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A Butyrivibriofibrisolvens H17c glgB gene, was isolated by direct selection for colonies that produced clearing
on starch azure plates. The gene was expressed in Escherichia coli from its own promoter. The glgB gene
consisted of an open reading frame of 1,920 bp encoding a protein of 639 amino acids (calculated Mr, 73,875)
with 46 to 50% sequence homology with other branching enzymes. A limited region of 12 amino acids showed
sequence similarity to amylases and glucanotransferases. The B. fibrisolvens branching enzyme was not able to
hydrolyze starch but stimulated phosphorylase a-mediated incorporation of glucose into a-1,4-glucan polymer
13.4-fold. The branching enzyme was purified to homogeneity by a simple two-step procedure; N-terminal
sequence and amino acid composition determinations confirmed the deduced translational start and amino acid
sequence of the open reading frame. The enzymatic properties of the purified enzyme were investigated. The
enzyme transferred chains of 5 to 10 (optimum, 7) glucose units, using amylose and amylopectin as substrates,
to produce a highly branched polymer.

Glycogen is a branched homopolysaccharide of a-1,4-
linked glucose subunits which are a-1,6 linked at the branch
points. It represents a form of stored carbon for Escherichia
coli and many other prokaryotes and provides a readily
metabolized substance for endogenous metabolism and pos-
sibly for survival under starvation conditions. Biosynthesis
of bacterial glycogen from glucose-i-phosphate involves at
least three enzymes: ADP-glucose pyrophosphorylase (EC
2.7.7.27), glycogen synthase (EC 2.4.1.21), and the branch-
ing enzyme (a-1,4-glucan:a-1,4-glucan 6-glycosyltransferase
[EC 2.4.1.18]), products of the glgC, gigA, and glgB genes,
respectively (for reviews, see references 40-42). The glgB
gene product catalyzes the synthesis of a-1,6-glucosidic
linkages in glycogen. A number of reports have dealt with
the properties and action of bacterial branching enzymes (7,
12, 24, 54), and the enzyme from E. coli has been purified
nearly to homogeneity (7). Branching enzyme activity has
also been reported in a number of other bacteria (48, 54, 60),
fungi (35), higher plants, and animals (42).
The E. coli glg genes have been cloned on a single

genomic fragment, and their nucleotide sequences have been
determined (3, 4, 29, 38). This gene cluster also encodes the
degradative enzyme glycogen phosphorylase, GlgY(P), and
contains an additional open reading frame, glgX, which has
sequence similarity to the E. coli branching enzyme, as well
as to glucan hydrolases and transferases (43, 58). The gene
order for these enzymes is glgY-glgA-glgC-glgX-glgB. The
glg genes have been reported to have no selectable pheno-
type, and two different strategies have therefore been uti-
lized for their isolation and cloning. Indirect selection was
used by Okita et al. (38) to clone the glg genes by cotrans-
formation with the selectable asd (aspartate semidehydro-
genase) gene which is adjacent to the glg gene cluster. Kiel
et al. (27) isolated the glgB gene from the cyanobacterium
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Synechococcus sp. strain PCC7942 (Anacystis nidulans) by
using the glgB gene from E. coli as a hybridization probe.
The A. nidulans gene was sequenced and shown to have a
46% overall amino acid sequence similarity to the E. coli
branching enzyme (25). It has been shown that branching
enzymes from some bacteria (especially the enteric bacteria)
cross-reacted with antibodies raised against branching en-
zymes from other bacteria (17, 21), thereby suggesting
similarities in overall structure.
We used direct selection to isolate the glgB gene from the

ruminal bacterium Butyrivibrio fibrisolvens by selecting for
zones of clearing on starch azure plates. This gene was
characterized, and its nucleotide sequence was determined;
the gene product was purified to homogeneity, and the
catalytic activity was characterized. The amino acid se-
quence was compared with that of previously sequenced
enzymes of glycogen metabolism.

MATERIALS AND METHODS

Materials. Potato amylose (amylopectin free), potato amy-
lopectin (amylose free), rabbit muscle phosphorylase a,
rabbit liver glycogen, pullulanase (from Enterobacter aero-
genes), and isoamylase (from Pseudomonas amylodera-
mosa) were obtained from Sigma Chemical Co., St. Louis,
Mo. ['4C]glucose-l-phosphate was purchased from New
England Nuclear, Stermage, United Kingdom; DEAE-cellu-
lose was from Whatman, Clifton, N.J.; and Sephadex G-100
was from Pharmacia, Uppsala, Sweden. All of the other
chemicals used were of analytical grade.

Bacterial strains, plasmids, and growth conditions. The
ruminal bacterium B. fibrisolvens H17c (15) was used. Clon-
ing and genetic manipulations were carried out with E. coli
LK111 (lacI lacZ AM15 derivative of E. coli K514) (59) and
K12 G6MD3 [Hfr his thi Strs A(malA-asd)] (47), a gift from
J. Preiss, Department of Biochemistry, Michigan State Uni-
versity. E. coli-Bacillus subtilis shuttle vector pEB1 has
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been described previously (32). B. fibrisolvens H17c was
grown in M10 medium as described by Strydom et al. (51). E.
coli strains were grown in Luria-Bertani medium, and 0.1 ,ug
of ampicillin ml-l was added for selection of transformants.
When E. coli G6MD3 was used, the medium was supple-
mented with 50 ,ug of diaminopimelic acid ml- because of
the asd deletion present in this strain. For isolation of the
branching enzyme, 0.6% glucose was added to the media.

