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Abstract The smallest and enzymatically active molecule,

TetApuQ818, was localized within the C-terminal Q818

amino acid residue after serial C-terminal truncation analysis

of the recombinant amylopullulanase molecule (TetA-

puM955) from Thermoanaerobacter pseudoethanolicus.

Kinetic analyses indicated that the overall catalytic effi-

ciency, kcat/Km, of TetApuQ818 was 8–32% decreased for

the pullulan and the soluble starch substrate, respectively.

Changes to the substrate affinity, Km, and the turnover rate,

kcat, were decreased significantly in both enzymatic activities

of TetApuQ818. TetApuQ818 exhibited less thermostability

than TetApuM955 when the temperature was raised above

85�C, but it had similar substrate-binding ability and

hydrolysis products toward various substrates as TetA-

puM955 did. Both enzymes showed similar spectroscopies

of fluorescence and circular dichroism, suggesting the active

folding conformation was maintained after this C-terminal

Q818 deletion. This study suggested that the binding ability

of insoluble starch by TetApuM955 did not rely on the

putative C-terminal carbohydrate binding module family 20

(CBM20) and two FnIII regions of TetApu, though the

integrity of the AamyC module of TetApuQ818 was required

for the enzyme activity.
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Introduction

The carbohydrate-active enzymes (CAZy) web system

(http://www.cazy.org, 1998–2011) provides information on

how glycoside hydrolases (GHases) are grouped into

families according to their sequence-structural similarities

and catalytic machineries. Currently, GHases are grouped

into 128 families (Cantarel et al. 2009). Amylopullulanase

(Apu, pullulanase type II, E.C. 3.2.1.1/41) can cleave both

a-1,4- and a-1,6-glycosidic linkages in starch, pullulan,

amylopectin, and other related oligosaccharides by its

single active site with dual activities or by its separate

active sites carrying out these hydrolysis (Mathupala

et al.1993; Hatada et al. 1996). Maltotriose and small oli-

gosaccharides are the major products from pullulan or

starch, respectively, in Apu-catalyzed reactions. Apus

isolated from a wide variety of microorganisms, especially

from thermophiles, have great potential for industrial

applications (Vieille and Zeikus 2001). Currently, six ar-

chael Apus such as Pyrococcus furiosus (Dong et al. 1997),

Thermococcus litoralis (Brown and Kelly 1993), P. woesei
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(Rudiger et al. 1995), T. celer (Canganella et al. 1994), T.

hydrothermalis (Erra-Pujada et al. 1999; Zona et al. 2004),

and T. siculi (Jiao et al. 2011) were belonged to the gly-

coside hydrolase family 57 (GH57 Apus) (Janecek 2005).

The remaining Apus, either mesophilic or thermophilic,

including those from Thermoanaerobacter pseudoethanolicus

(formerly, Thermoanaerobacter ethanolicus 39E, TetApu)

(Lin et al. 2008), Thermoanaerobacter thermohydrosulfuricum

(Melasniemi et al.1990), Thermoanaerobacterium saccharo-

lyticum B6ARI (Ramesh Matur et al. 1994), Thermoanaero-

bacterium saccharolyticum NTOU1 (Lin et al. 2011), and

Thermoanaerobacterium thermosulfurigenes EM1 (Spreinat

and Antranikian 1990) have motif structures, catalytic sites,

and a general acid–base catalytic mechanism that are similar to

those of the GHase family 13 (GH13 Apus). The GH57 ar-

chaeal Apus are all thermophilic, but the GH13 Apus are not.

Both GH13 and GH57 Apus are characterized by their large

diversity of gene sequences and lengths. Sizes of Apus can be

ranged from \400 to [1500 amino acid residues (CAZy:

http://www.cazy.org; Cantarel et al. 2009).

