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Abstract Clostridium thermocellum cell extracts exhibit
specific endonuclease activity with very little non-speci-
fic exonuclease activity at 55°C. The Dam methylation
system of Escherichia coli offers complete protection
from digestion by C. thermocellum ATCC 27405 cell
extracts for all DNA tested (totaling > 100 kb, insur-
ing that most potential restriction sequences have been
exposed). Based on both the Dam recognition sequence
and the similarity of cell extract and Mbol DNA di-
gests, the C. thermocellum restriction enzyme recogni-
tion sequence appears to be 5' GATC 3'. Cell extracts
made from a second thermophile, C. thermosac-
charolyticum ATCC 31960 do not exhibit specific en-
donuclease activity under the conditions tested.
Genomic DNA from C. thermocellum exhibits a Dam +

phenotype while genomic DNA from C. thermosac-
charolyticum exhibits a Dam - phenotype.

Introduction

Clostridium thermocellum is an obligately anaerobic,
cellulolytic, thermophilic bacterium that has often been
considered for use in ethanol production from cellu-
losic biomass (Slapack et al. 1987). C. thermosac-
charolyticum, an anaerobic, non-cellulolytic, pentose-
utilizing thermophile, has been considered for use as
a partner in co-culture with C. thermocellum in biomass
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fermentation (Saddler and Chan 1983; Venkateswaran
and Demain 1985). Molecular manipulation with the
aim of either increasing ethanol selectivity of both
organisms or improving the cellulase system of C. ther-
mocellum would be of great interest. A prerequisite for
any such manipulation is the ability to introduce
foreign DNA into these bacteria.

Restriction/methylation (RM) systems are usually
composed of an endonuclease that digests DNA at
a specific base sequence and a methylase that protects
the sequence from digestion by its action at a specific
position on one or more bases in that same sequence
(Modrich and Roberts, 1982). RM systems have been
hypothesized to have evolved as protective mechanisms
to guard bacteria from foreign DNA (e.g. phage infec-
tion) (Klaenhammer 1987). RM systems can also be
obstacles to transformation, as they digest incoming
DNA that is not properly methylated. The action of
endonucleases has been shown to be the primary bar-
rier to achieving efficient transformation of C.
acetobutylicum using DNA that is not protected by
appropriate methylation (Azeddoug et al. 1989; Mer-
melstein et al. 1992). The understanding of restric-
tion/modification systems in organisms on the receiv-
ing end of molecular genetics may often be the first step
to developing successful transformation protocols.

This communication investigates whether endonuc-
lease activity is present in C. thermocellum ATCC 27405
and C. thermosaccharolyticum ATCC 31960, as well as
associated recognition sequences and methylase-
mediated protection from endonuclease attack.

Materials and methods

Organisms, plasmids, phages and enzymes

C. thermocellum ATCC 27405 and C. thermosaccharolyticum HG8
(ATCC 31960) were used in this study. Escherichia coli strains were
a generous gift from New England Biolabs (Beverly, Mass., USA)
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and are: GM271 (Dam + /Dcm - ). ED8767 (Dam'; Dcm + ), GM2163
(Dam -jDcm -), GM475 (Dam - /Dcm - ). Plasmid and phage DNAs
were purchased from Sigma, (St. Louis, Mo., USA) and Stratagene
(La Jolla, Calif., USA), except for plasmid pCTC1 (Williams et al.
1990) which was a kind gift from M. Young. Restriction enzymes
were from Stratagene or New England Biolabs.

Cell and protoplast extract preparations

Cell extracts of C. therrnocellum strain ATCC 27405 or C. thennosac-
charoliticum strain ATCC 31960 were prepared from stationary
phase cells grown as described previously (Hogsett et al. 1992: Lynd
et al. 1991). Two methods were employed which yielded equivalent
results. The first method involved 100 ml of culture passed once
through a Microfluidics (Newton, Mass., USA) cell disrupter that
was packed in ice. Cell extracts were also prepared by passage of
cells once through a French press cell disrupter (20 000 psi or 137.9
MPa) refrigerated in a cold room at 4=C. Extracts were collected,
divided into smaller volumes and stored at 20 - C. Protoplast
extracts were prepared by the method of Mermelstein et al. (1992)
and stored at — 70:C .

