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Cellodextrin Phosphorylase from Clostridium thermocellum
YM4 Strain Expressed in Escherichia coli

Manem Krishnareddy, Yeon-Kye Kim, Motomitsu Kitaoka,* Yutaka Mori and Kiyoshi Hayashi

Enzyme Laboratory, National Food Research Institute
(2—1-12, Kannondai, Tsukuba 305-8642, Japan)

A cellodextrin phosphorylase (CDP) gene was cloned from Clostridium thermocellum YM4
strain by using a PCR cloning method. The nucleotide sequence of the gene contained an open
reading frame of 2952 bp encoding a polypeptide of 984 amino acid residues. The deduced protein
sequence was very close to that of CDP from C. thermocellum ATCC 27405 (92% identity) but
not so similar to that of CDP from C. stercorarium (20%). The recombinant CDP phosphorolyzed
cellooligosaccharides larger than cellotriose and utilized cellooligosaccharides larger than cellobiose
as the acceptor molecule. The enzyme was stable up to 60°C and showed highest activity at pH

7.5.

Cellulose is the major component of plant cell
walls and is consequently the most abundant
biopolymer in the world. Many fungi and bacteria
produce cellulase, which hydrolyzes cellulose, to
utilize cellulose. It is important for utilization of
the biomass to study enzymatic degradation of cel-
lulose in the nature. The cellulase system com-
prises the most studied cellulolytic enzymes."

It has been known that some bacteria have an
intra-cellular phosphorolytic enzyme system to
utilize cellooligosaccharides. The phosphorolytic
cleavage of cellooligosaccharides was first demon-
strated in Clostridium thermocellum.” Two en-
zymes are involved in the phosphorolytic system:

*To whom correspondence should be addressed
(mkitaoka @nfri.affrc.go.jp).

Abbreviations: CDP, cellodextrin phosphorylase; CBP,
cellobiose phosphorylase; PCR, polymerase chain reac-
tion; TAIL, thermal asymmetric interlaced; TLC, thin
layer chromatography; CDP (YM4), cellodextrin phos-
phorylase from Clostridium thermocellum YM4; CDP
(ATCC27405), cellodextrin phosphorylase from Clos-
tridium thermocellum ATCC27405, CDP (643), cel-
lodextrin phosphorylase from Clostridium thermocel-
lum 643; CDP (ster), cellodextrin phosphorylase from
Clostridium stercorarium; CGn, cellooligosaccharides
(n mer); GI1-P, a-glucosel-phosphate; MOPS, (N-
morpholino)propanesulfonic acid.

cellobiose phosphorylase (CBP, cellobiose: ortho-
phosphate a-D-glucosyltransferase, EC 2.4.1.20)
and cellodextrin phosphorylase (CDP, 1,4-3-D-
oligoglucan :  orthophosphate a-D-glucosyltrans-
ferase, EC 2.4.1.49). CBP catalyzes a reversible
phosphorolysis of cellobiose into a-glucosel-
phosphate (G1-P) and glucose, but does not phos-
phorolyze cellooligosaccharides (CGn: n, degree of
polymerization) greater than n=3. Contrarily,
CDP reversibly phosphorolyzes CGr (n=3) (into
glucosel-phosphate and CGn-)), but does not
phosphorolyze cellobiose.

CBP have been found in several bacteria such as
C. thermocellum,™ Cellvibrio gilvus,” Cellulo-
monas fimi,” Cellulomonas spec.,” Ruminococcus
flavefacience,” and C. sterocolarium.® Alexander
purified CBP from C. thermocellum strain 653.”
CBP from Cellvibrio gilvus was purified into ho-
mogeneity'” and its properties were investigated in
detail.""™ On the other hand, CDP has been found
only in Clostridia, C. thermocellum'" and C. ster-
corarium.®

For the purpose of producing oligosaccharides,
such phosphorolytic enzymes are considered to be
very useful. Several reports have described synthe-
ses of oligosaccharides by using CBP,**'® or
CDP‘I4,23)
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There have not been so many molecular genetic
studies on CBP and CDP. Only four CBP have
been cloned: from C. stercorarium (U56424)°
Cellvibrio gilvus (AB010707),”® C. thermocellum
ATCC 27405 (ABO013109), and Thermotoga nea-
politana (Z99777).”> The number of CDP genes
that have been cloned is only two: C. stercorarium
(U60580)° and C. thermocellum ATCC27405 (AB
006822).”

