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Glycogen brancbing cnzymes (GBE) or l,4-c-glucan branching enzymes (EC 2.4.1.18) introduce c.1,6
branching points in cr-glucans, e.g., glycogen. To identify structural features in GBEs that determine their
branching pattern specificit¡ the Deinococcus geothermalß and, Deinacoccus radiodurans GBE (GBE'" and
GBED., respectively) were characterized. Compared to other GBEs described to date, these Deùncocc¡¡s GBEs
display unique branching patterns, both transferring relativety short side chains. In spite oftheir high amino
acid sequence similarity (887o) the D. geothermalis cnzyme had highest activity on amylose while the D.
radiodurans enzyme prefened amylopectin. The side chaÍn distributions of the products were clearly differentl
GBEDg transferred a larger number of smaller side chains; specifrcally, DP5 chains corresponded to t07o of the
total amount of transferred chains, versus 6.57o for GBE'.. GH13-type GBEs are composed of a central (p/ct)
barrel catalytic domain and an N-terminal and a C-terminal domain. Characterization of hybrid Deinococcus
GBEs revealed that the N2 modules of the N domains targety determined substrate specificity and the product
branching pattern. The N2 module has recently bccn annotated as a carbohydrate binding module (CBM48),
It appears likely that thc distance between the sugar binding subsites in the active site and the CBM48
subdomain determines the average lengths of side chains transferred.

Glycogen is an enerry reserye polymer of many animals and
microorganisms. It is composed of a backbone of glucose res-
idues linked by u-1,4 glycosidic bonds with o-1,6Jinked side
chains (7, 31). In bacteria, the linear cr-1,4-glucan is synthe-
sized from ADP-glucose by the enzyme glycogen slmthase,
which is thought to be involved in both initiation and elonga-
tion of the chain (a0). Side chains are introduced by glycogen
branching enqlme (GBE) or 1,4-o-glucan branching enryme
(EC 2.4,1.18). This enzyme catalyzes formation of a-1,6 branch
points by cleaving an a-L,4 glycosidic linkage in the donor
substrate and transferring the nonreducing end-terminal frag-
ment of the chain to the C-6 hydroxyl position of an internal
glucose residue that acts as the acceptor substrate (4). Depend-
ing on its source, GBEs have a preference for transferring
different lengths of glucan chains (1, 23). Most GBEs are
members of subfamily 8 (Eukaryota) or 9 (Bacteria) of glyco-
side hydrolase family 13 (GH13) (34). Recently, the first GBE
from family GH57 was described (28) (http//www.cazy.org).

GH13-type GBEs are composed of th¡ee major domains of
secondary structure, a central (p/ct) banel catalytic domain or
A domain, an N-terminal domain, and a C-terminal domain
(1). Domain A is present in all members of family GH13 and
consists of a highly symmetrical fold of eight parallel B-strands
encircled by eight a-helices. However, some variations occur in
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GBEs (a missing o-helix 5 and insertion of eKra a-helices) (1).
Domain A contains the four conserved amino acid regions (I to
IV) typical for enzymes of family cH13 (35). In most GHl,3
enzyrnes, an extra domain is present, inserted between

B-strand 3 and cr-helix 3 (domain B), which afects their catal-
ysis and product specificity (16). In GBEs, the length of this
loop is only 40 residues, not long enough to be considered a

separate domain (1). Domain C is found in most GH13 en-

4,mes and is believed to shield the hydrophobic residues of the
catalytic domain from contacts with the solvent. Domain C has
also been suggested to be involved in substrate binding (25).

Domain N is typical for GH13 enzymes cleaving or forming
endo-o-1,6 linkages (17), namely, isoamylase (EC 3.2.1.68;
subfamily 11) (18), pullulanase (F.C3.2.1.4L; subfamilies 12 to
\Ð (n), and both starch (subfamily 8) and glycogen branching
en4¡mes (subfamilies 8 and 9). An exception is the 4-a-o-
{(1--4)-a-o-glucano} trehalose trehalohydrolase (EC 3.2. 1.

141; subfamily 10), which hydrolyzes linear maltooligosaccha-
ride-like substrates (6) (39). The crystal structures of most of
these enzymes with their N domains (all or part) have been
published previously (1, 6, 18, n,39). The exact function of
this N domain has remained unclear, and the similarity be-
tween the N domains in these different enzymes is low. They
vary in length, and some of them consist of fwo or three
modules. Flowever, they all possess one common module that
was recently classified as a family 48 carbohydrate-binding-
module (CBM48) (19) (http//www.cazy.or!).