Examination of restriction endonuclease activity

DNA digests were prepared by combining approximately 0.4 µg
DNA (as specified in the text), I pl of cell extract (or 1 pl protoplast
extract) and 1 pl of lOx high salt buffer (USB, Cleveland, Ohio. USA)
in a final volume of 10 pl. The mixture was incubated at 55C unless
otherwise indicated for periods of time specified in the text. Agarose
gel electrophoresis (1.2%) separated the resultant fragments.

Isolation of genomic DNA from C. thermocelluur
and C. thermosaccharoltticum.

Total genomic DNA was isolated by centrifuging 5 ml of culture
(Optical density at 600 nm, OD 600 — 0.7) and resuspending the
pellet in 500 ml TE (i.e. Tris/EDTA buffer 100,-`10 mM) with
30 mg/ml lysozyme plus 1000 U mutanolysin per millilitre and
incubating at 3TC for 15 min. Sodium dodecyl sulfate (SDS) was
added at 1% and the mixture was incubated at 65C for 10 min.
Proteinase K was then added to a concentration of 200 pg/ml and
incubated for Ih at 65 C. The mixture was extracted twice with
phenol/chloroform and once with chloroform. The DNA was pre-
cipitated with 2.5 volumes ethanol and air dried. The pellet was
dissolved in 200 ml Tris-HCI, pH 7.5 and RNase was added to
a concentration of 100 mg/ml. This mixture was incubated at 37 C
for 30 min followed by one extraction with phenol and one with
phenol! chloroform. The DNA was again precipitated with ethanol,
dissolved in 25 ml distilled water and digested with restriction en-
donucleases.

Results

Cell extracts of C. thermocellum exhibit
endonuclease activity

The Staphylococcus plasmid pUBI10, prepared from
Bacillus subtilis, is digested by both cell and protoplast
extracts of C. thermocellum into discrete fragments
(Fig. 1), indicative of specific endonuclease activity pre-
dominating over non-specific exonuclease activity. In-

Fig. 1 Agarose gell.2°/, of pUB110 plasmid DNA incubated with
Clostridiurn therrnocellurn cell or protoplast extract as indicated.
Marker (M) ? DNA HindIll digest: lane 1, uncut; Lane 2, cell
extract, 1-h incubation; lane 3, protoplast extract, 1-h incubation;
lane 4, Mhol digest; lane 5, cell extract, 24-h incubation; lane 6 proto-
plast extract, 24-h incubation; M, h DNA Hindlll digest

cubation of the plasmid DNA for lb with the cell
extract resulted in incomplete digestion (Fig.l, lane 2)
but 24 h of incubation produced nearly complete diges-
tion of the plasmid (Fig. 1, lane 5). Non-specific exonuc-
lease digestion of fragments was not observed with 24
h of incubation at 55°C. We did observe complete, non-
specific degradation of linear DNA (used to eliminate
the effects of topoisomerase-like activity seen with
intact plasmids) incubated at 63C (but not at 55 0 or
60°C) for 1 h in the presence of either C. thermocellum or
C. thermosaccharolyticum cell extracts (data not
shown). The C. thermocellum cell extract restriction
enzyme activity is very stable, retaining activity after
four freeze/thaw cycles (data not shown). Comparison
of restriction recognition between a protoplast extract
of a recently acquired C. thermocellum ATCC 27405
strain and cell extract made from the same strain main-
tained in our laboratory for 7 years resulted in similar
patterns of digestion (Fig. 1, lanes 6 and 2 respectively).
Protoplast extracts show somewhat less endonuclease
activity than cell extracts (Fig. 1, lanes 3 and 6). After



a 48-h incubation, the pattern of protoplast and cell
extract digestion became less distinct presumably due
to low-level non-specific nuclease activity of the cell
extract (data not shown). Although digestion of DNA
was observed with both low, medium and high salt
buffers, it was determined that incubation with a com-
mercially available high salt buffer (USB, Cleveland,
Ohio, USA) provided the best activity (data not
shown).