C. thermocellum YM4 strain produces a cellu-
lase system that has strong capability of hydrolyz-
ing crystalline cellulose.”®” It has some physi-
ological characteristics different from those re-
ported for other C. thermocellum strains in spore
formation, nutrient requirement and carbohydrate
utilization.” We have been investigating the phos-
phorolytic enzymes of C. thermocellum YM4. The
acetone-dried cells of C. thermocellum YM4 cata-
lyzed the synthesis of cellotriose from cellobiose
and G1-P, suggesting that the microorganism had
intracellular CDP (unpublished result). In this pa-
per, we report the cloning, sequencing, and expres-
sion of the cdp gene.

MATERIALS AND METHODS

Escherichia coli strains, vectors and media.
TOPO TA Cloning Kit (including E. coli TOP10
and pCR2.1-TOPO) and TOPO XL PCR Cloning
Kit (including E. coli TOP10 and pCR-XL-TOPO)
(Invitrogen Corporation, USA) were used for clon-
ing and sequencing. The recombinant protein was
expressed in E. coli BL21-Gold(DE3) (Stratagene,
USA) with a pET-28a(+) (Novagen, USA) vector.
LB medium containing 50 #£g/mL kanamycin was
routinely used for cultivating E. coli harboring a
plasmid. E. coli strains harboring a recombinant
plasmid were selected by using LB medium con-
taining 50 #g/mL kanamycin and 40 pg/mL 5-
bromo-4-chloro-3-indolyl-3-D-galactopyranoside.

DNA manipulation. Preparation of plasmid
DNA, endonuclease digestion, ligation, and trans-
formation were carried out using standard proce-
dures.” C. thermocellum YM4 was cultivated as
described previously’” and its genomic DNA was
extracted by using InstaGene matrix (Biorad,
USA), according to its supplier’s protocol.

Nucleotide sequence analysis. The nucleotide
sequence was determined by the dideoxynucleotide
chain terminating method using an automated
DNA sequencer (Model 310A, Applied Biosys-
tems, USA) with dRhodamine Terminator Kit
(Perkin Elmer, USA). At least 3 independent
clones of each PCR product were used sequenced.
Sequence data was analyzed by using Genetyx
Mac software Version 10.0 (Genetyx software De-
velopment Co., Ltd., Tokyo, Japan).

PCR cloning of the cdp gene. A pair of PCR
primers for amplification of an internal sequence
of cdp gene were designed based on the multiple
alignment of amino acid sequences of cellodextrin
phosphorylase and cellobiose phosphorylase: the
sense primer , 5 -ATGATTACTAAAGT-
AACAGCGAGAAAT-3" and the antisense primer,
5" -TCATTGTCTTTTACTTTCTTTGCAGC-3". The
first PCR was performed by using C. thermocel-
lum YM4 genomic DNA as the template in the
following conditions by using a thermocycler,
Gene Amp system 9600 (Perkin-Elmer, USA): 98
°C for 1 min, 30 cycles at 98°C for 20 s, 58°C for
15 s and 68°C for 30 s, then 72°C for 10 min. The
fragment amplified was then inserted in a pCR2.1-
TOPO vector and sequenced.

The 5" and 3 regions of the cdp gene were am-
plified by the thermal asymmetric interlaced
(TAIL) PCR method.” The specific antisense pri-
mers to amplify the 5 region were CDP-278-REV:
5"-ATTCAACAACTCAACAGGTG-3’, CDP-475-
REV: 5-CCTTCTTCAACAAAACAAAC-3’, and
CDP-749-REV: 5-GGGAACGGAACGAACCTC-
3’. Those specific sense primers to amplify the 3
region were CDP-2637-FWD: 5-GCATTACTTC-
TTTGGTGACA-3" and CDP-2531-FWD: 5-TAG-
CAATAATGGTGGATGTC-3". A randomly deg-
enerated primer was the same as described,” Therm-
Hys: 5-TCYKGGWAANGANTAT-3" where K,
N, W and Y mean G/T, A/C/G/T, A/T and C/
T, respectively. The fragments amplified were in-
serted in a pCR2.1-TOPO vector and sequenced.