Screening of a B. fibrisolvens H17c genomic library and
characterization of clones. Construction of the B. fibrisolvens
gene library has been described previously (32). The gene
bank was transformed into E. coli LK111, ampicillin-resis-
tant transformants were selected on 0.5% starch azure plates
containing ampicillin, and colonies producing clear halos
were selected for further study. Preparation of plasmid DNA
and restriction endonuclease mapping of the clones were
carried out by standard techniques (33). B. fibrisolvens
chromosomal DNA was prepared as previously described
(5), and Southern hybridization using the cloned DNA as a
probe was used to confirm that the insert DNA originated
from B. fibrisolvens. The probe was labelled by using a
nonradioactive digoxigenin DNA labelling kit (Boehringer
Mannheim).

Nucleotide sequencing. DNA fragments were subcloned in
Bluescript vectors (Stratagene, San Diego, Calif.), and exo-
nuclease III was used to generate two sets of overlapping
deletions opposite in polarity (20). Complete sequencing of
both strands was carried out by the chain termination
method of Sanger et al. (46) with a Sequenase kit (version
2.0) from U.S. Biochemical Corp., Cleveland, Ohio. The
nucleotide and deduced amino acid sequences were ana-
lyzed by using the Genetics Computer Group Inc. software
package (version 6.2). The TFASTA subroutine was used to
screen the GenBank (release 65.0), EMBL (release 24.0),
Swiss Protein (release 15.0), NBRF-N (release 36.0), and
NBRF-P (release 25.0) data bases for sequences similar to
the amino acid sequence of the B. fibrisolvens branching
enzyme.

In vitro transcription and translation. A prokaryotic DNA-
directed in vitro transcription and translation kit (no. N380;
Amersham) was used as specified by the manufacturer. The
resulting proteins were analyzed by sodium dodecyl sulfate
(SDS)-10% polyacrylamide gel electrophoresis (PAGE) (30).
Pharmacia low-molecular-mass standards were used as
markers.

Determination of branching enzyme activity. (i) Assay 1.
Cells from 24-h, 100-ml E. coli G6MD3(pBGB100) cultures
were harvested, rinsed with saline, and suspended in 2 ml of
0.1 M sodium citrate buffer, pH 7.0. The cell suspension was
disrupted by sonication on ice (30-s bursts for 3 min) by
using an MSE (Soniprep 150) sonicator and clarified by
centrifugation for 15 min at 27,000 x g at 4°C. Samples were
stored at -20°C, and the cell extracts were used to assay for
branching enzyme activity. The basis of the assay used is the
stimulation caused by the branching enzyme preparation to
the unprimed synthesis of a-1,4-glucan polymer from glu-
cose-i-phosphate by rabbit muscle phosphorylase a (10).
The method used was essentially as described previously
(21), except that the [14C]glucose-l-phosphate concentration
used was 370 nM and the reaction was initiated by addition
of phosphorylase a rather than by glucose-i-phosphate.

(ii) Assay 2. Branching enzyme action againstat-1,4-glu-
cans was determined by monitoring the decrease in absorp-
tion of thea-glucan-iodine complex described by Boyer and
Preiss (7). The absorbance of the iodine complex was
measured at the Xmax for the natural a-glucan. One unit of

branching enzyme activity was defined as the amount of
enzyme that caused a decrease of 20% in the absorbance of
the a-glucan-iodine complex in 1 min at 30°C. The average
degrees of polymerization of the unit chains before and after
the action of branching enzyme on amylopectin were deter-
mined (7). The unit chain lengths were separated by using a
Beckman high-pressure liquid chromatography system
equipped with a model 156 refractive index detector and a
Waters C18 column.

Protein concentration was measured by the dye-binding
method of Bradford (8) by using bovine serum albumin as the
standard.

Purification of the branching enzyme. All work was carried
out at 4°C unless otherwise stated. Assay II was used to
determine enzymatic activity at the various stages of purifi-
cation. Cells of 24-h, 200-ml E. coli G6MD3(pBGB200)
cultures were harvested, rinsed with saline, and suspended
in 20 ml of 10 mM Tris-HCl-50 mM citrate, pH 7.4. The cells
were passed through an Aminco French pressure cell at 1.1
x 105 kPa, and the extract was clarified by centrifugation
(20,000 x g, 30 min). The crude extract was absorbed onto a
Whatman DE 52 column (2.5 x 15 cm) equilibrated in 10 mM
Tris-HCl, pH 8.0. After the column was washed with 2
column volumes of this buffer, the branching enzyme was
eluted with a linear gradient (0 to 0.3 M, 300 ml each) of
NaCI in the same buffer. Fractions (2 ml) were collected and
analyzed by SDS-PAGE, and those containing the branching
enzyme were pooled. This branching enzyme pool was
concentrated by ultrafiltration and applied to a Sephadex
G-100 column (2.5 x 90 cm) equilibrated in 10 mM Tris-
HCl-20 mM NaCl, pH 7.4. Fractions (0.5 ml) were collected
and analyzed as described above.
Amino acid sequence and chemical analysis. Sequence

analysis was performed on a gas-liquid solid-phase se-
quencer (9). The amino acids were identified by an isocratic
high-pressure liquid chromatography system on a 3v Lichro-
spher C18 (Bishoff) column (3 x 250 mm). The amino acid
composition was determined.