GH13 Apus have shown distinctive motifs, for example,

TetApu which had the cyclomaltodextrin and pullulan-

degrading enzyme N-terminus domain, the a-amylase cat-

alytic (a/b)8 barrel core, and the C-terminal region con-

taining one a-amylase C-terminal all-beta domain

(AamyC), two fibronectin type III (FnIII) domains, and one

putative carbohydrate-binding module family 20 domain

(CBM20) (Lin et al. 2008). The diversity, structure, and

function of several CBM20 families have been extensively

analyzed and reviewed (Machovic et al. 2005; Boraston

and Bolam 2004; Rodriguez-Sanoja et al. 2005; Chris-

tiansen et al. 2009; Janecek et al. 2011). The FnIII domain

is similar to the immunoglobulin fold, and usually occurs

in multiple copies in intracellular, extracellular, and

membrane-spanning proteins. FnIII domains can be

involved in accessory binding between the enzyme and the

polysaccharide substrates in certain GHases (Kataeva et al.

2002; Suzuki et al. 1999; Watanabe et al. 1994). The

AamyC domain, as proposed, may participate in disen-

tanglement of a-glucan chains in starch, along with the

other surface-binding sites in the (a/b)8 barrel domain, by

selecting and orienting the substrate chains for hydrolysis

at the active sites. The proposed role of AamyC module in

the barley a-amylase isozyme I in securing the proper

position of the enzyme on the compact substrate has been

investigated (Robert et al. 2003). The a-amylase catalytic

domain, (a/b)8 barrel, has four conserved regions, which

contain catalytic residues Glu and Asp, and utilizes the

retaining mechanisms for a-glycosidic bond cleavage. The

cyclomaltodextrin and pullulan-degrading enzyme N-ter-

minus domain may be related to the immunoglobulin and/

or FnIII superfamilies. These domains are associated with

different types of catalytic domains at either the N-terminal

or C-terminal end and may be involved in multimeric

interactions (http://www.cazy.org, 1998–2011).

PCR mutagenesis has been a useful and successful method

to characterize multi-domain proteins and to identify impor-

tant protein regions. For example, the C-terminal motifs of

chitin-binding domain (ChBD) and fibronectin type III (FnIII)

of chitinases from Aeromonas caviae, Vibrio parahaemolyt-

icus, Bacillus circulans, Bacillus licheniformis and Serratia

marcescens have been truncated to understand the roles of

these modules played in chitinase catalyzed reactions (Wa-

tanabe et al. 1994; Chuang and Lin 2007; Chuang et al. 2008;

Lin et al. 2001, 2009; FPL unpublished).

In earlier studies, this laboratory has demonstrated that

large parts of the N- and C-terminal regions of the native full-

length TetApu (4443 bp, amino acids M1-L1481) are not

essential for the enzyme activity and thermostability

(Mathupala et al. 1993; Lin and Leu 2002). Further truncated

mutants, TetApuM955 (amino acid L106-M1060) and Tet-

ApuR855 (amino acids L106-R960) were comparatively

characterized to show that C-terminal 100 amino acids could

be removed without affecting the enzyme active folding and

substrate hydrolysis seriously (Lin et al. 2008). Here, further

mutagenesis including a total removal of C-terminal FnIII

from TetApuM955 was studied for the functional roles of

C-terminal regions on enzyme properties of TetApuM955.

The biochemical characterizations such as the enzyme

kinetics, substrate-binding and hydrolysis abilities, molecular

spectroscopies, and thermal unfoldings of TetApuM955 and

TetApuQ818, were presented.

Materials and methods

Bacterial strains, plasmids, and culture conditions

Thermoanaerobacter pseudoethanolicus (formerly, Ther-

moanaerobacter ethanolicus 39E, from American Type

Culture Collection [ATCC], Manassas, VA, USA) was used

as a source of chromosomal DNA for target gene cloning. E.

coli NovaBlue, Rosetta (DE3) pLysS (Novagen, Madison,

WI, USA) and the plasmid pET20b(?) (Novagen) were used

as described previously (Lin et al. 2008). Thermoanaerob-

acter pseudoethanolicus was grown anaerobically as descri-

bed previously (Lin and Leu 2002). E. coli was grown in LB

broth (1% peptone, 0.5% yeast extract, 1% NaCl) at 37�C.

Ampicillin (100 lg ml-1) or chloramphenicol (34 lg ml-1)

or both was added to LB broth when needed.