The Dam methylation system of E. coli
protects C. thermocellum DNA from digestion

The following E. coli strains were used to investigate
Dam (GmATC) and Dcm [(CmC(A/T)GG] methylation
with respect to protection of linearized pSK - (EcoRl
digested): GM271 (Dam + /Dcm -), ED8767 (Dam/
Dcm + ), GM2163 (Dam -/Dcm -), GM475 (Dam -/
Dcm + ). C. thermocellum cell extract digests of plasmids
prepared from either B. subtilis (Fig. 1) or from E. coli
strains GM2163 and GM475 (Fig. 2), all lacking Dam
methylation systems, resulted in discrete DNA frag-
ments after a 1-h incubation. Dam methylation pro-
tected linearized pSK - from digestion by the extract
cocktail (Fig. 2, lanes 1 and 2). Dcm-methylation did
not protect (Fig. 2, compare lanes 3 and 4), as Dcm-
methylated pSK was completely digested in the
presence of the cell extract. Other DNAs totaling

Fig. 2 Agarose gel 1.2% gel of Xho linearized pSK plasmid DNA
prepared from the indicated E. coli strains and incubated with C.
thermocellum cell extract for I h. M X DNA HindIIl digest; lane 1,
GM271; lane 2, ED8767; lane 3 GM2163; lane 4, GM475; M, ?. DNA
HindIII digest
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approximately 60000 base pairs were investigated
(pBR322, pBR325, pCTCI, ? DNA) with similar re-
sults, showing that Dam methylation protected DNA
from digestion. These results were consistent with the
restriction sequence recognized by the C. thermocellum
system being the same as the Dam methylation se-
quence: GATC.

The restriction sequence of C. thermocellum is
GATC

The observed Dam methylation protection prompted
us to search the sequence of pUB110 in the GenBank
database for the sequence of GATC. The location of
GATC sites on pUB110 was consistent with the pattern
on the gel and a search for nGATC or GATCn se-
quences produced no common pattern. To test the
hypothesis that GATC is the restriction site recognized
by the C. thermocellum cell extract, the restriction en-
zyme Mbol that recognizes and cuts at GATC was used
to digest pUB110 (Fig. 1, lane 4). Comparison of the
fragments generated by Mbol digestion and the cell
extract (24-h incubation, lane 5) supports the hypothe-
sis that the recognition sequence is the same for both.
A band in the 24-h lane that does not correspond to the
Mbol pattern is taken to be the result of incomplete
digestion by the C. thermocellum cell extract (Fig. 1,
lane 5).

All observed C. thermocellum restriction
activity is associated with the sequence GATC

Digestion of T7 phage (40 kb) and a, phage DNA (48kb)
was undertaken in order to search for any restriction
sequences other than GATC. Figure 3 shows identical
digestion patterns between T7 phage digested with the
C. thermocellum extract overnight at 55°C (lane 8) and
the Mbol digest for 1-h at 37°C (lane 9). A 24-h diges-
tion of 2 phage DNA by the C. thermocellum cell
extract (lane 3) results in similar bands to those
observed for Mbol-digested 2 DNA (lane 4), except that
the cell extract lane also contains a higher molecular
weight band. We interpret this band to be the result of
incomplete digestion since the double digest of C. ther-
mocellum cell extract followed by Mbol results in a pat-
tern indistinguishable from that of MboI alone. All
cutting observed in pBR322, pSK-, pUB110 T7 and

phage DNA (total of > 100 kb) can be explained by
cutting at GATC.

