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restriction enzyme from Caldicellulosiruptor bescii DSM 6725
and a member of a new subfamily of Haelll-like enzymes
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Abstract Potent Haelll-like DNA restriction activity was
detected in cell-free extracts of Caldicellulosiruptor bescii
DSM 6725 using plasmid DNA isolated from Escherichia
coli as substrate. Incubation of the plasmid DNA in vitro
with Haelll methyltransferase protected it from cleavage
by Haelll nuclease as well as cell-free extracts of C. bescii.
The gene encoding the putative restriction enzyme was
cloned and expressed in E. coli with a His-tag at the
C-terminus. The purified protein was 38 kDa as predicted
by the 981-bp nucleic acid sequence, was optimally active
at temperatures between 75°C and 85°C, and was stable for
more than 1 week when stored at 35°C. The cleavage
sequence was determined to be 5'-GG/CC-3', indicating
that Cbel is an isoschizomer of Haelll. A search of the
C. bescii genome sequence revealed the presence of both a
Haelll-like restriction endonuclease (Athe 2438) and DNA
methyltransferase (Athe 2437). Preliminary analysis of
other Caldicellulosiruptor species suggested that this
restriction/modification activity is widespread in this
genus. A phylogenetic analysis based on sequence align-
ment and conserved motif searches identified features of
Cbel distinct from other members of this group and clas-
sified Cbel as a member of a novel subfamily of Haelll-like
enzymes.
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Introduction

Caldicellulosiruptor bescii DSM 6725 (formerly Anaero-
cellum thermophilum [31]) grows at up to 90°C and is the
most thermophilic cellulolytic bacterium known. This
obligate anaerobe is capable of degrading lignocellulosic
biomass including hardwood (poplar) and grasses with both
low lignin (Napier grass, Bermuda grass) and high lignin
(switchgrass) content without chemical pretreatment [30].
When grown on crystalline cellulose, it produces lactate,
ethanol, acetate, Hp, and CO, [28]. Its genome includes
sequences encoding cellulases, glycoside hydrolases,
pullulanases, and transporters that are important in biomass
deconstruction [11]. This variety of cellulolytic enzymes
and end products, in combination with an optimal growth
temperature near 80°C, make C. bescii an important
microorganism not only in the study of biomass decon-
struction, but also for industrial development of ethanol
and other biofuels. This genus has many advantages for
consolidated bioprocessing (CBP) and offers the possibility
for production of bioenergy and bioproducts from ligno-
cellulosic biomass by a single organism in a single-step
fermentation [14].

The ability to genetically manipulate Caldicellulosi-
ruptor species is a prerequisite for their use in CBP, and in
our efforts to develop a method of DNA transformation we
discovered several potent restriction activities, one of
which we describe in this report. The activity of host
restriction enzymes is a major barrier to introduction of
DNA into cells, and identifying restriction systems and
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overcoming them through a variety of methods has allowed
genetic systems to be developed in previously nontrans-
formable bacteria. Often this is accomplished by in vitro
methylation or by in vivo methylation systems in E. coli;
for example, in the thermophile Bacillus methanolicus,
plasmids are engineered with fewer Bmel recognition sites
and prepared in a dam™ E. coli strain in order for trans-
formation to occur [6]. In Prevotella species and Helico-
bacter pylori, plasmid DNA is methylated by cell-free
extracts (CFEs) to achieve transformation by electropora-
tion [1, 7]. In Clostridium difficile, plasmids are con-
structed that lack Cdil and Sau96I recognition sequences
[23]. Clostridium perfringens type B transformation can
only occur when the transforming plasmid DNA is isolated
from a dam™ dem™ strain of E. coli [5). Clostridium cel-
lulolyticum can only be transformed if the plasmid DNA is
protected from Cbel cleavage using either in vitro or
in vivo methylation [10].

In our efforts to develop efficient methods for DNA
transformation of C. bescii, we identified a potent ther-
mostable type II restriction endonuclease that is an iso-
schizomer of Haelll [16]. Haelll-like enzymes are a
diverse group of proteins with distinct catalytic domains
that have in common the ability to cleave the same DNA
sequence. The prototype of this group, Haelll, was first
identified in Haemophilus aegyptius in 1972 [16]. This
enzyme recognizes 5'-GGCC-3' and cleaves the DNA
between the G and C, leaving a blunt end [4]. Haelll-like
restriction activity is widespread in bacteria and archaea
[25], allowing efficient restriction of foreign DNA. Four-
base cutters such as Haelll are a particularly serious
problem in DNA transfer, since the occurrence of their
cleavage sites is more frequent than longer recognition
sequences. The enzyme identified from C. bescii was
named Cbel, and its cleavage activity, temperature profile,
and thermostability are described. This is the first investi-
gation of a restriction-modification system in any species
of Caldicellulosiruptor, and bioinformatic analysis of Cbel
and other Haelll isoschizomers revealed a previously
unidentified subfamily of this group of restriction endo-
nucleases. We suggest that the work described herein will
facilitate the study of the nature of restriction-modification
systems and assist in the establishment of genetic methods
for this important group of organisms.