DNA manipulations

Chromosomal DNA preparation from Thermoanaerobacter

pseudoethanolicus and other recombinant DNA procedures

were operated as described previously (Lin et al. 2008).
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Cloning of Thermoanaerobacter pseudoethanolicus

TetApuM955 and its truncated mutants

The thermostable and enzymatically active region of the

apu gene (2.9 kb, TetApuM955) was previously subcloned

by PCR from Thermoanaerobacter pseudoethanolicus

genomic DNA (Lin and Leu 2002; Lin et al. 2008). The

C-terminal truncated mutants of TetApuM955 were con-

structed based on the C-terminal amino acid sequence of

FnIII1 (N819-A908) and AamyC motif (E727-Q818). The

30-end primers were designed as follows: TetApuK885

(50-CCGCTCGAGCTTTAGACCATTGGTAACATCTGT

A-30), TetApuR855 (50-CCGCTCGAGGCGGTAAATGTT

ATAACTTACTGCT-30), TetApuQ818 (50-CCGCTCGAG

CTGTCCTGGATCTGAAATGAGTATAG-30), TetApuG809

(50-CCGCTCGAGCCCATCCAATGCCACAAC-30), and

TetApuK791 (50-CCGCTCGAGCTTACCACTTAAGGC

ATCTGTAAAA-30). The cloned genes were sequenced to

ensure that no point mutations occurred during PCR

cloning.

Recombinant protein expression and purification

The recombinant target enzymes were produced from E.

coli Rosetta (DE3) pLysS, in LB broth containing ampi-

cillin and chloramphenicol under 0.4 mM (final concen-

tration) isopropyl-1-thio-b-D-galactopyranoside (IPTG)

induction at 25�C for 4 h. The soluble recombinant Apus

were affinity purified with BD TALON spin columns (BD

Biosciences Clontech, Palo Alto, CA, USA). The SDS-

PAGE (12%) and zymogram, using 1% soluble starch as

the substrate, were simultaneously conducted for protein

homogeneity and activity estimation (Lin and Leu 2002).

Biochemical characterization of the recombinant Apus

Apu activity was assayed using either soluble starch or

pullulan (Sigma P4516) as substrates (Mathupala and Zeikus

1993). The reducing sugars liberated from the enzymatic

reaction mixture at 70�C were spectrophotometrically quan-

tified with 3,5-dinitrosalicylic acid reagent at OD640 nm

(Amersham Ultrospec 2100 pro, Biochrom, Cambridge,

England). Protein concentrations were determined by

Bradford method using bovine serum albumin as the

standard (Bradford 1976). One unit of enzyme activity was

defined as the amount of enzyme that released 1 lmol of

reducing sugar as glucose per minute. The effects of pH

and temperature on the enzymatic activities of TetA-

puM955 and TetApuQ818 were performed as described

(Lin and Leu 2002). The optimum temperatures for both

enzymes were measured at the range of 40–90�C with

0.8 lg enzyme in 20 lL of 50 mM sodium acetate buffer

(pH 6.0) containing 5 mM CaCl2 (Buffer A) for 1% soluble

starch or pullulan. The kinetic parameters were measured

for the soluble starch or pullulan substrates. Specifically,

the apparent Km and kcat values were analyzed from both

the extrapolated intercepts of Lineweaver–Burk plots and

the direct non-linear least squares curve fitting to the

Michaelis–Menten equation. The linearity of the plot

obtained from both methods was confirmed by the corre-

lation coefficient value (r2 C 0.99). The thermostability

was performed by heating 0.8 lg each of TetApuM955 and

TetApuQ818 in 20 lL Buffer A at 30–95�C for 30 min and

the residual enzyme activity was measured (Lin et al.

2008).

Raw starch-binding assay

Different amounts (5–50 lg) of each enzyme and 2 mg raw

starch substrate (amylomaize VII starch, American-Maize

Products, Stamford, CT, USA) were mixed into a final

volume of 0.25 mL ddH2O (pH 6.5) for 1 h at 4�C under

constant shaking. After binding, the difference between the

amount of protein added and that in the supernatant was

estimated as the raw starch-bound protein (Lin et al. 2008).