Finally the whole cdp gene was amplified by us-
ing the genomic DNA and two oligonucleotide prim-
ers on the basis of the nucleotide sequences of the
5" and 3’ terminal sequence of the cdp gene. The
amplified gene was inserted in a pCR-XL-TOPO
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vector and subjected to nucleotide sequencing.

Expression of cellodextrin phosphorylase in E.
coli. The coding region of CDP was amplified
by PCR to create an Ncol site and an Xhol site at
the 5" end of the coding region and the 3" end be-
fore the stop codon, respectively, and subcloned in
pCR-XL-TOPO vector. Then the plasmid was hy-
drolyzed by Ncol and Xhol and the fragment con-
taining the cdp gene was then inserted into pET28
a(+) at its Ncol-Xhol site, generating the plasmid
pET28a-CDP, which codes CDP, added to the His
6 sequence at its C terminal. Then E. coli BL21-
Gold(DE3) was transformed with pET28a-CDP by
electroporation. The transformant was grown in a
LB medium (1 L) containing 50 z£g/mL kanamy-
cin at 30°C until the Aso reached 0.6 and then
CDP was induced by adding isopropyl-3-D-
thiogalactopyranoside to the final concentration of
0.1 mMm followed by the additional cultivation at
25°C for 20 h. The cells were harvested and
CDP was extracted from the cell in 100 mL of 20
mM MOPS-Na buffer (pH 7.5) by using a sonifier
(Model 250D, Branson, USA).

Purification of CDP. A portion of the cell
free extract (45 mL) was first charged on a Ni-
NTA agarose (Qiagen, Germany) column (2.4 mL)
and the enzyme was eluted by a linear gradient of
imidazole (10-250 mM, total 30 mL) in 20 mM
MOPS-Na buffer (pH 7.5) containing 300 mm
NaCl. The appropriate fractions were collected and
ammonium sulfate was added to the fractions to
make 1 M. The enzyme was adsorbed on a Butyl-
Toyopearl 650M (Toso, Japan) column (5 mL),
eluted with a linear gradient of ammonium sulfate
(1-0 M, total 20 mL) in 20 mM MOPS buffer, to
yield the purified enzyme. SDS PAGE was done
by the method of Laemmli*” and the protein bands
were detected by staining with Coomassie Brilliant
Blue R250.

Assay of the enzyme activity. The enzyme ac-
tivity was routinely determined by measuring the
increase in inorganic phosphate from 10 mM cello-
biose and 10 mM G 1-P in 50 mM MOPS buffer
(pH 7.5) at 37°C. One unit of the enzyme activity
was defined as the amount of enzyme that pro-
duced 1 umol of phosphate per minute under the
above conditions. The amount of inorganic phos-

phate was determined by the method of Lowry and
Lopez.”” The phosphorolytic reaction of CDP was
determined by measuring the increase in glucose
1-phosphate from cellooligosaccharide and inor-
ganic phosphate in 50 mm MOPS buffer (pH 7.5).
The amount of G1-P was quantified by using the
phosphoglucomutase/glucose-6-phospate dehydro-
genase method™ after inactivating CDP by boiling
the reaction mixture. Kinetic parameters were cal-
culated by using a non-linear regression analysis
program, Grafit Ver. 3 (Erithacus Softwear, Lon-
don, U.K)).

RESULTS

Cloning of the cdp gene.

The results of the cloning are summarized in
Fig. 1. The PCR amplification of genomic DNA
by using a sense primer (CDP-MITK) and an an-
tisense primer (CDP-AKKYV) resulted an internal
fragment of 2.6 kbp. Then, the TAIL-PCR strat-
egy” was used to amplify each 5" and 3’ region to
obtain the complete cdp gene. By using TAIL-
PCR, a 2.1 kbp fragment and a 1.4 kbp fragment
were amplified from the 5" and 3" regions, respec-
tively. Finally, a 3.3 kbp fragment containing the
complete cdp gene was amplified.