Materials and methods
Strains and growth conditions
All Caldicellulosiruptor species were grown in DSMZ 516

medium [28] with the following modifications. The mineral
solution contained the following (per liter): NH4Cl, 0.25 g;
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KH,PO,, 0.33 g; KCl, 0.33 g; MgCl,-6H,O, 0.33 g;
CaCl,-2H,0, 0.33 g; yeast extract, 0.5 g; casein hydroly-
sate (enzymatic; U.S. Biochemicals), 5 g; cellobiose, 5 g;
resazurin, 0.25 mg; vitamin solution, 2 ml; trace minerals
solution, 1 ml; amino acid solution, 40 ml. The vitamin
solution contained the following (per liter): biotin, 10 mg;
folic acid, 10 mg; pyridoxine—HCI, 50 mg; thiamine-HCI,
25 mg; riboflavin, 25 mg; nicotinic acid, 25 mg; calcium
pantothenate, 25 mg; vitamin B;,, 0.5 mg; p-aminoben-
zoic acid, 25 mg; lipoic acid, 25 mg. The trace element
solution contained the following (per liter): HCI (25%:
7.7M), 1.0ml; FeCl3-4H,O, 2g; ZnCl,, 50 mg;
MnCl,-4H,0, 50 mg; H;BOs3, 50 mg; CoCl,-6H,0, 50 mg;
CuCl,-2H,0, 30 mg; NiCl,-6H,0, 50 mg; Na,EDTA (tet-
rasodium salt), 50 mg; (NH4)>MoO,, 50 mg; AIK(-
SO4),-12H,0, 50 mg. The amino acid solution contained
the following (per liter): L-alanine, 1.9 g; L-arginine, 3.1 g;
L-asparagine, 2.5 g; L-aspartic acid, 1.2; L-glutamic acid,
5.0 g; L-glutamine, 1.2 g; glycine, 5.0 g; L-histidine, 2.5 g;
L-isoleucine, 2.5 g; L-leucine, 2.5 g; L-lysine, 2.5 g;
L-methionine, 1.9 g; L-phenylalanine, 1.9 g; L-proline,
3.1 g; L-serine, 1.9 g; L-threonine, 2.5 g; L-tryptophan,
1.9 g; L-tyrosine, 0.3 g; L-valine, 1.3 g. The medium was
prepared anaerobically under argon atmosphere, NaHCO3
(2 g/liter) was added, and the mixture was reduced using
3 g/l cysteine and 1 g/l Na,S. The final pH was 6.4. The
medium was filter sterilized using a 0.22-pm-pore-size
sterile filter (Millipore Filter Corp., Bedford, MA). Cul-
tures were incubated anaerobically overnight at the optimal
temperature for each: C. saccharolyticus DSM 8903, 70°C;
C. hydrothermalis DSM 18901, 65°C; C. kristjanssonii
DSM 12137, 78°C; C. bescii DSM 6925, 78°C; C. kro-
notskyensis DSM 18902, 70°C; C. lactoaceticus DSM
9545, 68°C; C. obsidiansis ATCC BAA-2073, 78°C.
E. coli strain JW 261 (pDCW 68, apramycin’) was grown
in LB broth supplemented with apramycin (50 pg/ml) with
shaking at 37°C overnight. Chromosomal DNA from
C. bescii DSM 6725 was extracted using the DNeasy®
Blood & Tissue Kit (Qiagen) according to the manufac-
turer’s instructions. The two native plasmids (pATHEO1
and pATHEOQ2) in C. bescii were isolated using the method
described by O’Sullivan and Klaenhammer [19] with the
following modifications: 200 ml of mid-log phase C. bescii
cultures was harvested by centrifugation at 3,500g for
15 min and suspended in lysis buffer (containing 25%
sucrose and 25 mg/ml lysozyme to enhance cell wall
degradation). pDCW68 DNA was isolated from E. coli
using a Qiagen Mini-prep Kit.

Plasmid constructions

All primers used in these constructions are listed in
Table 1. pJHWO006 was constructed from pSET152
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Table 1 Primer list .
Primer

5'-3

JHO12 forward
JHO13 reverse
DC100 forward
DC156 reverse
DC165 forward
DC175 forward
DC176 reverse
DC180 reverse
DC182 forward
DCI187 reverse
DC188 forward
DC216 forward
DC217 reverse
DC222 forward
DC224 reverse
JF283 reverse
JF286 reverse
JF287 forward

AGAGAGTCTAGAGGCCTTTTGCTCACATGCGTT
AGAGAGGGTACCAGGATCTCAAGAAGATCCTTTGAT
TAGTCTTGATGCTTCACTGATAG
AGAGGATCCTTAAGAGATTGCTGCGTTGATA
ACAGGATCCAGCTTTAATGCGGTAGTTTATCACA
AGAGCTAGCTTCAACAACCAGAGACACTTGGGA
TCTGCTAGCTCCAACGTCATCTCGTTCTC
TCTGACGTCATCTTTTCCGCTGCATAACCCT
AGAGACGTCAATTGAAAAAGCTTTAAAGTGTGGTGCA
CATATTGACCATCCTTTCTATGTAGA
TTGAAACATTTGCTTGGGCTAAG
ACAACCATGGACCAAACCGCAAAAGGAAA
TCTCCTCGAGCTCCCAACTTTCAATGTGAGAA
TACAAGAAAAGCCCGTCAC
AGCTAACAATTGAGTTTACACGT
TGCAGTGTATAGCATGCAAAGCCTG
ATCCCCTTAAATTTATTTGTCTTTTAG
TTTGGAAGGATGATGAACTATGAATC