In GBEs domain N comprises a module of 150 amino acids,
termed the N2 module, that contains the putative CBM48. In
some branching enzymes, it is preceded by a module of 100 to
150 amino acids, termed the N1 module. It has been proposed
that the N1 module has originated from a DNA duplication of
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TABLE 1. Oligonucleotides used to amplily glgBo"andglgBo, genes and to construct truncatcd and chimeric mutants by PCR

Position (nt)'
Sequence (5'+3')

B\SBos 8l8Bo,

Dg-FP
Dg-RP
Dr-FP
Dr-RP
CT'T-RP
H1
H2
H3
Í14
DgNT-FP
DgCT-RP

GGAATTCCCATATGGAATTCATGCTTGACCCGTTGCGGGC
GCTAGCTC"fAGAAGATCTTCACCGGTCCTCGCTGCGGGGAC
GATGCATCATATGACGTTTCCCTTGCCCCTCGACCACGAGCACC
G CTACTAAGATCTTTATCAAGCCTTCTTCCCGCCTTTCTGCTCG
GTAAGGATCCTTACTAGCGG CTGACAAGGCCCTTCACC
GTCATGAATCTGGTGCGGCGCCTGAA
TTCAGGCGCCGCACCAGATTCATGAC
GTGACGACGGCTGGTTCCTGAACTAC
GTAGTTCAGGAACCAGCCGTCGTCAC
CGATCGCATATGGGCGCCGGCCCCATCAGCATCTACGAAGTCCATGTCG
G CTACTAAGATCTCATCGCGGTAAAGGCCATTCAGGCGCCGCACCAG

t¿0
1959-1938

1531-1556
1556-1531
521-546
546-527
478-505
1571-1540

L-34
212+2099
1917-189ó
1,501-1s26
152ó-1501
491-5 16

516491,

o nt, nucleotide.

the N2 module (24). Based on the architecture and length of
the N domain, GBEs can be divided into group 1, containing
both the N1 and the N2 modules, and group 2, containing only
the N2 module (I2), A 112-amino-acid truncation of the N1
module in E. coli GBE (group 1) resulted in a 40Vo reduction
of enzyme activify (2) and an altered branching pattern (3).

Further investigations of this N1 module, by sequential N-
terminal deletions, showed that enzymes with the shorter N1
module transferred longer glucan chains (5). No studies have

been reported thus far investigating the role of the N2 module
(containing the putative CBM48 domain) in GBEs as Ìvell as in
other GH13 members.

Here, we report a detailed biochemical characterization of
trvo GH13 GBEs from the extremophilic bacteria Deinococcus
geothermalß and Deinococcus radiodura¿s. These two GBEs
(GBED' and GBED., respectively) generate unique branching
patterns by transferring glucosidic chains that are shorter than
those of other GBEs reported to date (9, 36, 38, 41). To
investigate the role of the different domains in these enzJmes,

chimeras of GBED' and GBE', \ryere constructed. Their char-
acferizalion revealed that substrate and chain length specificity
in these Deinococcus GH13 GBEs are largely determined by
the putative CBM48 part of the N domain.

MATERIALS AND METHODS

Phylogenetic analysis, Ami¡o acid sequences of all GFI13 GBEs reported in
the Carbohydrate Active Enzymes dåtabase (http:/ivww.czy.org) were used to
construct a phylogenetic tree; these 

"vere 
the fo]|lowing: Agrobacteilum tumefa-

clens (AF033856), Anaerobrønca gottschølkii (4M114416), Aquifex aeolicw
(AE000704), Bacillw caldolyticu: (214057), Bacillw cerew (D45838), Bacillw
subtilß (AF008220), Butyrivibrio Jibrisolvew (M64980), Chlamyd.ophiLa pneu-

moniae (A8001632), Cyanobacterium sp. (F.F489422 and EF489423), Escherichia

coli (4E000419), Geobacillus stearothermophilus (M35089), Magnetospirillum
gryphis wa Ldensc (CU459003), Myco bacte rium tuberculosß (273902), Neisseria

denitrif.cans (AF1028ó7), Rhotlothermus obamensß (AB0ó0080), Streptomyces

aureofaciens (L11,647), Streptomyces coelicolor (4J001205 and AJ00120ó), and

Yersinia pestis (AJ41,4159). They were aligned with GBE'" (CP000359) and

GBED. (AE002025) (CLUSTALV/ interface in MEGA, version 3.1) (20; http:

//www.megasoftware.coml), followed by bootstrap testing of phylogeny (gap

opening, 10; extension penalties, 0.2; 1,000 replicates).

Molecular techniques. General procedures for DNA manipulation and clon-

ilg were done as described previously (32). Restriction endonucleases and T4
DNA ligase were from Fermentas GMBH (St. læon-Rot, Germany) and were

used as recommended by the suppliers. P¡imers were obtained from Eurogentec

(Seraing, Belgium), and sequencing was performed by GATC Biotech (Kon-
stanz, cermany). DNA amplilìcation was performed by PCR on a Thermal

Clcler PTC-200 (MJ Research, Waltham, MA) using Expand High Fidelity
polymerase (Fermentas, St. l-eon-Rot, Germany).

Cloning ot Deinæoccøs GBE gcnes. D. geothermalis st¡ain l)SM 11300 was a

kind gift from Mjchael J. Daìy (Department of Pathology, Uniformed Service

University of the Health Sciences, Bethesda, MD). It was grown in TGY (tr)"-
tone, glucose, yeast extract) medium at 55"C, and its chromosomal DNA was

isolated according to the ceLyltrimethylammonium bromide protocol obtained

from the Joint Genome Institute. D, radiodurans Rl genomic DNA was a kind
gift from Magali Remaud-Siméon (Ingénierie des Systèmes Biologiques et des

Procédés, CNRS, INRA, INSA, Toulouse, France). The gers encoding the

GBE of D. geothermalß (glgBo") and D. rødiodurarc (glgß¡,) were amplifled

from genomic DNA by PCR using the oligonucleotides Dg-FP/Dg-RP and Dr-
FP/Dr-RP, respectively (Tabte 1). Both PCR products were cloned separately

into the pET15b vector (Novagen) using NdeI and BgIII restriction sites, result-

ing in plasrnids pDg and pDr with N-terminaÌ His tags.

