown. The numbers to the
left of the sequences indicate the position of the first amino acid
shown relative to the N-terminal residue of each protein.
Residues in the primary sequences of IS 7066, IS895 and RSRj-a
that were identical or similar to those in the ORFU primary
sequence are boxed. The Helix-Turn-Helix motif is indicated by
the double line.
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the Insertion 5equences 151066 and 15895 (van
der Meer et al., 1991; Alam et al., 1991) and the
repetitive element R5Rj-a (Kaluza et al., 1985).
An alignment of the region of similarity is shown
in Fig. 7. The presence of a Helix- Turn-Helix
motif (Brennan and Matthews, 1989) in the N-ter-
minus of these proteins (Fig. 7) suggests DNA
binding capacity. The calculated isoelectric point
of the incomplete ORFU gene product, pt=9.29,
also points in this direction. We presume that
ORFU functions as a transposase and therefore
might be part of an 15-like element.
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Figure 8 Southern analysis of 8. stearothermophilus DNA with
fragments of pKBS1. Genomic DNA of 8. stearothermophilus
CU21 was digested with EcoRI (lane 1 ), Hindlll (lane 2\ and
8amHI (lane 3), subjected to agarose gel electrophoresis, blotted
and hybridized with ECL-Iabeled pKBS1 fragments (see Fig. 2):
the 0.4 kb EcoRI-Ndel fragment (panel A); the 1.0 kb Sphl
fragment (panel B); the 0.7 kb 8amHI fragment (panel C) and the
0.3 kb Ncol-Hindlll fragment (panel D). The marker lane (M)
contained phage SPPI DNA restricted with EcoRI. Fragment
lengths are given in kilobases to the left.

Multiple copies of the IS-Iike elements of pKBSl

on the B. stearothermoph;lus CU21 chromosome

To investigate whether the regions of pKBS 1

resembling IS-elements are present in multiple

copies on the bacterial chromosome we perfor-

med Southern analysis of B. stearothermophilus

CU21 genomic DNA. Four DNA fragments of

pKBS1, representing the different regions

observed above, were used as probes (designated

A-D in Fig. 2). The results! presented in Fig. 8,

show that hybridization of genomic B. stearother-

mophilus CU21 DNA with a glgB or glgC probe

from pKBSl produced only one hybridization sig-

nal (Fig. 8, panel B and D), confirming the results

of the cross-hybridization studies (see Fig. 1 ). In

contrast, three distinct hybridization signals were

obtained with an ORFU probe (Fig. 8, panel A),

suggesting that this region is present in three cop-
ies on the B. stearothermophilus CU21 chromo-

some. The hybridization patterns obtained \\'ith

the ORFNORFB probe (Fig. 8, panel C) are more

complex. The number of hybridization signals

suggests that many regions with a high degree of

similarity to this probe reside on the bacterial

chromosome. However, not all signals have simi-
lar intensities. Furthermore, since the internal

0.7 kb BamHI fragment of the ORFNORFB region

was used as a probe, a single hybridization signal

of 0.7 kb was expected with BamHI digested gen-

omic DNA of B. stearothermophilus CU21 (Fig.

8, panel C, lane 3). Although a hybridizing irag-
ment of this length is present, multiple signals are

observed. Apparently, these represent deviations
from the ORFNORFB sequence, indicating that

1.6-

.1.5-

1.2- .
1.0-



this region in pKBSl does not necessarily rep-

resent an intact copy of an Insertion Sequence.

the T7 polymerase system (Pharmacia, Uppsala, Sweden) and
denatured plasmid DNA. Oligonucleotides were synthesized
usinR an Applied Biosystems 381A DNA synthesizer (Applied

Biosystems, Foster City, CA). Nucleotide sequences were ana-
Iysed using the Microgenie Sequence Analysis Program
(Queen and Korn, 1984). The FASTA and TFASTA algorithms
of Pearson and lipman (1988) were used to search the EMBl

database (release 33, December, 1992) for DNA sequences
and proteins having similarity to sequenced DNA fragments
and predicted gene products.

CONCLUSIONS

We have demonstrated the presence of two IS-like

elements in a region of the B. stearothermophilus

CU21 chromosome comprising the glycogen

operon. These elements are present in the bacterial

chromosome in multiple copies. ft is not clear

whether the putative IS-elements in pKBSl rep-

resent intact copies of Insertion Sequences. There-

fore, we propose to designate the region encoding

ORFA and ORFB Repeated Sequence B. sfearo-

thermophilus-a (RSBst-a}. The ORFU encoding
region is designated RSBst-f3.
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MATERIALS ANO METHOOS

(Received 4th February 1993)

Bacterial strains, media, plasmids and (bio)chemicals
The thermophilic bacterium 8. stearothermophiJus CU21

\Imanaka et aJ., 1982) was grown on TY-broth (Biswall et aJ.,
1967) at 65°. Cloning and genetic manipulations were carried
Ollt with the E. coJi K-12 strains KV832 (F- ara Ó(Jac-pro) thi
...trA 1/!80dJacZÓ/\\15 ,igJg81200::Km'; Kiel et aJ., 1987) and
IM 101 \supE thi ..\(Jac-proA8) [F' traD36 proAB' Jacfi

l.lcZL1M15I; Messing. 1979). The strains were grown on TY-
broth at 37°C. When necessary, 1.5% agar, 0.5% glucose,
100 .LIg/ml ampicilline, 50 Jlg/ml kanamycin, 40 Jlg/ml 5-

bromo-4-chloro-3-indolyl-fJ-D-galactoside (XGal) or 1 mM iso-
rropyl-fJ-D-thio-galactopyranoside (IPTG) were added. Plas-
mids pUC9, pUC19 and pKBC3 have been described pre-
\ iously (Vieira and Messing, 1982; Yanisch-Perron et al.,
1 q85; Kiel et al., 1992). Biochemicals were obtained from

Hoehringer, Mannheim (FRG) and were used according to the
illstructions of the r:)anufacturer, AII other chemicals were of

,lllalytical grade.
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