(GenBank: AJ414670.1) to replace the ColEI origin of
replication with the pSC101 origin. The pSC101 origin was
amplified from pWSK29 (GenBank: AF016889.1) using
primers JHO12 with an Xbal site and primer JHO13 with a
Kpnl site. The pSC101-containing fragment and the pSET
vector digested with Xbal and Kpnl were ligated to form
pJHWO006. Construction of pDCW68, designed for trans-
formation of C. bescii, required three cloning steps as well
as overlapping polymerase chain reactions (PCRs). All
PCR amplifications were performed using Pfu Turbo DNA
polymerase (Agilent Technologies). A 3.936-kb PCR
product containing the pSC101 replication origin, the
apramycin resistance gene, and the oriT (origin of transfer)
was amplified from pJHWO006 using primers DC176 and
DC165 which contains a BamHI site. A 3.121-kb PCR
product containing the pyrBCF region of the C. bescii
genome was amplified from chromosomal DNA using
primers DC188 and DC156 which also contained a BamHI
site. The two PCR products were digested with BamHI and
ligated to generate a 7.057-kb product. A 0.205-kb PCR
product containing the regulatory region of a ribosomal
protein (Athe 2105) was amplified using primers DC175
containing an Nhel site, and DC187 using chromosomal
DNA as template. A 7.066-kb fragment was amplified from
the 7.057-kb product using primers DC188 and DC176 and
ligated to the 0.205-kb fragment that had been digested by
Nhel, generating a 7.262-kb product. A 2.067-kb PCR
fragment containing the 3’ flanking region of the trypto-
phan synthase, alpha subunit (Athe 1690) was amplified
from chromosomal DNA using primers JF283 and JF287
and joined to a 2.045-kb PCR product containing the 5’

flanking region of tryptophan synthase, alpha subunit (Athe
1690) amplified from chromosomal DNA using DC182
which contained an Aatll site and an overlapping primer
JF286 using the high-fidelity Pfu DNA polymerase (Agi-
lent Technologies). A 4.112-kb product was then generated
by overlapping PCR using the two fragments and C. bescii
genomic DNA as a template. The 7.262-kb product from
the second cloning step was amplified by PCR using
DC180, which contains an Aatll and DC100. The 7.262-kb
product and the overlapping product were digested with
Aatll and ligated to yield pDCW68 (11.368 kb). To con-
struct pDCW72, the 0.981-kb Cbel (Athe 2438) open
reading frame was amplified by PCR using primers DC216
and DC217 using C. bescii genomic DNA as template. The
PCR product was digested with Ncol and Xhol and ligated
to pET24d [9], which had also been digested with Ncol and
Xhol. This vector contains a His-tag sequence that is added
to the C-terminus of the expressed protein. The final
plasmid was sequenced to confirm that the cloned cbel
gene was in frame with the C-terminal His-tag followed by
a translation stop codon.

Preparation of cell extracts and DNA substrates

A cell-free extracts of C. bescii was prepared from a 500 ml
culture grown to mid-log phase, harvested by centrifuga-
tion at 6,000g at 4°C for 15 min and resuspended in Cel-
Lytic B cell lysis reagent (Sigma) containing a protease
inhibitor cocktail (Complete, EDTA-free from Roche).
Extracts were sonicated on ice and then centrifuged at
13,000 rpm for 15 min at 4°C. Supernatants were removed
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and used immediately for enzyme activity assays. Protein
concentrations were determined using the Bio-Rad protein
assay kit with bovine serum albumin (BSA) as the standard.

For in vitro methylation of DNA, pDCW68 DNA
(20 pg), isolated from E. coli DHS« (dam™, dem™), was
treated with Haelll methyltransferase (New England Bio-
labs) according to the supplier’s instructions. To allow
complete methylation, an additional 10 units of M.Haelll
and 80 pM S-adenosylmethionine (SAM) was added to the
reaction every 4 h of incubation at 37°C for a total of 12 h.
The methyltransferase was inactivated by incubation at
65°C for 15 min. Methylated DNA was purified and con-
centrated using the DNA Clean & Concentrator ™-25 Kit
(Zymo Research). The extent of protection was determined
using Haelll (New England Biolabs) according to the
supplier’s instructions.

The 2.56-kb fragment containing three Haelll (5'-GG
CC-3') sites used in assays with purified Cbel was gener-
ated by PCR amplification using primers DC222 and
DC224 (Table 1) from pDCW68 template. PCR products
were purified and concentrated by Qiaquick PCR purifi-
cation kit (Qiagen) prior to use in the restriction assays.

Endonuclease assays

Reactions were performed in 60 pl volumes at 75°C using
0.5-1.0 pg of the DNA substrate: pDCW68, methylated
pDCW68, pATHE 01 or pATHE 02. For cell-free extracts,
4 pg total cell protein was incubated at 75°C in reaction
buffer (10 mM Tris—HCI, pH 6.7, buffer containing 50 mM
NaCl, 10 mM MgCl,, 1 mM dithioerythritol, 0.01% BSA).
Samples (10 pl) were withdrawn at various time points,
mixed with 6x DNA gel-loading buffer (0.25% Bromo-
phenol blue and Xylene Cyanol, 18 mM EDTA, and 30%
of glycerol), and then placed at —20°C to stop the reaction.
The cleavage products were separated electrophoretically
on a 1.2% agarose gel.

Preparation of assay of purified Cbel protein

BL21-CodonPlus(DE3)-RILP cells (Agilent Technologies)
were used for recombinant protein expression. Cells were
grown at 23°C in LB broth supplemented with kanamycin
(25 pg/ml) and chloramphenicol (50 pg/ml) to ODygq 0.6
and induced by addition of 0.5 mM isopropyl f-p-1-thio-
galactopyranoside (IPTG) at 23°C for overnight. Cells
were harvested by centrifugation, resuspended in CelLyt-
ic B cell lysis reagent (Sigma) containing protease inhibi-
tor (Complete, EDTA-free from Roche), and lysed by
sonication. All purification steps were done at 4°C using
the Ni-NTA Spin Kit (Qiagen) following manufacturer’s
instruction. Protein concentrations were determined by
Bio-Rad protein assay kit as described above. Sodium
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dodecyl sulfate (SDS) polyacrylamide gel electrophoresis
(PAGE) and Coomassie brilliant blue G-250 staining were
as described [27]. Enzyme assays with purified Cbel were
carried out in 10 pl reaction volumes with NEBuffer 4
(20 mM Tris—acetate pH 7.9, 50 mM potassium acetate,
10 mM magnesium acetate, 1 mM dithiothreitol) and
200 ng DNA substrate. The amount of purified Cbel pro-
tein used in each reaction varied depending on the exper-
iment and is indicated.