Construction of tmncated and chimeric gcncs, The 3' 207-nucleotide exten-

sion in domain C of glgB¡, was truncated (resulting in CTTp,) by PCR using

plasnid pDr as a template and the primers DI-FP and CTT-RP (Table 1).

Simiìarly, the 5' and 3' truncated forms oî. glgB¡*(477 nucleotides from 5' for the

N terminus [NT¡r] and 387 nucleotides from 3' for the C terminus [CT¡"]) were

amplilìed by PCR using as primers DgNT-FP and Dg-RP for the NTo, chimeric

gene and Dg-FP and DgCT-RP for the CT¡, chimeric gene. They were all cloned

into the NdeI and BgIII sites of pET15b vector felding pDrCTT, pDgN'I, and

pDgCT plasmids.

Construction of the GGR, RRG, RGG, and GRR chimeric genes was

achieved by overlap extension PCR (43), They were named according to the glgB

source of their N, ,\ and C domains (e.g., the GGR gene consists of the 6198¡,
N domain, the glgBe* A domain, and glgBe, C domain in respective order).

Briefly, separate PCRs were performed to yield fragments encompassing the N
domain, catalytic A domain, and/or the C-terrninal domain for each glgB ger.e,

Appropriate templates and oligonucleotides were combined in subsequent PCRs

(Table 2) to yield the respective hybrids. Templates, primers, and amplified

fragments are listed in Table 2. The GGR, RRG, RGG, and GRR chimeric
genes rvere cloned into NdeI and BgIII sites of the pET15b vector, yielding
plasmids pGGR, pRRG, pRGG and pGRR.

Expression and purification, Overexpression of aU proteins, except for NTD',
CTo' and GRR, was achieved by overnight gfo,¿/th of E coli B.L21,(DE3) Srar

c€lls containing the corresponding plasmid at 37'C and 210 rpm in Luria-Bertani
medium supplemented with 50 ¡rglml ampicillin. NTDB, CTDB, and GRR were

expressed successfully by induction with 1 mM isopropyl-P-D{hiogalactopyrano-

side at an opticaì density at 600 nm of -0.6, followed by 5 h of additional growth.

For all proteins, the cells were harvested by centrifugation (10 min at i0,000 X
g), washed with 50 mM sodium phosphate bufler, pH 8.0, and centrifuged again

(10 min at 10,000 x g). The pellets were resuspended in 50 mM sodium phos-

phate buffer, pH 8.0, and the celìs were disrupted by sonication (seven times for
15 s at 7 pm with 30-s intewals) and centrifuged (30 min at 15,000 X g). All
proteins were found as soluble proteins in the supernatants except for NT¡",
CT¡*, and GRR, which were found in the pellets as inclusion bodies. Only GRR
was successfully isolated from the inclusion bodies by resuspension of the pellet

in 8 M urea, followed by centrifugation (30 rnin at 15,000 x g). The supernatant

containing unfolded GRR was subjected to dialysis against sodium phosphate
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TABLE 2. Templates, primers, and amplified fragments for the
construction of chimeric mutants by PCR

Template(s) Primers
Amplified
fragmenÍ Size (bp)
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(total activity) of the product by isoamylase (37). The ¡eaction mixtures con-
tained 50 ¡rl of appropriately diluted GBE (1, 2, or 4 pg) in I,400 pl o10.725/o
amylose V (Avebe, Foxhol, The Netherlands) at pH 8.0. Samples (200 pl) were
taken at different time points (0 to 20 min), and the reaction was stopped by

boilìng for 5 min. The numbers of reducing ends before and after debranching
were measured at each time point by a 2,2'-bicinchoninate assay (42) using a
maltotriose calibration curve, Debranching was performed as follows: 50 pl of
reaction mixture was debranched for 20 h at 40'C in I29 ¡rl of 25 mM sodium
phosphate bufrer (pH 8.0),20 pl of 1 M acetate buffer (pH 3.8), and 1 pl
(0.175 U) of Pseud.omonas sp. isoamylase (Megazyme, Wicklow, Ireland).
One unit of GBE branching activity is defined as 1 pmol of a-1,6 Iinkages
synthesized per min.