Nucleotide sequence accession number. The nucleotide
sequence reported here has been assigned GenBank acces-
sion no. M64980.

RESULTS

Isolation, location, and origin of the glgB gene. From
approximately 7,500 colonies screened, seven E. coli
G6MD3 transformants that produced a distinct halo around
the colonies on starch azure plates were detected (Fig. 1).
Similar halos were produced by the colonies when they were
plated onto starch plates stained with I2-KI, as well as on
Phadebas substrate plates (data not shown). Restriction
enzyme analysis showed that the plasmids from two of these
clones had identical 5-kbp insert fragments and encoded a B.
fibrisolvens a-amylase (44). Restriction enzyme mapping
indicated that the plasmids from the other five clones had
different-size overlapping inserts, and of these, plasmid
pBGB100 was chosen for further study. A restriction map of
the 5.8-kbp insert fragment on pBGB100 was constructed
(Fig. 2). The 3.25-kbp EcoRV-EcoRV fragment was sub-
cloned into the Bluescript SK sequencing vector in both
orientations, pBGB200 and pBGB300. The orientation of
pBGB200 was opposite to that of the vector lac promoter.
Both subclones retained the ability to produce halos on
starch plates, suggesting that an endogenous promoter was
present on the DNA insert fragment. A smaller 2.5-kbp
EcoRI-EcoRV fragment, pBGB210, which retained starch-
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FIG. 1. Starch azure plate showing a comparison of the zones

of clearing produced by the B. fibrisolvens branching enzyme
(pBGB100) and a B. fibrisolvens os-amylase (pBAMY100) expressed
in E. coli G6MD3. Rows: 1 and 2, E. coli(pBAMY100); 3, E. coli
(pBluescript); 4 and 5, E. coli(pBGB100) and E. coli(pBGB200),
respectively; 6, E. coli(pBluescript).

clearing activity, served to localize the position of the glgB
gene. This plasmid contained the smallest fragment to code
for an active gene, as exonuclease III deletions from either
the 5' or the 3' ends (pBGB220 and pBGB230, respectively)
resulted in loss of enzyme activity. The 3.25-kbp EcoRV
fragment from pBGB100 hybridized to a fragment of an
EcoRV digest of B. fibrisolvens chromosomal DNA of the
same size, confirming the origin of the cloned DNA fragment
(data not shown).

Nucleotide sequence of the glgB gene. The nucleotide
sequence of the 2,500-bp EcoRI-EcoRV fragment from
pBGB200 contained an open reading frame (ORF) encoding
a protein of 639 amino acids with a calculated Mr of 73,875
(Fig. 3). A potential ribosomal binding sequence (GAGGG
GG) was situated 6 bp upstream of the most likely ATG
initiation codon at position 439. No sequence similar to
either the cra or the C54 E. coli consensus promoter sequence

(18) could be found upstream of the initiation codon. An

incomplete unidentified ORF of 134 amino acid residues
terminated at a TAA codon 35 bp upstream of the putative
glgB start codon. An 18-bp inverted repeat sequence includ-
ing a region of six T residues was located 21 bp downstream
of the putative glgB stop codon (Fig. 3). This sequence has
the potential to form an mRNA stem-loop structure with a
1AG of -16.55 kcal (-69.26 kJ)/mol (45) and could serve as a

rho-independent terminator in E. coli.
Detection of the translation product and comparison of the

amino acid sequence with branching enzymes. An in vitro E.
coli cell-free transcription-translation system was used to
determine the Mr of the protein expressed by plasmid
pBGB200 and its derivatives. SDS-PAGE of the in vitro
translation products showed (Fig. 4A) that a protein with an

apparent Mr of approximately 71,000 and some degradation
products were produced from both pBGB200 and pBGB300
(lanes 1 and 2). The apparent Mr of this protein is in close
agreement with the calculated Mr of 73,875 of the expected
amino acid sequence of the glgB gene. A protein with a

similar apparent Mr was also produced from pBGB210, the
smallest insert coding for an active enzyme (lane 3). The
higher concentration of protein produced when pBGB300
was used (lane 2) may reflect an increased level of transcrip-
tion, as both the lacZ promoter of the vector and the glgB
promoter were being transcribed in the same direction. The
71-kDa protein was absent when the Shine-Dalgarno ribo-
somal binding site and the ATG initiation codon of glgB were
deleted (pBGB220, lane 4), and the apparent Mr of the
protein was reduced when a C-terminal deletion of the glgB
polypeptide was used (pBGB230, lane 5). The protein with
an apparent Mr of 30,000 present in all lanes, including that
of the Bluescript vector (lane 6), corresponded to the P-lac-
tamase polypeptide. A dominant protein with the same

apparent Mr of 71,000 was present in the in vivo translation
products of E. coli G6MD3 carrying plasmids pBGB100,
pBGB200, pBGB300, and pBGB210 (Fig. 4B, lanes 1 to 4,
respectively). This protein was not present in E. coli
G6MD3(pBluescript) (lane 5). High levels of expression of
the glgB gene product appeared to be lethal. Although
pBGB300 had the highest protein level in vitro, only low
yields of protein were observed in vivo (Fig. 4A, lane 2, and
B, lane 3).
The TFASTA subroutine based on the algorithm of Pear-

son and Lipman was used to compare the deduced amino
acid sequence of the B. fibrisolvens glgB-encoded polypep-
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FIG. 2. Restriction endonuclease map of the insert DNA on pBGB100 and derivatives thereof encoding the B.fibrisolvens Hl7c branching
enzyme. The ORF and direction of transcription are indicated by an open arrow, and the Amy phenotype indicates the presence or absence
of starch-clearing zones produced by clones. pBGB300 is not shown, as it is identical to pBGB200 but opposite in orientation.
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gcoRl