Bioinformatic analysis

To produce an alignment and phylogenetic tree of 46
amino acid sequences of Haelll-like proteins, we used
ClustalW, version 2 [13] which is based on the neighbor-
joining (NJ) method used for phylogenetic calculations.
The tree was visualized with TreeView [21]. To discover
conserved motifs of groups of Haelll-like protein sequen-
ces, we used MEME [2] and GLAM?2 [8]. Default param-
eters were used for all analyses.

Identification of the Cbel cleavage site

DNA fragments resulting from digestion by either Haelll
or Cbel were separated electrophoretically and extracted
from the gel matrix using a QIAquick gel extraction kit
(Qiagen). The products were then cloned into pWSK29
[29], which had been digested with EcoRV, using the Fast-
Link™ DNA ligation kit (Epicentre® Biotechnologies),
and sequenced.

Results

Identification of a Haelll-like restriction activity
in C. bescii

A cell-free extracts from C. bescii was prepared [10] and
incubated with pDCW68 DNA (Fig. la), a vector con-
structed for use in transformation experiments that had
been isolated from E. coli (DH50 dam™ dem™). The plas-
mid DNA was completely digested within 10 min and had
a restriction cleavage profile with some similarity to that of
a digest with commercially available Haelll (Fig. 1d).
DNA of the two native plasmids, pATHEO1 and pATHEO02
(Fig. 1b, c), isolated from C. bescii were not digested when
incubated with the same cell-free extract nor were they
digested by commercially available Haelll endonuclease
(Fig. le), suggesting the presence of Haelll methyltrans-
ferase-like activity in C. bescii. In addition, pDCW68
DNA that had been methylated in vitro by commercially
available Haelll methyltransferase was protected from
cleavage by either the commercially available Haelll
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Fig. 1 Detection of a Haelll-like restriction/modification system in
C. bescii.a pDCW68; b pATHEO1; ¢ pATHEO02; d pDCW68 isolated
from E. coli DHS5a incubated with CFE from C. bescii; e pATHEO1
and pATHEOQ2 isolated from C. bescii incubated with CFE from
C. bescii; f pPDCW68 isolated from E. coli treated with M.Haelll and
incubated with CFE from C. bescii. Features originating from E. coli

restriction enzyme or cell-free extracts from C. bescii
(Fig. 1f), implying the presence of cognate methyltrans-
ferase activity in C. bescii. In support of the notion that
C. bescii contains a Haelll-like enzyme is the fact that
HaelllI recognition sites (GGCC) are much less abundant in
the C. bescii genome sequence than would be expected
based on random nucleotide composition (0.468 observed/
expected). Organisms that produce restriction enzymes
often have a bias against the presence of the recognition
sequences of those enzymes in their genomes [17, 26]. We
have named this Haelll-like restriction endonuclease from
C. bescii as Cbel.

Cloning, expression, and purification of Cbel
from C. bescii

A query of the C. bescii genome using the GenBank [3]
database as well as REBASE [25] identified a methyl-
transferase (Athe 2437) adjacent to a candidate gene for a
Haelll-like restriction endonuclease (Athe 2438) (Fig. 2a),

are shaded in black, and features from C. bescii in white; Aer,
apramycin resistant gene cassette; Trp, Athe 2105-tryptophan
synthetase o« subunit; OriT, origin of transfer for conjugation;
pSC101, low copy replication origin in E. coli; Haelll restriction
sites are indicated. All incubation times were as indicated

which is a common feature of type II restriction/modifi-
cation gene arrangements [12].

The open reading frame encoding Cbel (Athe 2438) was
cloned into an E. coli expression vector, pDCW72
(Fig. 2b), under transcriptional control of the T7 promoter
to allow regulated expression of the restriction endonu-
clease, as it would be expected to be toxic to cells that did
not contain the corresponding methyltransferase. In fact,
initial attempts to clone the gene encoding a His-tagged
version, Cbel-Hisg, at 37°C, even without induction of the
T7 promoter, failed. Because C. bescii grows optimally
near 80°C, we investigated the possibility that cloning and
expression of Cbel at lower temperatures would be more
efficient, because at lower temperatures the enzyme might
be inactive or nonfunctional. When experiments were done
at 23°C (the equivalent of expressing E. coli enzymes at
—6°C), both cloning and expression were successful. Since
there are also significant differences in codon usage
between C. bescii (35.2% GC content) and E. coli (50.5%
GC content), BL21-CodonPlus(DE3)-RIPL cells which
contain rare transfer RNAs (tRNAs) were used for

@ Springer
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Fig. 2 Cloning, expression, and a
purification of Cbel. a The
region surrounding the location
of cbel in the C. bescii genome.
b pDCW72; KanR, kanamycin I
resistance gene; bacteriophage

T7 promoter and T7 terminator;

lacl, the gene for the lactose b
repressor protein; ColEI, origin

of replication derived from

pBR322 ¢ Lane 1 protein

molecular weight standards;

lane 2 15 ng of purified Cbel

protein displayed on a 10-20%
Tris—HCI gradient gel

(CriterionTM Precast Gel; Bio-

Rad Laboratories, Hercules,

CA)

Athe 2439 (Integrase family protein)
Athe 2440 (LexA family)

KanR

ColEA origin

expression. Preparations of purified C-terminal His-tagged
Cbel contained a single band on an SDS-PAGE gel
(Fig. 2c) with molecular mass of approximately 38 kDa,
which is consistent with the calculated value of 37.9 kDa
determined using the Compute pI/Mw analysis tool.