Side chain distribution. To determine the side chain distribution of the final
products, 10 ml of 0.125/o (wtJvol) amylose V (Avebe) solution was incubated
with 400 units (determined by iodine assay) of GBE¡" or GBE¡, for 72 h. The
reaction \vas terminated by boiling the mixtu¡e for 10 min. The reaction mixture
was divided in two equal parts; one part was treated with 10 units of isoamylase

Írom Pseud.omonns sp. (Megazyme) after the addition of 750 ¡rl of 1 M cilrate
buffer, pH 4.0, for 20 h at 40"C to hydrolyze the a-1,6 gìucosidic linkages. Both
parts of the reaction mixture, before and after debranching, were freeze-dried,
dissolved in90% dimerhyl sulfoxide (0.25 mg/ml) and anaþed by high-perfor-
mance anion-exchange chromatography (HPAEC) analysis, Mixtures of oligo-
saccharides with degrees of polyrnerization ranging from 1 to 7 (DP1 to DP7)
and a debranched waxy maize starch solution containing a broad mix of oligo-
saccharides of known composition were used as stardards, Separation of oligo-
saccharides was achieved with a CarboPac PA1 anion exchange column (250 mm

by 4 mm; Dionex) coupled to a CarboPacl guard column (Dionex, Sunnyvale,

CA), The following gradient of eluent A (1 mVmin) was used: 95Vo (1.0 nin),
65Vo (70 min), 557o (30 min), 35Vo (4 mín),lVo (7 min), and 95Va (14 min).
Eluent A was sodium hydroxide (0.1 M), and eluent B was sodium acetate (0.ó

M) in sodium hydroxide (0.1 M). Detection was performed with an ED40 elec-
trochemical detector (Dionex) equipped with an Au \vorking electrode and an

A/AgCl reference electrode with a sensitivity of 300 nC. The pulse p¡ogrâm

usedwas the following: +0.1V (0 ro 0.41 s), -2,0 v (0.41 to 0.43 s), +0.6 V (0.43

to 0.214 s), and -0.10 V (0.44 to 0.50 s). The integration time was 0.20 to 0.40 s,

Data were integated using a Totalchrom (PerkinElmer, Waltham, MA) data

integration system,

RESULTS AND DISCUSSION

Amino acid sequetrce analysis of the glycogen branching
enzymcs of Deinococcus. At present there is no proof for actual
synthesis of gþogen in the extremophilic bacteria D. geother-

malis aÍd D. radiodurans, However, the key enzymes involved
in glycogen metabolism, such as glycogen branching enzryme
(including a demonstration of its activity [this paper]), ADP-
glucose pyrophosphorylase, and glycogen synthase, have been
annotated in both species (28).

D. geothermal¡¡ and D. radiodurans both contain a single
gene in their genomes coding for a putative glycogen branching
errr]J0¡oe. The D. geothermalß gene, Dgeo_0981, consists of
1,959 nucleotides and encodes arL errzyme of ó52 amino acids
(GBEDJ that has a predicted molecular mass of 74.4 kDa, The
DR1848 gene from D. radiodurans consists oT 2,\U nucleo-
tides and encodes an enz)¡me of 705 amino acids (GBE'.) that
has a theoretical molecular mass of 80 kDa, Both en4rmes
belong to group 2 of GH13 GBEs. Furthermore, they contain
the four conserved amino acid regions (I to IV) typical for
en4lmes of family GH13 (25) plus the four conserved amino
acid residues specific for bacterial GBEs, namely Wnt, Qtot,
SaóO, and H"o (E coli GBE numbering) (Fig. 1) (1). Their N2
modules, containing the CBM48, possess the two consensual
aromatic residues crucial for starch or glycogen binding (26)
(W77 and Y1z for GBEDs and Wó1 and Y107 for GBE'.).

GBED' and GBED. show an overall identity in 622 amino
acids of SlVo (887o similarity). The similarity between both N

t,934
1,571

643
2,r88

447
1,527
t,948

517
r,457
1,948

s66
1,653
2,193
1,ó01
t,521

' The N, A, and C domains and combinations of these domains (e.g., NA) are
identifled by the subscripted abbreviations used in the text for D. geothermalis
(Dg) and D. radiodurans (Dr).

buffer (25 mM; pH 8), leading to the refolding of GRR, as confirmed by circular
dichroism.

All proteins were purified by I-Iis tag affinity chromatography using a HiTrap
chelating column (Amersham Pharmacia, Uppsala, Sweden) charged with nickel
sulfate. The proteins were eluted with a linear gradient of 0 to 500 mM imidazol

on an Åkta prime puriflcation system (Arnersham Pharmacia), Fractions con-

taining the protein of interest were pooled and diatlzed against sodium phos-

phare buffer (25 mM; pH 8.0).

Protein determination and sodium dodæyl sulfatepolyacrylamide gel electro-
pborcsis (SDS-PÄGE), Protein concent¡ations were determined by measuring
the absorbance at 280 nm on a Nanodrop ND-1000 spectrophotometer (Isogen

Life Science, de Meern, The Nethe¡lands) using the following extinction coem-

cients (in mglml-l cm-r) estimated by the method of Gill and von Hippel (8):

2.38 for GBEp", 2.72 lor GBE¡,,2.33 for CTT¡,, 2.11 for GGR,2.39 for RRG,
2.41 for RGG, and 2.08 for GRR.