:GAATTTC77AGGMGAGA.ACMGGGCW CATTAT.,ATCATGGAAGA.,ACCAAGGAAGATATGGACAGATTCC~TTCATMAGMTCCATCACTTAAGCAGAG 100
L E E N K 2 L I . K E D M D6 R F L D K N P S L K Q S

;:CT-TAATGTCAGAG-.G A-AT.CAGGC'C GGATGA-GAT-CAC.TGTTGC-TATGCMGCAAGCTATSC-TATGAAAMAGAGTATGCTA.,TGATAATCTC 200
V N V R V D I 0 A L D D D S L V A Y A R O V A Y F. K E Y A I D M L

2 31 GG .ATACTTSCTCTTCATACCAGAT T-.CAGAGAGGCAGACT CTTGACCATGAGGT GACA-STTGCAG GGTCAACGGATA-.TGTS-GATGATGCTATC TACT 30 0
G I L A L H T R ' S E R O T L D H E V T V A F V K D T V D D A I Y Y

30:, ACG AGAGAAGCGCTCAGTTG TCAC-TTGSTGG -GsTTCTTG-CtAACMSAGATATG TGAGAATGAC-ATGG.CATC~TTAAGASAMGATTTTATGCG 40
A E K R S V A H F V D1 V L V N K R Y D E N D M. V I L R E K D F M R

C^: CTMAGGMTAAGTMACAMTAMCTT-AT-AT-TATG'AGTCMAAMGGTTTTTATATCTS~AGGA':GACGAS-TAC-TATTTGG;ACAGGGCACACATTA So00
* 2M S Q K V F S ED_D E Y : F G Q G T H Y

S 0: CGATATT ATSATAAiATTGGSAGCTCATCCA-CAGAAGMMGGCAAX~GG ATC'TT .TTTGCAGTATGCGGCACC'AAA-.GCTGSCAGATGTGCATGTA 60 0
D I Y D) K L G A H P S E E K G K K G F F F A V W A P N A A D V H V

60: GTAGGTGGCTTTAATGGTT GGGATCAAAATGCCCATCAA TGAAGAGGAGCCMAACAGGTAACA TCTGG.ACTTT GTTCA-TC CGGGGGTASCAATAGGAG 70 0
V G D F N G W D E N A H 0 M K R S K T G N T W T L F I P G V A I G A

70:~ CT- ATACAAATTCCTCATT,ACAGCTC GGATG AAGMMC TTACMAGGC.,GATCCTTATGCGAATTATSCAG CT.AGGCCGG TAATGCTTCCAG 800
L Y K F L ;TA 0 D G R K L Y K A D P Y A N Y A E R P G N A S R

8 0: AACAACAGATC TTTCAGGCTTTMGAGTT.CCASATTCCMAG-GS'TATGM .CACC 7AGSG TAMAG ATGATSCCG .CAG:C~TATAGC:CATCTATGMTGC 90 0
- T D L S G K W S D S K W Y E S L K S K D M N R 0 P A : Y E C

9 0: CA-ATAGGCTCATGGATS~AAACATCCTGATGGCACAGA GGAC GG-TT_TATACA-,ATASACMTT' SCTSACAGMA7, TGTGGM ACCTCAAGGAGATGA 10 0
H I C S W M K H P D G T E D G F Y T Y R 0 F A D R V E Y _ K E M K

3 01 AGTATACAC TATAGAGC-GA-TTGGC~ -GAGCG ATCC TT -.TSAGGAT_CTSGGG w,TATrC GGT-.AC: GGvACTAT GC-CCTA,AGCCAGATATGG 1100
Y H I E L G .~ A E H P F D G S W G V O V T G Y Y A P T A R Y C

1101 6GAGCC6MCAG CTTTA-GTATC2GA6C 6-6CAGC,CCACAA6CATGGAATCGCGATM'TCTC2T2SGG 26--2C2C 2ATTC-GCCC2A2GAA.TTT
E P T D F M Y : I N O L H K H C i G V I L W V P A H F C P D E F .C

:2C: GG'TCTTGCATGCTTTGACG AACATGTA-.TTATGMAGATCCCC -CC-CGCMAGGGAGMACATCCTGAC-TGGC;GAACCAAGATATTCAATC GGCCAAGC 1300
G L A C F D C T C Y E D P D P R K G E H P D W G T M I F N L A K P

:3 01 CGGMGCAAGAACT CCCTATCWCA.ATGC7TTAT,ACTGGATCCGCAAGT CCATATTGASG AC-:TAG~GGTAGATG,-AGTTGCTTCAATGCCC-ATCT 14 03
E V K N F L i A N A L Y W ' R K F H C G L R V D A V A S M L- Y L

401 -TSAT-ATGGSoAAAMAAr GGACAGTGGGTTCCMAA-AAATAT'GSGA-M7ACAGAA,CC-CGATSCTAT,CGASTT-CTTTAMMCAT-rTTAMCAGCGT,AG-A 'S^
D Y G K K D) G O W V P N K Y G D N K N '- D A E F F K H F N S V V