Functional analysis and temperature optimum
of the purified Cbel endonuclease activity

A DNA substrate containing three Haelll restriction sites
(Fig. 3a), which should generate fragments of 1,393, 772,
293, and 106 bp when digested, was used in restriction
digestion assays. Purified Cbel protein (12-48 ng) was
incubated with 50 mM potassium acetate, 20 mM Tris—
acetate, 10 mM magnesium acetate, | mM dithiothreitol at
pH 7.9, and 100 ng DNA substrate in 10 pl (Fig. 3a), and
incubated for 10-20 min at 75°C. These conditions were
chosen based on the reaction conditions of other isoschiz-
omers of Haelll from thermophiles [18, 22] and on the
composition of NEBuffer 4 that is used with commercially
available Haelll restriction endonuclease.

Experiments with cell-free extracts indicated that Cbel
cleavage activity occurred within 10 min even with low
protein concentrations (4 pg total cell protein in 60 pl).
Purified protein showed a similar time course, and there
was no difference in activity between 12 and 48 ng (in
10 pul) of purified protein in the enzyme assays. The
experiment shown in Fig. 3b used 24 ng (in 10 pl) of
purified protein. In assays with less than 2.5 ng (in 10 pl)
of protein, no activity was detected.

During the course of cloning and expressing Cbel in
E. coli, it was noted that the gene was not toxic to cells
grown at 23°C but it was at 37°C, suggesting that the
enzyme was less active at low temperature. To determine
the optimal temperature for Cbel activity, purified protein
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Athe 2438 (Type |l restriction enzyme, named Cbel, 981 bp)
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=
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Fig. 3 Temperature profile of purified Cbel endonuclease activity.
a The 2.558-kb DNA substrate synthesized as described in the
“Materials and methods.” Haelll cleavage sites are marked by
vertical lines, and predicted cleavage fragment sizes are indicated
below the line. b pPDCW72 used for His-tagged expression of Cbel.
The substrate was incubated for 10 min with 0.5 ng protein at the
temperatures indicated, and the cleavage products were separated on
1.2% agarose gel. The position of the full-length undigested fragment
and the three major cleavage products derived by digestion with Cbel
are indicated by arrows

was incubated with the DNA substrate at temperatures
ranging from 23°C to 100°C. As shown in Fig. 3b, the
enzyme shows the highest activity between 75°C and 85°C,
exhibiting partial digestion activity at 45°C or below and
nonspecific activity above 85°C. As predicted, no activity
was detected at 23°C. The optimum temperature for com-
mercially available Haelll activity is 37°C, and the enzyme
is inactivated by treatment at 80°C for 20 min. In contrast,
Cbel is optimally active at 75-85°C and is stable for more
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than 30 min at 75°C (Fig. 3b). Cbel did not lose activity
after storage for more than 1 week at up to 35°C and was
inactivated by incubation at 100°C for 5 min.

Cbel is an isoschizomer of Haelll

Haelll recognizes a sequence that includes GGCC and
cleaves between the G and C, leaving a blunt-ended
fragment. To determine the cleavage site of Cbel, a DNA
fragment containing three Haelll recognition/cleavage
sites (Fig. 3a) was used as substrate with purified Cbel
enzyme. The cleavage products were either ligated
directly to pWSK29 that had been digested with EcoRV
leaving a blunt end, or first treated with the Klenow
fragment of DNA polymerase prior to ligation. The
sequence of the region containing the cloning site
revealed the dinucleotide 5'-CC-3’ adjacent to the EcoRV
site and the dinucleotide 5'-GG-3’ adjacent to the EcoRV
site, identifying 5'-GG/CC-3’ as the Cbel cleavage site.
The same result was obtained in eight independent clon-
ing experiments, and we conclude that Cbel is an iso-
schizomer of Haelll.

Cluster analysis of Haelll-like proteins reveals
that Cbel is a member of a new subfamily
of Haelll-like enzymes

A search of the REBASE and NCBI databases revealed
231 Haelll-like proteins. Of those, 183 had been fully or
partially characterized and 48 were putative isoschizomers
predicted from their DNA sequences. Of the 57 proteins
for which there was sequence information available,
subfamilies of the same genus and species were removed,
leaving 46 sequences used in this analysis. A phylogram
based on protein sequence alignments is shown in Fig. 4.
Cbel falls into a distinct group of 13 proteins, 5 of which
had previously been grouped (pfam09556) based on
overall sequence similarity using the Conserved Domain
Database [15]. Our own motif-based sequence analysis
(MEME Suite and GLAM2) of this group of 13 proteins
with other Haelll-like proteins identified three conserved
motifs shared by 11 of the 13 (Fig. 5) not present in other
Haelll-like proteins. One protein (Bgr_19490) had
motifs 1 and 2, and one (GOS_4010239) had only
motif 1. Attempts to identify structural motifs of Cbel
based on three-dimensional (3D) homology modeling
using 3D Jigsaw, CPHmodels, swiss-model, and ESy-
Pred3D failed to find significant matches with any known
structural motifs. As with other members of this diverse
group of proteins, attempts to assign Cbel to a super-
family of endonucleases to identify functional domains
and conserved active-site amino acids were also
unsuccessful.