Proteins were atølyzed by SDS-PAGE on 70Eo polyacrylamide gels. The

molecular mass was determined using a PageRuler Prestained Protein Ladder

(Fermentas) as a standard, and proteins were staired with Bio-Safe Coomassie

(BieRad, Germany).
Circular dichroism. Multiple far-UV spectra (195 to 2ó0 nm) were recorded

in sodium phosphate buffer at pH 8.0 and 20"C using a conceûtratior of protein
of 0.1 mg/ml on a Jasco J-715 spectropolarimeter (Jasco, Toþo, Japan) in quarù
cells; lhe following parameters were used: optical path length, 1 mm; data

interval, 0.2 nm; bandwidth, 1.0 nm; sensitivity, 20 millidegrees; response time,

0.125 s. All recorded spectra wers corrected by subtraction of the bufer spec-

trum.
Dnzyme activify assays. (i) Iodine assay. The total activity of the enzyme was

measured using the iodine assay (10), which is based on formation of a blue

complex between iodine-iodide and a linear c-1,4-glucarr of a ce¡tain length, The

sum of the transglycosylation and the hydrolytic activity of the enzyrne can be

measured by monitoring the decrease in absorbance. The reaction mixtures

contained 150 pl of 0.125Vo (wfVol) amylose V (Avebe, Foxhol, The Nether-
lands) or 0.Z5Eo pofato amylopectin (type III; Sigma) and 50 pl of enzyÌre at the

app¡opriate concentration (1-5 fo 25 ¡rglml). At different time intervals, aliquots

of 15 pl were taken, and the reaction was stopped by addition of 1.5 pl of 1 M
NaOH and 150 ¡rl of iodinc reagent (0.01.% [vtfvo]) 12, 0.1./o lwrlvoll KI). One
unit ofenzyme activity is defined as the decrsase in absorbance of 1.0 per min at

660 nm for amylose and at 530 nrn for amylopectin.
To determine the optimal conditions for the activity of the enzymes, the assay

was performed at temperatures ranging from 25"C to 45'C and pH 6.5 lo 9.5 in
Bis-Tris-propane-I{Cl bufer. For thermostability studies, the enzymes (0,5 mg/
ml) were incubated in the absence ofsubstrate for t h at different [emperatures

from 20'C to 70'C, and the residual activity in the supernatant (after centrifu-
gatioû at 13,000 x g for 1 min) was measured at 34"C.

(ii) Branching assay, This method allowed determination of the amount of
a-1,6 brarch points introduced by the action of GBE by measuring the diffe¡ence

in amount of reducing cnds before (hydrolytic activity) and after debranching

DI-FP, CTT-RP
Dg-FP, H2
H1, DI-RP
Dg-FP, Dr-RP
H2, Dg-RP
DI-FP, Hl
Dr-FP, Dg-RP
DI-FP, H4
H3, Dg-RP
DI-FP, Dg-RP
Dg-FP, H4
H3, DI-RP
Dg-FP, DI-RP
Dg-FP, DgCT-RP
DgNT-FP, Dg-RP

CTTD.
¡Aoe
co,
GGR
Coe
NAo.
RRG
No.
ACDe
RGG
Noe
ACo,
GRR
çTos
¡Toe
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domains is in the same order (145 to 158 amino acids long,
81Vo idenfily, and 887o similarity in 136 amino acids). The
identity in their catalytic A domains is relatively high (364
amino acids; 877o idenlity and 93Vo similarity), The two en-
zymes dift'er most in their C domains (130 amino acids in
GBED* and 195 in GBE'. with only 70Vo idettig arrd 77Vo

similarity in 113 amino acids). Unique for the GBE'. is a

66-amino-acid exlension in the C domain, which is riot present
in any other GBE known to date. BLAST searches with the
66-residue-long extension did not give a significant result (data
not shown).

Characterization of two Deìnocccøs branching enzymes,
Both Deinococcus GBE genes were cloned, and the enzymes
were exprossed in E coli and purified to homogeneity by His
tag purification (data not shown), yielding up to 30 mg of
purified GBE per liter of E. coli culture. The molecular mass of
the proteins as determined by SDS-PAGE was 75 kDa for
GBED* and 80 kDa for GBED,, in accordance with the calcu-
lated values. Both enzymes were active in a relatively broad
range of pH (7 to 9) and temperature (30 to 40'C) values and
showed maximum activity at pH 8.0 and 34'C, as measured by
the iodine assay. Their speciflc activities on amylose V were
621..3U1m9 for GBE', and 404.2 U/mg for GBED. (Table 3),
These are relatively high values compared to specific activities
previously reported for GH13 GBEs from E. coli,A. aeolicus,
G. stearothermophilus, and A. gottschnlkü (9, 36,38, 41). Only
the R. obanteru¿i GBE showed a comparable specific activity
(33). Specific activities measured by the branching assay were
7.2Ulmg for GBE'* and 4.7 U/mg for GBED. (values are not
directly comparable to iodine assay-specific activities because
of a different definition of the unit) (see Materials and Meth-
ods). This assay allowed us to discriminate between branching
activity and hydrolytic activity; the latter represented less than
LVo of total activity (data not shown). Therefore, the iodine
assay was used for subsequent characterizations.