S0 A GSGGCATAC CCTAATATTC TCACTATAGC TGAGG GTCTACAGCGT-GGCCCMAGGTTACTCCT CC GCCAGAGGAGGA-GGTC:TTGGTT TGCGT CA 1600o
R C T Y P N L T I A E E S T' A W P K V T A P P E E D G L G F A F K

16 01 AGTGGAMCATGGGATGGATGCATGAC TCTGCG TACATSAAGCTTGA-CCAT,AC T-AGACASGGG. G~C TCATTACAT~AGA-TT TGCAATCGAGCTA 17 00
W N M G W M H D F C E Y M K L D P Y F R Q G A H Y M M T F A M S Y

1 701 CMATGATTCAGAGAMT-ACAT-TTTGCCAT GTCTC~A-,GACSAGG-CCGTACACC--.MA~GT-G-ATCM GTAGAS-AAG;A.-GCC~AGATACAAGG.TGA7AAM 180C
N D S E N Y I1 L P L S H D E V V H L K C S M V E K M P C V K V D K

'8iATSCTsCCTAAGAG.TSGT-TATACCTACA,GT-,TGG-CAC-CAGS~TMAAAS~C CC7C7TTATGG ACAGG 777GTSGCAGGAMGAGTGAG G 1900
Y A N L R V G V T Y M F G P. S C K K L L F M G Q D F G 0ER E W S E

::AGAAGAGAGAACTT ACTGGT-~CCTC-TTGGAGAMCGACC TAA AGAGGAATMGAAWC-ATG-AGG-AM- .TCCGGAMATATACAGAMAGTATC CTGC 200
K R E L D W F L L E N D L N R C M K D Y V G K L L E Y R K Y P A

20C1 TCTCTATGMAG-AGATAATGAC-GGGGCCG-CTT-SAG GTGWAAAA7G CSACG CAASGCAGCGCAGCAC'CTA-AGT,-TCT:ACCSTAWGGATC7MTTWC 21 00
L Y E V D N D W G G F E W I N A D D K E R S T Y S F Y R R A S N G

21.A: GGACAAT,ATTC-CT STG-TCTTAATATGA AC -CMT,G,AGASAwMGGGC-.TAAMSGTAGGTS TCCA,TTTGATGGMACC ATACAAMGATT,CTCGACA 2 200
K D) N I L F V :, N M T P M E R K G F K V S V P F D G T Y T K L D S

2 201 GTG CAAGG GTGCTATGGCGGCAG-GG CAGTAGCGTT-CCCGATMAGATC-AAGSCAGTAAAAGG-rCGTGT-GTATTACAAGGATTACAGCATAGAATTTGA 23 0C
A K E C Y G G S G S S V P D M ; K A V K G L C D Y K D Y S I E F D

2 3 0 TC -TCCGCCTTACGGC GCAGMAGTAT T- STT- TCCASACGAAGMAAACAAAGMTAM-AGAT-TTMAAM-CAAGC CGAAATMAATGGTGATGG-ACMTA~ 2 4 0O
L P P Y G A E V F V F C T K K T K N

< _ ~~~~~~~~~~~~~~~~~~EcoRV

2 4 C GTT:CATCAC-CA T TTTTGTG-:GATAAMA-AAG-GAGGT,AC'AAA-GAMTATTAMCTT--CAGGCMATTACCGGCCACGCM~~AGGACGAGAGTTTGCATATC 2500

FIG. 3. Nucleotide sequence of the B. fibrisolvens H17c glgB
structural gene. The predicted amino acid sequence is given below
in single-letter code. The putative Shine-Dalgarno (SD) sequence is
underlined and in boldface, the amino acids determined by sequence
analysis are underlined, and the inverted repeat sequences are
shown by converging arrows. The nucleotide and amino acid
sequences of a second incomplete ORF are indicated upstream of
the glgB gene.

tide with sequences in several data bases. The amino acid
sequence was more similar to that of the glycogen branching
enzymes rather than to those of the amylolytic enzymes (1,
16, 22, 23, 28, 52, 57). Alignment of the amino acid se-
quences of branching enzymes from A. nidulans (25), Bacil-
lis stearothermophilus (26), and E. coli (4) with that of the B.
fibrisolvens enzyme revealed similarities of 50, 46, and 46%,
respectively (Fig. 5A). The E. coli and A. nidulans branching
enzymes had approximately 100 additional amino acid resi-
dues at the N terminus. Some similarity to one of the
conserved regions of amylases and glucanotransferases (37)
was detected in a region of the N terminus (Fig. 5B), a region
known to have contacts with the ot-1,4-glucan substrate (36).
Similarity in this region to the glgX gene from the E. coli
glycog-en gene cluster was also found, and this region is
particularly well conserved among the branching enzymes
(Fig. 5A).

Branching enzyme activity in crude extracts. Since the glgB
gene product had greater sequence similarity to branching
enzymes than to amylases, the branching enzyme activity
expressed by the glgB gene in glycogen deletion strain E.