Evidence for Haelll-like restriction/modifications
systems in other Caldicellulosiruptor species

To investigate whether other Caldicellulosiruptor species
contained Haelll-like restriction/modification activities,
total DNA was isolated from a number of Caldicellulosi-
ruptor species and incubated with commercially available
Haelll restriction endonuclease. As shown in Fig. 6,
C. saccharolyticus DSM 8903, C. hydrothermalis DSM
18901, C. kristjanssonii DSM 12137, and C. bescii DSM
6925 were resistant to Haelll nuclease, while C. kronot-
skyensis DSM 18902, C. lactoaceticus DSM 9545, and
C. obsidiansis ATCC BAA-2073 were sensitive. These
preliminary data suggest that this Haelll-like restriction/
modification system may be widespread among members
of this genus.

Discussion

In a screen of C. bescii cell-free extracts for restriction
endonuclease activities we discovered a potent Haelll-like
restriction activity with novel features. Plasmid DNA from
E. coli, but not plasmid DNA from C. bescii, was digested
within 10 min of incubation with these extracts, and
treatment with Haelll methyltransferase protected the
DNA from cleavage, suggesting the existence of a Haelll-
like restriction-modification system in C. bescii. Bioinfor-
matic analysis of the C. bescii genome identified a gene
encoding a protein homologous to the Haelll endonuclease
and an adjacent gene encoding a type II DNA methyl-
transferase. The gene for the endonuclease was cloned and
expressed in E. coli with a His-tag. Purified enzyme from
E. coli was optimally active between 55°C and 85°C and
was stable at 35°C for more than 1 week. The cleavage site
of the enzyme was determined to be GG/CC, suggesting
that it is an isoschizomer of Haelll, and we have named
this enzyme Cbel. A phylogram of Cbel with other Haelll-
like enzymes identified a new subfamily of these enzymes
with unique features.

The cloning and expression of Cbel in E. coli presented
some challenges, as does the expression of other toxic
genes including other restriction endonucleases [12, 24]. In
addition to using BL21-CodonPlus(DE3)-RIPL cells to
compensate for differences in codon usage between E. coli
and C. bescii, we took advantage of the fact that Cbel is
from an extreme thermophile and would be expected to
have minimal activity at temperatures significantly below
the growth temperature of C. bescii (Top ~ 80°C). This
appeared to be the case, since expression of Cbel was
apparently toxic to E. coli cells grown at 37°C but was
expressed efficiently at 23°C. This strategy may be useful
for expressing toxic genes derived from thermophilic
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GOS_4010239, Environmental sample Lake Gatun
Bgr_18490, Bartoneila grahamii asdaup
Cbel, Athe_2438, C. bescii DSM 6725
Bhall, Bacillus halodurans C-125
Cthe_2319, Clostridium thermocellum ATCC 27405
HMPREF0573_11018, Mobiluncus curtisii ATCC 43063
PRU_0837, Prevotella ruminicola 23 -
Haelll, Haemophilus influenzae biotype aegyptius
Smon_0161, Streptobacillus moniliformis DSM 12112
CUY_2194, Bacteroides ovatus SD CMC 3f
HMPREF0105_0967, Bacteroides sp. 3_1_33FAA
[~ Hac_1214, Helicobacter acinoychis str. Sheeba
— HPSH_02550, Helicobacter pylori Shid70
Phol, BAA29672.1, Pyrococcus horikoshii OT3
AAS99731 , Environmental sample WC1
HQ1871A , Haloquadratum walsbyi DSM 16730
NS_000191.1, Uncultured termite bacterium Rs-D17
THEYE_A0452, Thermodesulfovibrio yellowstonii DSM 11347
YN1561_2182, Sulfolobus islandicus Y.N.15.51
Sual, Sulfolobus acidocaldarius DSM 639

_:NC_014248, Nostoc azollae 0708
NS8414_21656, Nodularia spumigena CCY9414

_: Rcas_2133, Roseiflexus castenholzii DSM 13941

RoseRS_3044 Roseiflexus sp. RS-1
r MthTI, Methanothermobacter thermautotrophicus
NgoPll, Neisseria gonorrhoeae P9-2
— BsuRI, Bacillus subtilis strain R

GOS_3839438, Environmental sample Rosario Bank

BspRI, Lysinibacillus sphaericus
GOS_3044479, Environmental sample Browns Bank
LMHCC_2321, Listeria monocytogenes HCC23

MCR_0731, Moraxella catarrhalis RH4
PRU_0938, Prevotella ruminicola 23

FnuDl, Fusobacterium nucleatum
-E Clos_1856, Alkaliphilus oremlandii OhiLAs
ClosDRAFT_2127, Clostridium sp. OhiLAs

| NgoAll, Neisseria gonorrhoeae FA1080

L NgoSll, Neisseria gonorrhoeae Pgh3-2

EAD®84923.1, Environmental sample Sargasso Sea
GOS_9456141/9456142, Environmental sample Mangrove, Isabella Island

0.1 substitutions per site

Fig. 4 Phylogram alignment of 46 Haelll-like restriction enzymes.
The host organism for each restriction enzyme is indicated as well as
the protein name, when available; otherwise, the GenBank locus tag
or accession number is given. The distance scale is indicated by a bar

organisms in E. coli, eliminating the need for complicated
highly regulated expression systems.