Nucleotide and deduced amino acid sequence

of cdp gene.

To determine the entire sequence of the cdp
gene, three independent isolates of the pCRTO-
POXL7 plasmid were sequenced. The nucleotide
sequence of the cdp gene (accession number AB
061316) included an open reading frame of 2952
nucleotides encoding a protein with 984 amino
acid residues having a molecular mass of 111,613.

l‘wp_ﬁ
S — 1st PCR
2.1 kbp 1.4 kb
I 1 2nd PCR
‘ 33 kbp (TAIL-PCR)
ORF (984 amino acids) D 3rd PCR
2955 bp |

Fig. 1. PCR cloning of C. thermocellum YM4 CDP.
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Table 1. Identity of amino acid sequences of CDPs and CBPs.
1 2 3 4 5 6 7
1 CDP (YM4) 100.0 92.1 21.8 225 19.8 20.8 20.6
2 CDP (ATCC27405) 92.1  100.0 225 217 233 225 19.8
3 CDP (stero) 21.8 225 100.0 41.0 41.1 41.1 38.1
4 CBP (ATCC27405) 22.5 21.7 41.0 100.0 71.6 70.9 62.8
5 CBP (stero) 19.8 233 41.1 71.6  100.0 68.5 61.7
6 CBP (TN) 20.8 225 41.1 70.9 68.5  100.0 59.0
7 CBP (CG) 20.6 19.8 38.1 62.8 61.7 59.0 1000

Amino acid sequences of 3 CDPs and 4 CBPs were aligned by using Genentyx Mac Ver. 10,
and the alignment scores (%) are given. 1, C. thermocellum YM4 CDP (AB061316); 2, C. ther-
mocellum ATCC27405 CDP (AB006822); 3, C. stercorarium CDP (U60580); 4, C. thermocel-
lum ATCC27405 CBP (AB013109); 5, C. stercorarium CDP (U56424); 6, Thermotoga neapoli-
tana CBP (Z99777); 1, Cellvibrio gilvus CBP (AB010707).

(610) GDHGLPLLDLADWNDCLKIASNS
(607) GDHGLPLLDLADWNDCLKIDSNS
(460) GPHALP - YSRADWNDTLNLDMGN

(889) SGTATWLN
(885) PGTATWLN
(690) TGTAAWNM

CDP(YM4) (552) LYSDDSLWLL
CDP(ATCC27405) (549)DCIPMTACLL
CDP(stero) (404) WYSDDHLWLP
CBP(ATCC27405) (412) NFNDDPLWLI
CBP(stero) (412) GFNDDPLWLI
CBP(TN) (427) GFNDDPLWLI
CBP(CG) (419) GFNDDPLWLI

(469) GPHGLPLIGRADWNDCLNLNCFS
(469) GPHGLPLIGRADWNDCLNLNCFS
(486) GPHGLPLIGRADWNDCLNLNCFS
(476) GPHGLPLIGRADWNDCLNLNCFS

(718) TGTAAWNF
(718) TGTAAWNF
(744) TGTAAWSF
(731) TGTAAWNF

*

dk ok ok hokdkok ok K

*kk ok

Fig. 2. Multiple alignment of amino acids from conserved regions of CDPs and CBPs.

*Completely conserved amino acid residue.

Table 2. Purification steps of the recombinant CDP from C. thermocellum YM4.

Volume Protein Activity Yield Specific activity
(mL) (mg) (I0) (%) (IU/mg-protein)
Sonic supernatant 45 2660 71.9 100 0.027
Ni-NTA agarose 11 11.0 59.2 823 54
Butyl-Toyopearl 10 7.69 304 423 55

Sequence comparison with CDP and CBP.