AMr
116K
97K
66K

45K

1 2 3 4 5 6

123456~
-in~

-mo

291K

B1 2 3 4 5 Mr

_---^ - 205K

_s +4- 116K
97K

66K

_;;*45K
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FIG. 4. SDS-PAGE analysis of in vitro (A)- and in vivo (B)-
expressed proteins encoded by the cloned B. fibrisolvens glgB gene.
(A) Lanes: 1, pBGB200; 2, pBGB300; 3, pBGB210; 4, pBGB220; 5,
pBGB230; 6, pBluescript. (B) Lanes: 1, E. coli(pBGB100); 2, E. coli
(pBGB200); 3, E. coli(pBGB300); 4, E. coli(pBGB210); 5, E. coli
(pBluescript). Maps of the pBGB subclones are shown in Fig. 2. The
molecular size (M,) standards indicated were rabbit muscle myosin
(205,000), P3-galactosidase (116,000), phosphorylase b (97,400), bo-
vine serum albumin (66,000), ovalbumin (45,000), and carbonic
anhydrase (29,000). The arrowhead indicates the position of the
glgB gene product.
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FIG. 5. (A) Sequence alignment of the branching enzymes of B.

fibrisolvens (Bf), E. coli (Ec) (4), A. nidulans (Synechococcus sp.)

(An) (25), and B. stearothermophilus (Bs) (26). Similarity was

maximized by introducing gaps (dashes). Identical amino acids in

three or four of the sequences are boxed. The number on the left

refers to the first amino acid in each line. Asterisks indicate the ends

of the proteins. (B) Alignment of the B. fibrisolvens branching

enzyme with amylases over 12 amino acid residues. Abbreviations:

amy, amylase; iso, isoamylase; gt, glucanotransferase; cgt, cyclo-

dextrin glucanotransferase. The number to the left of each sequence

refers to the amino acid position relative to the N terminus. Identical

or conservative residue changes in 8 of 10 sequences are indicated

by asterisks.
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FIG. 6. Formation of [`4C]glucan catalyzed by the simultaneous

action of crude cell extracts of the B. .fibrisolvens branching enzyme
expressed in E. coli G6MD3 and phosphorylase a (0), heat-dena-
tured branching enzyme (A), and phosphorylase a only (0). The
reaction mixtures used (assay 1) are described in the text.

coli G6MD3 was determined (Fig. 6). Plasmid pBGB200 was
chosen for study, since the gIgB gene is expressed from its
own promoter. Whereas cell extracts of E. coli G6MD3
(pBluescript) were unable to stimulate phosphorylase a-me-
diated incorporation of [14C]glucose into an oa-1,4-glucan
polymer, E. coli(pBGB100) extracts containing the glgB
gene product caused a 13.4-fold increase in this incorpora-
tion. Heat denaturation of the E. coli G6M[D3(pBGB200) cell
extract by incubation for 2 min at 1000C did not abolish the
stimulated incorporation of glucose, and approximately 30%
of the original activity was retained. This residual activity
may have been due to the presence of a small amount of
endogenous glucan primer in the crude extract (7). Since the
gIgB gene-containing clones were originally detected by the
ability to clear starch plates, the cell extract was incubated
with soluble starch to determine the hydrolytic activity of
the expressed enzyme. Measurement of the reducing sugars
released (6) showed that the extract had no detectable
amylolytic activity towards soluble starch.

Purification of branching enzyme. A simple two-step pro-
cedure resulted in purification of the branching enzyme to
apparent homogeneity (Fig. 7). Fractions 66 to 94 from the
DEAE-cellulose column, containing the branching enzyme
(Fig. 7a and b), were pooled and loaded on the G-100
column. Both SDS-PAGE (Fig. 7d) and nondenaturing
PAGE (data not shown) indicated that only one protein band
was eluted in the major peak from the Sephadex G-100
column (Fig. 7c). The graph of enzymatic activity followed
the pattern of absorbance exactly. The purification proce-
dure resulted in a final yield of approximately 33% of the
activity and a 5.4-fold increase in specific activity (Table 1).
The enzyme was stable for several months at 40C.
Amino acid sequence analysis and hydrolysis. The amino

acid sequence of the first 12 residues of the purified protein
was determined. This showed that the N-terminal amino acid
sequence was identical to that deduced from the nucleotide
sequence (Fig. 3), confirming the putative translational start
position of the B. fibrisolvens glgB gene. The amino acid
composition (data not shown) agreed with the deduced
amino acid composition.

Activity of purified branching enzyme. The branching en-
zyme was active between pHs 5 and 9, with an optimum pH
of 7.2 in 10 mM Tris-HCI-50 mM citrate buffer. The enzyme
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FIG. 7. Purification of the branching enzyme from E. coli G6MD3(pBGB200). (a) DEAE-cellulose chromatography of the crude cell
extract in 10 mM Tris-HCl (pH 8). Protein eluted from the column was determined by measuring the A280 of every fourth fraction. The bar
indicates fractions that contained branching enzyme activity. (b) SDS-PAGE of every eighth fraction of protein eluted from the DEAE
column. Lanes: 1, cell extract; 2 to 13, fractions 6 to 94. Fractions 66 to 94, containing the branching enzyme (arrowhead), were pooled and
applied to a Sephadex G-100 column. (c) Sephadex G-100 chromatography (in 10 mM Tris-HCI-20 mM NaCl [pH 7.4]) of the pooled fractions
from a DEAE-cellulose column. Protein eluted was determined as described for panel a. (d) SDS-PAGE of every fourth fraction of protein
eluted from the Sephadex G-100 column. Lanes: 1, cell extract; 2 to 19, fractions 202 to 270. Fractions 210 to 270 were pooled. The branching
enzyme is indicated by the arrowhead.