Hydrolysis product analysis by TLC

Thin layer chromatography (TLC) of the enzymatic

hydrolysis products from different substrates was per-

formed with n-butanol–ethanol–water (5:3:2 by volume) as

the mobile phase in silica gel plates (Kiesel gel 60 F254;

Merck, Rahway, NJ, USA). The saccharide markers used

were maltose (20 mM), maltotriose (20 mM), maltotetra-

ose (10 mM), maltopentaose (10 mM), maltohexaose

(10 mM), and maltoheptaose (10 mM) (Lin et al. 2008).

Fluorescence spectroscopy

The fluorescence spectroscopy of TetApuM955 and Tet-

ApuQ818 were conducted at 25�C with a Hitachi F-2500

spectrofluorometer (Hitachi). The CD spectrometry was

performed with an Aviv CD 202 spectrophotometer (Aviv,

Lakewood, NJ, USA). The far-UV CD spectra were mea-

sured within 190–260 nm at 25�C. The averages of the

triplicate scans were obtained, and all CD spectra were

corrected against their respective buffer blanks. The protein

concentrations were 0.17 mg mL-1 in 10 mM sodium

phosphate buffer at pH 7.0. The thermal unfolding transi-

tions were determined by monitoring the changes in the

dichroic intensity at 200 nm as a function of temperature.

The thermal denaturation was studied within the range of

30–96�C at every 2�C increment. The denaturation process

was characterized by determining the midpoint of dena-

turation temperature (Td), during which half of the protein

molecules were in a denatured state (Lin et al. 2008).
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Results

Domain structures of TetApuQ818 and its biochemical

characteristics

Multiple amino acid sequence alignments between TetApu

and other GH13 Apus have indicated the presence of dis-

tinctive motifs (Lin et al. 2008). Previously, truncation

mutagenesis analyses of TetApu have revealed that the

enzyme active region was within the TetApu R855 mole-

cule (Mathupala et al. 1993; Lin and Leu 2002; Lin et al.

2008). In this study, further C-terminal truncated molecules

such as TetApuQ818, TetApuG809 and TetApuK791, were

constructed by PCR mutagenesis techniques and were

expressed by the heterologous E.coli-pET expression sys-

tem. The crude recombinant enzymes obtained after IPTG

induction were analyzed for Apu activity. TetApuQ818

remained active, but both TetApuG809 and TetApuK791

did not show their Apu activities. Therefore, a large scale

of recombinant enzyme preparations of TetApuM955 and

its truncated derivatives was performed and the target

enzymes were His-tag affinity purified. Zymograms were

shown after 12% SDS-PAGE (Fig. 1). Among them, both

TetApuG809 and TetApuK791 were expressed in a very

minute amount and their activities were still not detected

(data not shown). Domain structures of TetApuQ818 and

other TetApu molecules were summarized in Fig. 2. Tet-

ApuM955 and TetApuQ818 were then selected for com-

parison as the largest and smallest truncated molecules that

retained the enzymatically active region for their bio-

chemical characterizations. TetApuM955 and TetApuQ818

showed activities against substrates of soluble starch,

amylose, glycogen, pullulan, and amylopectin. Both

enzymes produced the same hydrolysis product profile of

maltose and maltotriose from these substrates, respectively

(Fig. 3, Lin et al. 2008). The optimum pH of 6.0 for both

Fig. 1 SDS-PAGE analysis

(a) of the His-Tag affinity

purified recombinant

TetApuM955 (lane 1),

TetApuK885 (lane 2),

TetApuR855 (lane 3) and

TetApuQ818 (lane 4), stained

with Gel Code Blue Stain

Reagent (Pierce). Zymogram

(b) of the amylase activity of

TetApuM955 (lane 5),

TetApuK885 (lane 6),

TetApuR855 (lane 7) and

TetApuQ818 (lane 8) using the

soluble starch as the substrate.