The two enzymes showed clear difierences in their thermo-
stabilify, as expected from their optimal growth temperatures
(25 to 30'C for D. radiodurans and 50 to 55'C lor D. geother-
malis). GBEog remained fully active after a 1-h incubation at
60'C and lost less lhan 20Vo of activity after a L-h incubation at

65'C. GBED, exhibited a 10'C lower thermostability than
GBEoe and remained fully active at 50'C (1 h incubation).

The two Deinæoccus GBEs clearly diftþr in substrate spec.
ificity. The speciflc activities of both GBEs were determined on
amylopectin using the iodine assay (Table 3) and were com-
pared to their specific activities on amylose as previously mea-
sured (see above). In contrast to the results with amylose, the
specific activity on amylopectin was higher for GBE'. (538,0

U/mg protein) than for GBEDs @74.3 Ulmg protein). The
ratio of the specific activities of amylose to amylopectin was
1.31 for GBED' and 0.75 for GBE',. E. coli GBE had an
amylose/amylopectin ratio of 1-.78, which is higher than ob-
served for the two Deinococcus GBEs (2). Thus, in spite of
their high overall sequence identity and similarity, GBED*
prefers amylose over amylopectin whereas the opposite is true
for GBE'..

The two Deínococcus GBEs have a preference for transfer.
ring short side chains. The products obtained after prolonged
incubations of both enzgnes with amylose showed a similar
side chain distribution. Most side chains were befween 4 and
17 glucose residues long, with side chains of 6 and 7 glucose
residues (-35% of total) predominantly (Fig. 2). This branch-
ing pattern is signiflcantþ different from that of the other
GH13 GBEs for which a quantitative analysis has been de-
scribed to date, namely, E. coli GBE (group 1 GBE) wild type

TABLE 3, Specìfic activity on amylose and amylopectin for the
wild-type, the chimeric, and the truncated GBE',

and GBE', enzymes

Specific activity (U/mg) on: Amylose/amylopectin
activity

Enzyme
Arnylose Amylopectin

I
\,.Í)Ìi"^¡G}¡ .rls iìì"tlïi\\v¡1ij
¡,0ì:¡.+$ll .ìul $LRï¡i\.vÀsj
t,ClNecll lil¡ 3l.lìirÌiù.vè.ìi

II III
TV

.Ìis t¡¡J:èi!¡::;T lls {Â!s}J$si)!;ii
rJr¡ iJJIli:¡::Jî lJ: tÂ,islJÞÞv'\ìii
{Jr i¡l¡ùtt:i:tÌT J¿r I,e¡J3JJiìì}i)'\;¡:

$il I
FIG. 1. (A) Domain organization of group I and group 2 GH73 GBEs. N domain (gray), catalytic or A domain (black), and C domain (white)

are shown. The N domain of group 1 GBEs consists of Nl and N2 modules, while only N2 is present in group 2 GBEs, The N2 module contains
a Putative CBM48, In domain A the four conserved regions (I to IV) for family GHl3 are found. (B) Amino acid alignment of highly conserved
regions in the catalytic domains of GBE¡' GBED,, and E. coli GBE. I to IV are conserved regions in GH13 enzymes. Amino acid positions are
given. r, putative catalytic nucleophile (25); o, putative acid/base catalyst (25); V, putative transition state stabilizer (25); 1, residue conserved in
a-amylase family; f, residue conserved in bacterial GBEs (1).

GBEDg
GBED,
crrD.
GGR
RRG
RGG
GRR

627,3
404.2
442.3
468.8
411.7
624.1
<0.5

474.3
538.0
556.5
359.2
505.6
342.3
<0.-5

1.31 + 0.08
0,75 + 0.06
0.79 + 0.05
1.30 + 0.08
0.73 + 0.09
1.82 + 0.09

NDO

o ND, not determined.
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FIG, 2. IIPAEC-pulsed amperometric detection analysis of the end products obtained by incubation of GBED* or GBE'. with amylose,
followed by debranching with isoamylase, For comparison, the distribution of DPs of the debranched end products of the E. coli GBE (5) and ,4.
aeolirus GBE (41) enzymes are also shown.
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and three N1 module-truncated variants (5) and A. aeolicus
GBE, (group 2 GBE) (a1). In these GBEs, the preferred DP of
chains transferred (-40 to 50Vo) lies between DP1,0 and DP14,
with only 20 to 30% of chains shorter than 10 glucose residues,
a value increasing Ío 70Vo for Deinococcru GBEs (Fig. 2). Side
chain distributions of other GH13 GBEs have been reported,
e.g., for G. stearothcrmophilus GBE (36) and A. gottschalkä
GBE (38), both group 2 GBEs. Even though no quantitative
data are available for these enzymes, their branching patterns
are clearly different from those of Íhe Deinococcas GBEs, with
a preference for the transfer of longer chains, as in the case of
E. ct¡li and A. aeolicus GBEs. This unique side chain distribu-

tion of fhe Deinococcøs GBEs may be a consequence of the
fact that they are distantly related to other known GH13
GBEs. The Tvto Deinococc¿rs enzymes form a separate cluster,
and although they both belong to group 2 of GH13-type GBEs,
they appear equally related to group 1 and group 2 aL the
amino acid level (Fig. 3),