had a broad pH range for maximal activity, with 90% of the
activity present between pHs 6.8 and 8.0. Optimal branching
activity was obtained at 37°C. The pH and temperature
optima are similar to those reported for other bacterial
branching enzymes (7, 27). The branching enzyme activity
was unaffected by NaCl (up to 2 M) or dithiothreitol (1 mM),
but the activity was completely inhibited by 0.1 mM mercu-
ric chloride. The action of the B. fibrisolvens branching

TABLE 1. Purification of the B. fibrisolvens branching enzyme
from E. coli G6MD3(pBGB200)

Vol Amt of Activity Sp act YieldFraction (ml) protein (U)a (U/mg) (%)Fraction (ml) (mg)

Crude extract 20 215.69 53,900 249.89 100
DEAE-cellulose 50 45.42 43,575 761.22 64.2
Sephadex G-100 43 13.00 17,459 1,343.03 32.4

a Units were calculated by using assay 2 (see Materials and Methods).

enzyme was tested on various natural a-glucans. Reactions
were measured by monitoring the shift in the absorbance
spectrum of the a-glucan-iodine complex and were termi-
nated only when constant values were reached. A 98%
decrease in the absorbance at the Xmax of the a-glucan-
iodine complex for both amylose (640 nm) and amylopectin
(540 nm) was observed (Table 2). A shift in the maximum
wavelength of the iodine complex to 420 nm indicated that a
large increase in the number of branch points had occurred.
Similarly, the branching enzyme caused a decrease of59% in
the Xmax at 460 nm and a shift of the maximum wavelength of
absorption of the rabbit liver glycogen-iodine complex from
460 to 430 nm.
To investigate the effect of the branching enzyme on

amylopectin, the changes in the average chain length and the
percentage of oa-1,6 bonds were determined (Table 2). The
degree of polymerization (as determined by the ratio of
glucose to reducing glucose equivalents) of amylopectin
changed from 22.7 to 7.1, and simultaneously the percentage
of a-1,6 bonds increased from 4.4 to 19.3%. This average

(a) 2.0

0
1.0

0
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0
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TABLE 2. Analysis of the effects of branching enzyme on various a-1,4-glucons

Amylopectin Amylose Glycogen GlycogenPresence U i synthesizedbranching (degree of % o-1,6 XiAx % Decrease Xmax % Decrease Xmax % Decrease in vitro
polymerization) bonds (nm)a in X540 (nm) in X6. (nm) in X4w (x.X[nm])b

22.1 4.4 540 640 460
+ 7.1 19.3 420 98 420 98 430 59 430

a Xmax refers to the maximum wavelength of absorption spectra of the iodine-glucan complex.
b Branching enzyme plus phosphorylase a (assay 1) was used for de novo synthesis of glycogen.

length for the chains was confirmed by high-pressure liquid
chromatography analysis of pullulanase- or isoamylase-
treated amylopectin. Chain lengths in the range 5 to 10 (with
a maximum peak at 7) were detected only after treatment
with branching enzyme (Fig. 8). An identical set of experi-
ments was performed with amylose as the substrate, and
similar results (data not shown) were obtained.
The combined actions of rabbit muscle phosphorylase a

and B. fibrisolvens branching enzyme (1:1 weight ratio)
yielded a branched product with an iodine complex spectrum
similar to that of glycogen (Fig. 9). Although the initial Xmax
for the iodine complex was 490 nm, the Xmax of the complex
decreased to 430 nm as the reaction proceeded, indicating a
highly branched product. The shoulder present at 470 nm in
the glucan-iodine spectrum after a 30-min reaction may
suggest a slight lag for the branching reaction compared with
the elongation process. This synthetic glycogen was resis-
tant to hydrolysis by pullulanase, whereas glucans, which
had been branched by the branching enzyme, were hydro-
lyzed. Reduction of the ratio of branching enzyme to phos-
phorylase a in the reaction mixture resulted in formation of
a precipitate, presumably because of production of a more
linear product with lower solubility (56).

DISCUSSION

We have shown that the gene isolated from a B. fibrisol-
vens H17c gene bank by selection for starch-clearing activity
codes for a polypeptide with an Mr of 73,875 with branching
enzyme rather than amylolytic activity. Although this poly-
peptide is smaller than the E. coli branching enzyme (Mr,

G7

0~~~~~

0gZ0G
0~~~~~~~~~~~~~~~1

0 4 8 12 16

Elutlon Time (min)
FIG. 8. High-pressure liquid chromatographic analysis of unit

chains debranched from amylopectin by isoamylase or pullulanase
after the action of the branching enzyme. G4 to G10 represent
numbers of glucose residues present in the unit chains. The control,
debranched native amylopectin, showed no glucose units released
within the elution time measured.