Lane M, a broad range of

prestained protein markers (One

Star Biotechnology)

Domain structureMolecule
Amino
acid

Activity

TetApu

TetApuM955 +955

TetApuK885

TetApuR855

TetApuQ818

TetApuG809

TetApuK791

1481 +

885 +

855 +

818 +

809 -

791 -

Fibronectin type III domain.Aamy C domain

Alpha amylase catalytic domain CD and pullulan-degrading enzymes N-terminus domain

CBM20 domain

*+ : activity - : not activity

Fig. 2 Putative domain

structures of TetApu,

TetApuM955 and its C-terminal

truncated forms of

TetApuK885, TetApuR855,

TetApuQ818, TetApuG809 and

TetApuK791
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amylase and pullulanase activity and the optimum tem-

perature of 75�C were determined for both enzymes (data

not shown). There was no apparent difference in the tem-

perature sensitivity of the enzyme activity between the two

enzymes when analyzed at 30–80�C, but a significant dif-

ference in thermostability occurred at temperatures above

85�C. TetApuQ818 exhibited a lower thermostability than

that of TetApuM955 (Fig. 4). The effects of C-terminal

Q818 truncation of TetApuM955 on the raw starch binding

are not significant (Fig. 5). Kinetic parameters for enzyme

catalysis for both enzymes were obtained (Table 1). Both

Km and kcat values of TetApuQ818 enzyme toward soluble

starch or pullulan were decreased compared with those of

TetApuM955. TetApuQ818 had lower kcat values for both

soluble starch and pullulan substrates, whereas a higher

affinity for both substrates was observed. There was a

8–32% decrease in kcat/Km values of TetApuQ818 for both

substrates, respectively.

Spectrometric properties

Fluorescence and CD spectrometry were used to study the

structural integrities of TetApuM955 and TetApuQ818.

Both recombinant Apus showed the maximum emission

peak at 342.5 nm in the fluorescence emission spectra

(Fig. 6). The secondary protein structures of TetApuM955

and TetApuQ818 were also compared by far-UV CD

spectroscopy. The global structures of two enzymes were

similar from each other, as judged by both spectrometric

methods (Fig. 7). The thermal unfolding of the enzymes

was also monitored by CD spectrometry. Apparently,

TetApuQ818 exhibited thermal unfolding, similar to that of

TetApuM955, and both enzymes showed a one-step melt-

ing curve. The onset of denaturation (Td) was approxi-

mately the same (Fig. 8).

Discussion

The active Apus could be derived from the precursor

molecule after protein processing, such as proteolytic

cleavages at the N- or C-terminal region of protein. The

enzymatic properties of these derivatives may be changed

due to the molecular structure affected possibly by these

processing reactions. The necessity of the C-terminal

regions of TetApu for enzyme activities has been initially

Fig. 3 TLC of hydrolysis products from different substrates by

TetApuQ818. Lanes 1 and 7, G1–G7 maltooligosaccharide markers;

lane M, G1–G7 mixture; lane 8, soluble starch; lane 9, pullulan; lane
10, glycogen; lane 11, amylose; lane 12, amylopectin

Fig. 4 Thermal stability

analyses of TetApuM955 (filled
square) and TetApuQ818 (filled
diamond) after 30 min

incubation at 60–95�C using

soluble starch and pullulan as

the substrate
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investigated by Mathupala et al. (1993). The exact regions

and their nucleotide sequences encoding the thermostable

recombinant enzyme with dual activities of a-1,4- and a-

1,6-glycosidic cleavages were further identified in this

laboratory. Results have revealed that the putative CBM20

and one FnIII motif of TetApu were disposable without

significantly affecting its enzymatic properties (Lin and

Leu 2002). More truncation mutagenesis studies of TetApu

M955 have indicated that a larger C-teminal portion of up

to 100 amino acid residues including most of its C-terminal

FnIII motifs, i.e. TetApuR855, could be removed without

causing a serious change in protein structure and a dramatic

decrease in the soluble starch and pullulan hydrolysis (Lin

et al. 2008). In this study, not only both the putative

CBM20 and two FnIII motifs of TetApu were confirmed to

be all disposable, but also the integrity of AamyC domain,

which is preceded the second FnIII motif, was tested to be

required for TetApuQ818 enzyme activity.