The amino acid sequence of CDP YM4 was
compared with those of other cellodextrin phos-
phorylases and cellobiose phosphorylases cloned,
as shown in Table 1. The CDP of C. thermocellum
YM4 showed significant identity with CDPs of C.
thermocellum ATCC 27405 (92%) and C. sterco-
rarium (22%). It also has high similarity with
CBPs of C. thermocellum ATCC 27405 (23%),
Clost. stercorarium (20%), Cellvibrio gilvus
(21%), and T. neapolitana (22%). No significant
similarity was found to any other amino acid se-
quence known. The multiple alignment of amino
acid residues of CBP and CDP, shows three blocks
of high sequence conservation (Fig. 2).

Basic properties of the cloned CDP.

The cloned CDP expressed in E. coli BL21Gold
(DE3) was purified into homogeneity through two
column chromatography steps (Table 2). The en-
zyme showed a single protein band at 105 kDa on
SDS-PAGE where the molecular mass of the ex-
pressed protein, calculated based on the sequence
(include the oligohistidine sequence), was 112,724
(Fig. 3). The specific activity of the purified en-
zyme was 5.5 IU/mg-protein and kcat was 10.1 s
based on the calculated molar coefficiency of
Absa of 108,240. The optimum pH of the enzyme
was determined to be 7.5, and the enzyme was sta-
ble in the pH range of 5-8 at 37°C for 1 h (Fig.
4). The thermal stability (pH 7.5, 30 min) of the
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40—
30 —

M 123
Fig. 3. SDS-PAGE of the recombinant CDP.

Lane M, molecular weight markers; Lane 1, sonic super-
natant; Lane 2, after Ni-NTA agarose column chromatogra-
phy; Lane 3, after Butyl-Toyopearl column chromatogra-
phy.

100
80
60

40

20

Relative activity (%)

0 I A A
123456 789101112

pH

Fig. 4. Effect of pH on the activity and stability of the
recombinant CDP.

O, activity; @, stability. The activity was measured un-
der the standard conditions while changing the pH in the
reaction mixture by 200 mM buffers. The stability was de-
termined by incubating the enzyme at 37°C for 1 h at each
pH by using 200 mM buffers, followed by measuring the
activity under the standard conditions. The following buf-
fers were used; pH 2-3, glycine-HCl; pH 3-6, acetate-Na;
pH 6-9, HEPES-Na; pH 9-11, CAPS-Na; pH 11-12,
glycine-Na.

enzyme was lower than 60°C and the optimum
temperature (reaction at pH 7.5 for 20 min) was
60°C (Fig. 5). The activation energy, Ea, of the te-
action was determined to be 19.6 kcal/mol from
the temperature-activity data between 20-60°C by
the slope of the Arrhenius plot.

100

£ 8

Z

g o0

9

«

g 4

5

~ 20
0
20 30 40 50 60 70 80

Temperature (°C)

Fig. 5. Effect of temperature on the activity and stability

of the recombinant CDP.

O, activity; @, stability. The activity was measured for
20 min under the standard conditions while changing the
temperature after pre-incubating the enzyme at the tem-
perature for 5 min. The stability was determined by incu-
bating the enzyme at each temperature for 30 min in 50
mM MOPS-Na buffer (pH 7.5) followed by the standard
assay at 37°C.

glucose

cellobiose

cellotriose ﬁ v
cellotetraose # @
cellopentaose # T
cellohexaose

&
1 2

1 L]

Fig. 6. TLC analysis of the reaction by the recombinant
CDP.

Lane 1, cellooligosaccharides (each 5 mg/mL); Lane 2,
before the reaction; Lane 3, after the reaction for 1 h. The
reaction conditions were as follows; SO mM cellobiose, 50
mM G1-P, and 5 IU/mL CDP in 200 mM MOPS-Na buffer
(pH 7.5) at 30°C for 1 h. The reaction mixture was de-
ionized with Amberlite MB3 before spotting on the TLC
plate. The plate was irrigated 2 times with acetonitrile/
water (85/15 by volume) after spotting 1 y#L of each sam-
ple. The compounds were detected on the plate by baking
after dipping the plate in 5% sulfuric acid in methanol.
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Table 3. Kinetic parameters for cellooligosaccharides.