Since the first description of the Haelll restriction
enzyme in 1972 [16], more than 200 isoschizomers have
been reported or predicted [25]. Of these, fewer than 40 are
from thermophiles (organisms that have T, > 50°C), and
only three of these have been characterized: MthTI [18]
from  Methanobacterium  thermoformicicum  THF
(Tope 55°C), NspLKI [32] from Nocardia species LK
(Tope 50°C), and Sual [22] from Sulfolobus acidocaldarius
(Tope 82°C). A fourth, Phol from Pyrococcus horikoshii
(Tope 98°C), is commercially available (New England
Biolabs), but there are no reports on this enzyme in the
literature. Unlike Haelll itself, which is optimally active at

@ Springer

EAC06814.1, Environmental sample Sargasso Sea

SCB49_14715, Unidentified eubacterium SCB49

FTF0011, Francisella tularensis subsp. tularensis FSC 198
NC_010677, Francisella tularensis subsp. mediasiatica FSC147
Sdel_1721, Sulfurospirillum deleyianum

DehaBAV1_0080, Dehalococcoides sp. BAVI

defining the distance for 0.1 amino acid substitution per site. The
bracketed organisms represent those containing this new subfamily of
Haelll-like enzymes that includes Cbel

37°C and is inactivated by heating to 80°C, Cbel was
optimally active in the range 75-85°C and required incu-
bation at 100°C for 5 min for inactivation. The fact that
Cbel isolated from E. coli is thermostable suggests that this
feature is due to its conformation, hydrophobic, electro-
static, or other properties rather than by association with
other proteins or cofactors in C. bescii.

Haelll-like enzymes are widespread in both the archaea
and bacteria. A previous study showed that the genes
encoding NgoPII from Neisseria gonorrhoeae, a bacterium,
and MthTI from Methanobacterium thermoformicicum, an
archaeon, have unexpectedly high similarity (54.5%
nucleotide identity), suggesting horizontal gene transfer
[18]. In fact, a phylogenetic tree based on protein sequence
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Motif .
start site Motif 1
Cbel 112 AIRILEPATK 1 cfis@x HnHMA VK HER L sEXEAD F c[AJW
Bhall 108 DVLCIRRQNE I sk HNHEdAVKHSR L sEREID F cBEYwW
Haelll 107 DILIQRENIN I cAsPxHnH@AvKHSR L sPEEI0 F BREAQwW
Hac_1214 109 VRDILIYFDR | Asfik HNH[JAvKHSR L s|EI0D F c[Fqw
Cthe_2319 108 DILCIRRQNE | GAslkHNHEJAVKHSR L sGREID F c[HAwW
HPSH_02550 109 IRDILIYFDR 1 clsfik HNH[AVKHSR L s[EIUD F G [Eqw
HMPREF0105_0967 108 DILIVRHNIQ | cAsPMxHNHAAVKHSR L sLEND F LYW
Smon_0161 108 DLLIIRRGIK 1 cl@slxHnHgAVKHSR L sPETMID F cLEQW
PRU_0937 107 DILIIRDSVK | s« HNHMAvKHSR L sPRARD F c[IYw

HMPREF0573_11018 108
CuUY_2194 299

DIVIKRDAILE
DILIITRHNIQ

| GINSMKHNHIJAVKHSR L SERGND F GLE3wW
| GINSIMKHNHIJAVKHSR L SEIERD F GL@g3aW

LGIPCSQNYF

FGIPSSQDYF

FQLPSSQNYW
LGVGVSQNYK
FGIPCSESYF

LGVGVSQNYK
YGIPCSQKYW
YGIECSKNYW
LGMPCSKTYW
FGIPCSQRYW
YGIPCSQDYW

Bgr_19490 94 VCDIILKVPE
GOS_4010239 108 VRDVILKLSG

AGYPCSSLYF
GLGAGCGDHY

HPQKLFSHIE
VPPYLHTHFE
VPATIICLET
IPVSVAVFIT
VPPLLYSHFE
KPESVAVF 1V
MPTTIITINC
MPTTIISIDC
MPTSIITINC
MPVSVLTIEC
MPTAIITINC
LssQvvsHQI

HNA SEIRME P S L KF DA JMEGC
IHNASHEEIE PSLKFD | (NG
| HNASERAVE P S LKF D | LQNagy
IHNARTEVEPSLKFDVQLVE
IHNASERNVE P S LKFD | [ [QeSg]
I HNAERQSVEP S LKFD | ("N

IHNASTKVEESLKFDIQI
|
|
|
|

HNASRENIRE P S LKFD I[Nl
HNASER4VE P S L KF DL

HNASERNVERREL KF D | [eNaaY

KIGPKLKLPT
NVPQLIMPTR
FIPVANLPTR
IPLSKLPTRM
NVQQLPMPTR
IPLSKLPTRM
EIPIASLPTR
ELKISSLPTR
KIPISLLPTR

IS LENTKSHMVQAF LNG!LNQPCCDRKPEF
ITHERRRVTQVQAF LYCRERIRNSGRERP I V

NKKLES 1 QS FIL REQWMIIKP SKKRKAD |
LLEREQKEEKLEAYHFNNENSINIRS VKNKPKR [
ITIENRRVTQVQAFmMYGTLNRNAGRERPL[
LLEREQKIEKLEAYHFNNENEINIR S VKNKPKR |