The amino acid sequence alignments between TetApu

and TsaNTOU1Apu, both belonging to GH13 Apus,

showed similar domain structures with overall amino acid

sequence similarities of 79.3%. The amino acid sequence

of the cyclomaltodextrin and pullulan-degrading enzyme

N-terminal domain of TetApu (L253-N376) exhibited 81%

similarities to that of TsaNTOU1Apu (L252-N375). The a-

amylase catalytic domain of TetApu (Q390-R820) con-

tained the four highly conserved regions identified in the

amylolytic enzymes and showed a similarity of 83% to that

of TsaNTOU1Apu (V466-R817). The a-amylase C-termi-

nal all-beta domain (AamyC domain) of TetApu (E832-

Q923) also exhibited a high similarity (69%) to that of

TsaNTOU1Apu (E829-G921) regions. Finally, a sub-

stantial amino acid similarity (69–74%) was found in both

FnIII regions between two Apu molecules (TetApu FnIII1,

N924-A1013; FnIII2, D1156-T1249 TsaNTOU1Apu

FnIII1, P927-A1012; FnIII2, P1156-I1242;) (Lin et al.

2011). TsaNTOU1ApuM957 could allow the FnIII1 motif

to be deleted up to 27% in TsaNTOU1ApuK885 without

loss of all enzymatic activity or insoluble raw starch-

binding ability (Lin et al. 2011). The present study, how-

ever, indicated that TetApuM955 could afford the loss of

both two FnIIIs and CBM20 motifs without sacrificing its

Apu activity, i.e. TetApuQ818 was active. Further dele-

tions of the AamyC motif resulting in TetApuG809 and

TetApuK791 molecules caused their enzymatic activity

loss. The reason for this different phenomenon between

TetApuM955 and TsaNTOU1ApuM957 is currently

unclear; further studies are required for clarification.

FnIIIs are presumed to be linkers that regulate interac-

tions between the catalytic and substrate-binding modules.

The effects of FnIII deletion on enzyme properties have

been investigated in other GHases (Kataeva et al. 2002;

Chuang et al. 2008; Watanabe et al. 2003). The FnIII

motifs of Bacillus circulans chitinase (BcChiA1) were

required for the efficient hydrolysis of the insoluble chitin

substrate. However, the FnIII motifs of B. licheniformis

chitinase (BlChi1) were disposable. Kataeva et al. (2002)

suggest that the efficient cellulose hydrolysis was promoted

by modification on the surface of FnIII through interactions

between FnIII and CBM. Spectroscopic analysis of TetA-

puM955 and TetApuQ818 indicated that both were similar

from each other, suggesting enzymes were remained in

Fig. 5 Equilibrium isotherms for the binding of TetApuM955 (filled
square) and TetApuQ818 (filled diamond) to the raw starch. Assay

mixtures contained 2 mg (dry weight) of raw starch, and various

amounts of enzymes were incubated in 0.25 mL of ddH2O (pH 6.5) at

4�C for 1 h under constant shaking. The amount of bound enzyme

was calculated from the difference in protein concentration between

the enzyme added and the supernatant obtained by centrifugation after

binding incubation. Data are the average of two or three replicates

Table 1 Kinetic parameters of TetApuM955 and TetApuQ818 using soluble starch and pullulan as the substrates

Substrate Enzyme Km (mg/mL) kcat (s-1) kcat/Km (mg-1 9 mL 9 s-1)

Starch TetApuM955 5.2 ± 0.1 298.3 ± 3.5 57.6

TetApuQ818 3.8 ± 0.1 147.1 ± 1.0 39.0

Pullulan TetApuM955 11.6 ± 1.0 828.3 ± 35.8 71.2

TetApuQ818 2.7 ± 0.1 177.3 ± 56.6 65.8

Kinetic parameters (Km and kcat) were obtained from Lineweaver–Burk plots, which were assessed using a standard linear regression function.

The average values of correlation coefficients of r2 C 0.99 were obtained from triplicate experiments
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active foldings even after further deletion of FnIII1.

Therefore, the exact role of FnIII on the GH13 Apus

properties required more studies for this clarification.

The AamyC module, as proposed previously by Robert

et al., might help enzyme binding, specifically with the

insoluble substrate, by maintaining the correct enzyme–

substrate interactions through important aromatic residues

at nearby locations (Robert et al. 2003; Bozonnet et al.