84,231) (4), it is within the size range reported for branching
enzymes from other sources (19, 27, 35).
The B. fibrisolvens glgB gene was expressed in E. coli

from a promoter located on the cloned fragment, as expres-
sion of the glgB gene was independent of orientation to the
vector lacZ promoter (pBGB200 and pBGB300). No pro-
moter sequences similar to the E. coli consensus sequences
for promoters (18) were detected upstream of the glgB ORF.
A similar lack of identifiable consensus promoter sequences
has been reported for the E. coli glg genes (41), and it was
suggested that either the required sigma factor has not been
identified or a combination of sigma factors is required. A
possible candidate is the a' sigma factor which has recently
been reported to be required for expression of the E. coli glg
genes (31). Alternatively, it is possible that the glgB gene
may be expressed from a promoter(s) internal to the up-
stream unidentified ORF, as suggested for the E. coli glgX
and glgB genes (41). It is not known whether the B. fibrisol-
vens glgB gene is present in a glycogen operon, as shown for
the E. coli glg genes. No similarity between the amino acid
residues encoded by the upstream ORF and any other

0.6
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0.4

0

02

400 520 640

Wavelength (nm)
FIG. 9. Absorption spectra of the iodine-glucan complex of the

a-glucan formed de novo by the purified branching enzyme and
phosphorylase a (ratio of 1:1). In vitro synthesis of glycogen was as
described for assay 1, except that 50 mM glucose-i-phosphate was
used. The iodine-glucan absorption spectra of samples were mea-
sured after incubation for 15, 30, and 120 min at 300C.
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sequence reported in the data bases could be found. The
amino acid sequence of the B. fibrisolvens branching enzyme
showed similarity to those from E. coli (4), Synechococcus
sp. (25), and B. stearothermophilus (26) over the entire
length of the polypeptide.
The high degree of conservation between branching en-

zymes of bacteria that belong to vastly different groups is
remarkable, particularly when it is considered that glycogen
storage is not essential for growth and as such is absent from
many species of bacteria. Since B. fibrisolvens has been
reported to be the most prevalent ruminal bacterium under
adverse nutritional conditions (34, 39) and since carbohy-
drate storage is thought to play an important role in cell
survival under such conditions (50), it is tempting to specu-
late that B. fibrisolvens stores glycogen or a glycogenlike
polysaccharide as a survival strategy. Storage of glycogen in
butyrivibrios has not been reported, although several other
ruminal bacteria are known to produce a glycogenlike
polysaccharide (14, 49, 55). Attempts to isolate glycogen
from B. fibrisolvens were unsuccessful, although an an-
throne-positive polysaccharide that could not be digested
with oa-amylase was isolated.
The simple two-step procedure for purification of the B.

fibrisolvens branching enzyme to homogeneity was largely
due to the high level of expression of the glgB gene product
in the E. coli cell extract, i.e., 18.6% of total protein,
calculated from the relative specific activities. The abun-
dance of the B. fibrisolvens branching enzyme in E. coli
extracts is probably due to a combination of the high-copy-
number plasmid vector and an efficient glgB promoter and
ribosomal binding site. Because of the initial concentration
of the branching enzyme in the crude extract, the increase in
specific activity obtained on purification was not high
(5.4-fold) compared with increases obtained for purification
of the E. coli B (754-fold; 7) and Neurospora crassa (226-
fold; 35) branching enzymes.
The B. fibrisolvens branching enzyme exhibited activity

towards a wide range of oa-1,4-glucans, as has been shown
for other branching enzymes (7, 54, 60). With amylopectin as
the substrate, the B. fibrisolvens branching enzyme trans-
ferred oligosaccharide chains 5 to 10 glucose units long, with
7 as the preferred unit size. Branching enzymes from liver
(11), muscle (53), and E. coli B (7) have been reported to
exhibit similar chain length specificity. The product obtained
from branching amylopectin had a maximum wavelength of
420 nm for the iodine complex, characteristic of highly
branched glycogen with comparatively short chain lengths
(2). This Xmax for the iodine complex is similar to that
obtained from the glycogenlike polysaccharide isolated from
the ruminal bacterium Bacteroides succinogenes (49). The
percentage of a-1,6 bonds introduced into amylopectin by
the branching enzyme was 19.33%, which is higher than
the 9.6% reported for E. coli B (7) and the 8% reported
for Arthrobacter globiformis (60). De novo biosynthesis of
a glycogenlike polysaccharide using the B. fibrisolvens
branching enzyme in conjunction with rabbit muscle phos-
phorylase a resulted in production of a branched glucan that
resembled native glycogen in its iodine-staining properties.
This synthetic branched polysaccharide, like native glyco-
gen, was resistant to pullulanase hydrolysis, although the
branches formed by branching native a-1,4-glucans were
readily hydrolyzed by pullulanase. This supports the hypoth-
esis (7, 19) that the enzymes involved in a-glucan polysac-
charide synthesis act in a coordinate rather than a successive
fashion.
The ability of the B. fibrisolvens branching enzyme to

produce halos on starch azure and Phadebas substrates can
be explained by the ability of the B. fibrisolvens branching
enzyme to produce highly branched structures, which are
more soluble than the relatively unbranched substrates.
Although the Phadebas substrate, an insoluble starch incor-
porating a covalently cross-linked blue dye, is considered to
be specific for starch hydrolysis (13), increased branching of
the Phadebas substrate would result in increased solubility
(56) without hydrolysis of the dye-substrate linkage. The
soluble substrate would then diffuse to equilibrium over the
entire plate, thereby producing a halo (Fig. 1). An increase in
absorbance was also obtained with the Phadebas substrate in
liquid assays as a result of the increased solubility, due to
branching enzyme activity, of the dye-cross-linked-starch
complex (results not shown). The B. fibrisolvens branching
enzyme displayed no hydrolytic activity towards soluble
starch, as no release of reducing sugars could be detected.
Caution must therefore be exercised in using substrates
utilizing the solubility of dye-linked starch to assay
amylolytic activity.
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