LRGELNKQGKNRKRN[
G IS SKMIIQLMAFRIL REAEEMNIHASKTKVPSR

Cbel 263 EFKIGPKLKL [d

Bhall 255 pPIlvNvPpaLIM [REIFFDIs[HYRDSRIM IV TcpnET VE

Haelll 254 ADIFIPVANL [N 101 D[N s KIRVEL v L[« [ a FH

Hac_1214 255 PKRIIPLSKL [JREM 1 HFD[ESIxs FIRALEHL 1 LnefdWs FH

Cthe_2319 255 PLINvVaQQLPM [JREAF vyNI clddc srRIRIVEY A LPINIEY T 1 B

HPSH_02550 254 PKRIIPLSKL [l | YFD[ENIKs FIRALEL v L e[S F

HMPREF0105_0967 254 ASMEIPIAsL [El1vsLO[REINKANRIVEL ¥ M[Jclfla F [

Smon_0161 251 RNIELKIssL [Nl vsLENIIKsKRILEL v LRI a F

PRU_0937 252 PsRKIPIsLL [JREll 1sFc4IxsnNRAEL v mpn{IYa FE

HMPREF0573_11018 254 AT IsAPIVEL [BleLVvTLK[@{ccs TRAVIEM Y L NN[a L

cuY_2194 445 asiqipvacL [BEd1 vsLcEderTIRIVEL Yy mBlc[SarFB

Bgr_19490 233 TLG6YGRKWK I [dskiLsvallBddesk[¥xLil1 1 Fepfdls 18
Motif 3

Cbel 196 I1EKENKGLEE T I[dskLLK gMReIKnEREYY

Bhall 198 LERLNNNNPG L I[JERLL of@ililels n[EREY v

Haelll 197 IKEKYDKYNS IVQRMEYFI s o

Hac_1214 199 ILKIDENKKN K I[dakmlic lNeK v SRR A

Cthe_2319 198 LERLNQNNQG V I[dERLL H @NNCR NLEEEY (

HPSH_02550 199 VLRIDENKKN K v[dakmye @WK v IR A

HMPREF0105_0967 197 EINLQNQIHP D I[dsRL\YENANN]K HNREL v

Smon_0161 194 FMNELIRQRE D I[dK LMYENENNEK F NNV

PRU_0937 1956 EINKDYEKDK T V[ds RMYERANNeK v NREN L

HMPREF0573_11018 197 ELYRAYTANP
CcuY_2194 388 EINRQYQVHK

DMPRKMVEYL"GTRDYYKVVSHDRSHLTIISTF
DIPGKLVEYLLGKHDFYKI“SIDKEQTTRIQSY

| HERENENIR PSA I TVAT I
LHERANRIONSESEQAS |

SAPIVELPTE

BS IBKQRTHHQ I QS YRNIL HEREMIIRNGTYRKAS M
G IBINKR [pgQ 1 QS Y
QIPVACLPTR

Fig. 5 Amino acid sequence alignment of Cbel with the subgroup identified in Fig. 4. Amino acid identity is shown as shaded areas with the
position of the motif within the protein sequence. Motif start site is indicated. Motif 1: 7.0e-220, motif 2 1.9e-278, motif 3 1.6e-185

C. bescii C. hydro C. krist C. sacc C. obsid C. lacto C. krono

-+ - + - +

+ - + - + - +

B EsEmEane =

Fig. 6 Distribution of Haelll-like restriction/modification systems in
Caldicellulosiruptor species. Total DNA isolated from seven different
species were incubated (—) without or (4+) with commercially available
Haelll endonuclease at 37°C for 1 h according to the manufacturer’s
instructions (NEB). C. bescii; C. hydro, C. hydrothermalis; C. krist,

similarity of Haelll-like proteins (Fig. 4) identified a sub-
group that includes four proteins from archaea (Pyrococcus
horikoshii OT3, Sulfolobus islandicus, Sulfolobus acido-
caldarius, and Methanothermobacter thermautotrophicum)
and nine from bacteria, suggesting that there may have
been cross-domain horizontal gene transfer for these pro-
teins. In support of this notion is the fact that the GC
content of some of the genes encoding HaellI-like proteins
is significantly different from that of their host organism

C. kristjansonii; C. sacc, C. saccharolyticus; C. obsid, C. obsidiansis;
C. lacto, C. lactoaceticus; C. krono, C. kronotskyensis. Also visible in
the C. bescii lanes are the undigested native plasmids from that strain,
pATHEOI (8.3 kb) and pATHEO2 (3.6 kb)

chromosomes: Mobiluncus curtisii (55% genome, 46%
HMPREFO0573), Prevotella ruminicola (47% genome, 32%
PRU_0939), and Roseiflexus castenholzii (60% genome,
52% Rcas_2133). Haelll-like enzymes are also widespread
in both archeael and bacterial thermophiles, such as Clos-
tridium thermocellum ATCC 27405, Methanothermobacter
thermautotrophicum THF [18], Nocardia species LK [32],
Roseiflexus castenholzii DSM 13941, Sulfolobus islandicus,
Sulfolobus acidocaldarius DSM 639 [22], Pyrococcus
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horikoshii OT3, and Thermodesulfovibrio yellowstonii
DSM 11347.

In an analysis of 46 Haelll-like proteins, those most
similar to Cbel were found in other bacteria, both Gram-
positive and Gram-negative. Cbel exhibits the highest amino
acid sequence similarity (~60%) with the Haelll-like pro-
teins from Bacillus halodurans (Bhall) and Clostridium
thermocellum (Cthe_2319). Examination of genomic DNA
isolated from seven different Caldicellulosiruptor species
showed that four of the seven were resistant to Haelll
cleavage, indicating that Haelll-like restriction-modification
systems may be widespread in members of this genus.

An amino acid sequence alignment of Cbel and the 12
closely related Haelll-like proteins (bracketed in Fig. 4)
revealed highly conserved residues that define three pre-
viously unrecognized motifs that may play a role in their
structure or catalytic activity. Although these 13 Haelll-
like proteins could not be reliably matched to any other
known protein structure or to the five known type II
restriction endonuclease superfamilies [PD-(D/E)XK,
HNH, PLD, GIY_YIG, and HALFPIPE] [20], these
observations make Cbel an interesting candidate for
structural analyses, since it may possess a novel tertiary
structure. This new subgroup identified in our analysis that
includes Cbel defines a new subfamily of structurally or
functionally related proteins in this diverse group of
enzymes. The results presented herein also have important
implications for the development of methods of genetic
transformation for this interesting and biotechnologically
important group of relatively uncharacterized organisms.
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