2007). The AamyC module precedes the FnIII1 domain of

TetApuM955. The possibility that the AamyC module

contributed to substrate binding with the enzyme or to

other interactions (cation binding) is still unverified. A

hypothesis, proposed in this study, postulated that the

integrity of AamyC motif could preserve the enzyme cat-

alytic activity by multivalent binding between the catalytic

domain and the substrate when the two FnIIIs and CBM20

motifs are not present in TetApuQ818. This was supported

indirectly by the results of AamyC deletion mutants of

either TetApuG809 or TetApuK791, in which both mutants

lost their enzymatic activities.

The non-catalytic regions of bacterial GHases could be

involved indirectly in substrate binding as a result of other

interaction forces contributed by the aromatic residues such

as Trp, Tyr, and Phe in the substrate-binding domain

(Bozonnet et al. 2007). The secondary structure-based

alignment of CBM modules from CBM48, CBM20, and

CBM21 revealed that several residues were consistently

conserved. The GH13 branching enzymes possess the

aromatic residues that correspond with the two tryptophans

forming the evolutionary conserved starch-binding site1 in

CBM20 (Christiansen et al. 2009; Machovič and Janeček

2008; Janecek et al. 2011). The catalytic domain of Tet-

ApuQ818 could possibly interact with the substrate via the

aromatic residue contributions located in the N-terminal

region of cyclomaltodextrin and pullulan-degrading

enzymes (L148-N174) for insoluble raw starch binding and

hydrolysis. There are 3 Trp, 4 Tyr, and 7 Phe aromatic

residues in the L148-N174 region of TetApuQ818, which

could have these contribution and may therefore maintain

an efficient substrate binding and hydrolysis without the

presence of C-terminal FnIII1, FnIII2 and CBM20 motifs.

The variety of motif organizations in different GHases

could let the enzymes accommodate their own various

requirements in particular environments. C-terminal motifs

such as CBM, FnIII, and SLH (surface layer homology)

motif-bearing domains were found in other GHases (http://

www.cazy.org, 1998–2011). The C-terminal CBM37

module of cellulase, which plays a significant role in

Ruminococcus albus adhesion to cellulose, has been recently

recognized (Rakotoarivonina et al. 2009). The necessity of

these motifs in the enzymatic hydrolysis in other GHases has

also been studied (Lin et al. 2008; Erra-Pujada et al. 2001;

Lo et al. 2002; Kim et al. 2009). Since TetApu is an

Fig. 6 Fluorescence emission spectra of TetApuM955 (filled square)

and TetApuQ818 (filled diamond). Excitation wavelength was

282 nm and emission spectra were recorded at 300–430 nm. Each

enzyme was measured at 15 lg/mL in 20 mM sodium phosphate

buffer (pH 7.0)

Fig. 7 CD spectra of TetApuM955 (filled square), and TetApuQ818

(filled diamond) in far-UV region. The CD spectra were obtained at

190–260 nm and 25�C, the protein concentration was 0.17 mg mL-1 in

10 mM sodium phosphate buffer (pH 7.0) using 0.1 cm light path CD cell

Fig. 8 Thermal unfolding of TetApuM955 (filled square) and

TetApuQ818 (filled diamond) monitored by CD spectroscopy at

201 nm. The CD melting curves were generated by monitoring the

changes in the dichroic intensity at 201 nm as a function of

temperature. The protein concentration and buffer were the same as

in (Fig. 7). Thermal denaturation was measured in the range 30–96�C

at 2�C intervals
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extracellular enzyme that has to be exported via a general

extracellular protein transport system, the C-terminal

region of TetApu could provide a peptide signal recognized

by the secretion machinery for the efficient transport of the

enzyme outside the cell membrane. Future studies could

confirm this possibility.

In conclusion, the molecular characteristics of TetApu

was illustrated by truncation mutagenesis, and biochemical

characterization of two selected truncation mutants, Tet-

ApuM955 and TetApuQ818, indicated the essentiality of

the integrate C-terminal AamyC modules. The necessity of

the FnIII of TetApuM955 was not absolutely required

for the enzyme activity. The putative roles played by the

cyclomaltodextrin and pullulan-degrading enzyme region

(L148-N174) and the AamyC motif on the TetApuQ818

enzyme properties were discussed.
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