Construction of chimeric Deinococcus enzJrmes showed the
importance of the N domain in substrate specificity and
branching pattern. Comparison of the branching patterns of
Íhe two Deinococcus GB.Es revealed that the branched product
of GBE'* contained more short side chains overall, especially
of DP5, which corresponded to about 10o/o of the total (only

Yersrnra pesfr's*

Escherichia coli*
Neisse¿'a d en itrifl c a n s*

Ag ro Þa cteri u m f umelãcrens"

M ag n etosp i ri tl u m gryphi swa I d e nso*

M ycob acterìum fuberculosís È

Sffêptomycgs aureofacrens r
Sfrepfornyces coe/lco/orG BË I 

*

Sfrepfcmyces coe/icoforGBËl l*
Ðei¿ococcns radl od u ra n s

Dernococcr¡s gaothermat i s
C yanobacteri um sp. GBE I I

Ch I amydo p h Ì I a p n e u m o n i ae"
Rho d ol h erm us obamensis

Aquifex aeolicus

B uty rivì Þ ri o fi þnso/vens

Ana erobranca gottsch a t ki i
Bacillus subtlÍ.s

Bacillus cereus

Baciilus caldoÌyÍicus

G eo b aci I I u s ste aroth e rm o p h i I u s

Cyanobacterium sp.GBEll I

-*a*
FIG. 3. Neighbor-joining tree of known GH13 GBFs (htþ/Árww.cazy.org) constructed using MEGA, version 3.1 (20), Bootstrap values a¡e indic¿ted on

the nodes of each b¡anch. The bar indicates 107o antjno acid sequence difference, See Materials and Methods for accession numben, *, GBE from group 1.
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FIG. 4, Schematic representation of the GBED. and GBE', con-
structs made for analysis of the N-domain and the C-domain roles in
GBE activity,

65% in the case of GBED.) (Fig. 2). Thus, strikingly, even
though both enzymes are highly similar (88% similarity and
SIVo idenlíty), they exhibit distinct substrate specificities and
clear differences in their branching patterns.

The relatively high overall amino acid sequence identity
between GBED* and GBE'. made them ideal candidates for
investigating a possible role of the different domains in causing
their differences in substrate preferences and branching pat-
terns. In order to gain more insight into which domain (N,
calalyfic, or C domain) in the Deinococcus GBEs influenced
activity and specificity, a number of chimeric enzymes were
constructed and biochemically characterized (Fig. 4).

The characterizalior of chimeric enzymes has also been used

to study the role of the N and C domains in starch branching
en4¡mes, with different and sometimes contradictory results.
Domain C was proposed to be involved in substrate specificity
(14, 15, 2I), in maximal activity (14,21), and in side chain
distribution (15) while domain N was suggested to affect the
catalytic efficiency (lI,13,2I) and the branching pattern (13,
21). However, these results cannot be compared directly to
GBEs since they show less than 30Vo identity (less than 50%
similarity) to starch branching enzymes, and the differences are

even larger in the noncatalytic domains.
Here, we exchanged domain N (N2 module in this case) and

domain C between the two Deinococcus GBEs, yielding GGR,
RRG, RGG, and GRR chimeric mutants fig. a). Further-
more, the extra 66-amino-acid extension in domain C of
GBE'. was deleted (resulting in CTT'.) lo analyze its possible

effects on enzyme properties, In addition, a truncation of the
entire C domain (CTou) and a truncation of the entire N
domain (NTor) were made in GBED' (fig. a).

The hybrid and truncated enzrr¡mes were expressed n E. coli
BL21(DE3) Star and purified to homogeneity by His tag af-
finity chromatography, The GBE', C- and N-domain-trun-
cated enzymes, aswell as the GRR chimeric er'ryme, ended up

Arpl. Ern¡lno¡¡. MrcnosloL.

in inclusion bodies. Only the GRR enzyme was successfully
purifled from the aggregates, and proper folding of this chi
mera was confirmed by circular dichroism (data not shown).

All chimeras (as well as CTT',) showed eLTzyme activity
although GRR activity was very low, less lhan I% of the wild
type (Table 3), An optimum pH of 8.0 and an optimum tem-
perature of 34'C were observed for all chimeric enzymes (data
not shown). GRR was not further characterized due to its low
activity.

Domain C does not influence substratc specificity or branching
pattern. The specific activity of CTT'. was 442.3 U/mg on
amylose and 468.8 U/mg on amylopectin, Both specific activi-
ties as well as their ratio of 0.79 were comparable to those of
the wild-type GBED. (Table 3). Furthermore, the side chain
distribution produced by CTT'. was very similar to that made
by GBE', (data not shown). The 66-amino-acid extension at
the C terminus of GBE'. thus does not affect substrate spec-
ificity or branching pattern.

The C-domain-exchanged chimeras GGR and RRG dis-
played amylose/amylopectin ratios of 1.30 and 0.73, similar to
GBEDs and GBE'., respectively (Table 3), The major ditrer-
ence between their end products was the number of side chains
containing five glucose residues. This was close to L0Vo Tor

GGR (Fig. 5A) and approximately 65% for RRG (Fig. 5B), in
accordance with their respective wild types (Fig. 5A and B).
This finding indicated that the C domain is not involved in
determining the substrate specificity or branching pattern of
fhe Deinococcøs GBEs.