Phosphorysis Synthesis

Km (ITIM) keat (Sil) Kmn (mM) keat (S_I)

Glucose — — nd nd
Cellobiose nd nd 0.89 10.1
Cellotriose 0.81 4.0 1.75 13.9
Cellotetraose 0.82 3.2 2.65 16.2
nd, not detected; —, not tested.

Reaction of the enzyme.

When the enzyme was incubated with an equi-
molar solution of cellobiose and G1-P, a series of
celloologosaccharides were formed in the reaction
mixture (Fig. 6). However no reaction was found
when the enzyme was incubated with glucose and
G1-P. The kinetic parameters of the enzyme for
various cellooligosaccharides in both the phos-
phorolytic and synthetic reactions are summarized
in Table 3. This enzyme did not phosphorolyze
cellobiose and did not use glucose as an acceptor.
The kinetic parameters of the higher cellooligosac-
charides were close to each other.

DISCUSSION

The CDP from C. thermocellum YM4 (CDP
(YM4)) is the third cdp gene cloned. As shown in
Table 1, the amino acid sequence of CDP(YM4)
was close to that of C. thermocellum ATCC 27405
CDP (CDP(ATCC27405)) but not so similar to C.
stercorarium CDP (CDP(ster)), which showed
higher alignment scores with CBPs than C. ther-
mocellum CDPs. The difference in the amino acid
sequence may represent the difference in species.

Only three CDPs were characterized before this
report. Sheth and Alexander'” separated CDP with
CBP from C. thermocellum strain 651 (CDP(651))
and found its optimum pH at 7.5. The second one
is CDP(ATCC 27405) and its optimum pH was re-
ported at 9.0." The third one is CDP(ster) show-
ing optimum pH between 6—7.¥ CDP(YM4) show-
ed optimum pH at 7.5, similar to CDP(651) and
CDP(ster). It is interesting that the optimum pH of
CDP(YM4) is considerably different from that of
CDP(ATCC27405) whereas both the enzymes are
very similar in their amino-acid sequence (92%

identity).

Sheth and Alexander described that CDP(651)
require a thiol compound." Arai et al. also re-
ported that CDP(ATCC27405) was activated 14
fold by 10 mm dithiothreitol.”” We found that
dithiothreitol did not affect the reaction of CDP
(YM4), quite unlike the other C. thermocellum
CDPs. However, it is uncertain whether the recom-
binant CDP(YM4) shows identical characteristics
to the native CDP(YM4), since the native enzyme
has not been characterized.

Comparing the amino-acid-sequences of CBPs
and CDPs, only the small regions are conserved as
shown in Fig. 2. Though the 3D structure of any
CBP and CDP has not been made available yet,
these regions are probably involved in the catalytic
center of the enzymatic activity, considering that
both the enzymes catalyze the phosphorolytic
cleavage of [3-1,4-glucosidic linkages.

This work was supported in part by a grant from the
Program for Promotion of Basic Research Activities for In-
novative Biosciences in Japan.
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KIGHE CTEHIR & & 72 Clostridium thermocellum
YM4 HRHIEE T FF A M) v RAKY F—F

Manem Krishnareddy, & #4E,
A, ZH OB, K&

FATBE AN R ST e TR AR BB S 2
(305-8642 2 L IEHEIE G 2-1-12)

PCR #E% H\TC, Clostridium thermocellum YM4 ¥
HfraFEA M) R AFR) F—PBEFDOZ T—

ZU TR Fo, kU FFAMNY LRAKY T—E#
B3, 984 73 /BEREORYRTF FHEI—F
T5252bpDA—T =TT T L—LEGA
T Bohi7 3 BRI, C
ATCC27405 BRHFt O FF A b YRR KY 7 —F
EEWVWHEIMY (92%) #R LD, C stercorarium H
kntoFEZ MY vk AKY) T —¥ L MR
mols 20%). MEBELtUFFA MY YRAKY T
Yidtu by F =2 Eotadt ) LN L8RS
L, ruet—2Pbototy IHEE7 €7
- LTH#ERLL., RETEMREOCUTTSHY,
EHpHIET TS5 THote.

thermocellum
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