Domain N is involved in determining substrate specificity
and branching pattern. Of the N-domain exchange mutants,
only RGG (but not GRR) had enough activity to enable fur-
ther tests. Therefore, substrate specificity and side chain dis-
tribution were measured only for RGG. It exhibited a specific
activity on amylose of 6'4.l U/mg and on amylopectin of 342.3

U/mg. Its amylose/amylopectin activity ratio was 1.9. Interest-
ingly, this is much higher than the value measured for either
parent (Table 3). This result clearly shows that domain N (N2
module) influences the GBE substrate specificity.

The product synthesized by RGG had a branching pattern
thatwas clearþ different from the product of GBE', fig. 5C).
Interestingly, the side chain distribution of RGG closely re-
sembled that of GBED,, which was the source of only the N
domain of RGG. From this result, it is concluded that N
domain plays a critical role in determining the length of the
chains transferred by these GBEs.

It has previously been shown that the N1 module of domain
N ofGBEs ofgroup 1 influences their branching patterns (2, 3,

5). However, no such information is available for GBEs be-
longing to group 2, which lack the N1 module. The N2 module
has recently been annotated as a CBM48 and is most likely
involved in binding of the substrate. The CBM48 found in
AMP-activated protein kinase has been shown to bind glyco-
gen as well as p-cyclodextrin and oligosaccharides such as

maltoheptaose (19, 30). There are clear examples of the im-
portance of CBMs for en4tme activity, e.g., in the case of
CGTase, which has a carbohydrate binding site in domain C
anchoring the enzyme to the starch granule (22), and the raw
starch binding domain E (designated CBM20), which has two
carbohydrate binding sites binding raw starch and guiding the
linear starch chains toward the active site (29). In the crystal

ì
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FIG. 5. IIPAEC-pulsed amperometric detection analysis of the end
products (DP4 to DP8) obtained by incubation of the GBED', GBE'. or
GGR (A), RRG (B), or RGG (C) enrymes with amylose, followed by

debranching with isoamylase.
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T
structures of isoamylase and 4-a-o-{ (1--+4)-a-l-glucano}tre-
halose trehalohydrolase, the N domain (both with a putative
CBM48) is in close proximity to the B domain floop between
the third p-strand and the third o-helix of the (B/cr), barrell
(25), which is known to be involved in catalysis and product
specificity of GH13 enzymes (16). Moreover, it has been sug-
gested that the N domain of D. radiadurans 4-a-o-{(1--->4)-a-
>glucanoltrehalose trehalohydrolase is involved in the initial
steps of sugar binding by contributing to hydrophobic stacking
interactions at the entrance of the channel leading to the active
site (39). This channel h D. radiodurans 4-u-o-{(1-à4)-q-D-
glucanoltrehalose trehalohydrolase can accommodate seven

sugar units in subsites -7 Io -7. Since GBE uses substrates
longer than DP7, it is indeed possible that the N2 module
accommodates the rest of the minus subsites (from subsite -8
on), thus determining the number of glucose units binding in
the donor subsites (corresponding to the length of the
chains transferred). It is also possible that by interacting
with the -7 subsite, N2 influences substrate binding at the

-6 subsite. A weaker binding of the donor substrate at the

-6 and -7 subsites would result in an increase of trans-
ferred chains of DP5.

In the case of group 1 GBEs, the branching patterns are
most likely determined by the combined action of both mod-
ules N1 and N2 of domain N, A dynamic mechanism in which
a flexible N1 would move and restrict exposure of longer chains
to the active site has been suggested (5). We propose that the
N2 module helps in controlling the length of the chains trans-
ferred in these enzymes and plays a main role in determining
them in group 2 GBEs. At present, we are studying this region
of the protein in more detail to identi$ amino acids that are

crucial for the fine-tuning of the activity of these enzymes,

Conclusions. Here, we report the first detailed characleriza-
tion of the highly similar GH13 GBEs from D, geothermalß and
D. radindurans The side chain distributions of their final prod-
ucts are unique and differ significantly from that of other GBEs
described thus far in possessing a relatively large percentage of
short chains. This exceptional branching pattern makes their
products structurally unique. The physicochemical properties
of such new, modified products remain to be determined, and

they may have new food, cosmetics, and pharmaceutical appli-
cations.

Although both enzymes are highly similar (88% similarity
and 8\% identity), their specificities for amylose and amylo-
pectin differ remarkably. Moreover, they display clear differ-
ences in their branching patterns. The variations observed ap-
parently were not caused directly by differences in their
catalytic domains (93Vo simrlar ard 87Vo identical). Therefore,
the infìuence of their noncatalytic domains was investigated.
By constructing chimeric er:ø.pe variants of lhe Elo Deirncocctu
GBEs, we demonstrated that the N domain (N2 module, recently
annotated as a CBM48) is involved in substrate specificity and in
determining the lenglh of chains transferred by GBEs. Further
research will focus on the influence of this putative carbohydrate
binding domain on GBE enzyme activity.
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