No endonuclease activity was observed for
C. thermosaccharolyticum

When cell extracts prepared from C. thermosac-
charolyticum were incubated with DNA from phages



Fig. 4 Agarose gel 1.2% of genomic DNA. M, A. DNA HindIII
digest; lanes 1-3, C. therrnocellum genomic DNA uncut, digested
with Mhol, digested with Sau 3A 1; lanes 4-6 C. thermosac-
charolyticum genomic DNA uncut, digested with Mbol, digested
with Sau3AI; M, DNA Hindill digest
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Fig. 3 Agarose gel 1.2% gel of unmethylated ? phage DNA or of
linear T7 7,, DNA. Marker. X DNA HindI11 digest; lane I uncut A,;
lane 2 A. plus C. thermosaccharolvticum cell extract, 24-h digest at
55 -C; lane 3 A. plus C. thermocellum cell extract, 24-h digest at 55 C;
lane 4 Mhol 1 -h digest at 37 C lane 5 k plus C. therniocelhnn cell
extract, 24-h digest at 55 C followed by Mhol 1-h digest at 37C;
lane 6 uncut T7; lane 7 T7 plus C. thermosaccharolyticum cell extract,
24- h digest at 55 C; lane 8 T7 plus C. thermocellum cell extract, 24-h
digest at 55 C; lane 9 T7 plus Mhor I h digest at 37- C

thermocellum or C. thermosaccharolyticum and digested
with Mbol (digests unmethylated GATC) or its isos-
chizomer Sau3A I that digests GATC regardless of the
methylation pattern. The genome of C. thermocellum is
not digested by Mhol (Lane 2) but is completely diges-
ted by Sau3A I (Lane 3). The genome of C. thermosac-
charolyticum is digested equally well by either enzyme
(Lanes 5 and 6).

X (Fig. 3, lane 2) and T7 (Fig. 3, lane 7), the banding
pattern was indistinguishable from the uncut plasmids
except for some slight non-specific degradation in the
case of T7. pBR325 and pCTCI were also exposed to
the C. thermosaccharolyticum extracts, with similar
results (data not shown). Although a total of > 100 kb
was examined, no significant digestion was observed.
The presence of C. thermosaccharolyticum cell extract
does not affect digestion by Mbol or by the C. ther-
mocellum extract (data not shown), indicating that the
extract does not contain factors inhibitory to digestion.

The genome of C. thermocellum is phenotypically
Dam, while that of C. thermosaccharolyticum
is phenotypically Dam

To protect the genome of C. thermocellum, methylation
would be expected to inhibit the endogenous restriction
system that is active at the site GATC. Figure 4 shows
an agarose gel of genomic DNA isolated from either C.

Discussion

Whole cell extracts of C. thermocellum prepared by high
pressure disruption or protoplast extraction exhibit
sequence-specific restriction endonuclease activity with
little non-specific exonuclease activity. This is contrary
to certain strains of C. acetobutylicum. (Azeddoug et al.
1989, Mermelstein et al 1992) where active cell wall-
associated exonucleases made whole cell extracts im-
possible to use when studying restriction endonuclease
activity. It is interesting to note that in studies with C.
acetobutylicum, high ionic strength buffers, which also
promote maximal restriction activity with C. thermocel-
lum cell extract digestions, have been shown to promote
maximum restriction activity (Lee et al. 1992) while
limiting DNA degradation by DNase (Williams et al.
1990). Based on comparison with Mbol digestions, the
restriction sequence recognized by C. thermocellum was
determined to be GATC. Protection from digestion
was seen if plasmids were prepared from a Dam + strain
of E. coli. Plasmids prepared from Dam E. coli strains
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or B. subtilis which do not exhibit Dam methylation
(Dreiseikelmann and Wackernagel 1981) were digested
by the cell extract cocktail. The genome of C. ther-
mocellum exhibits a Dam + phenotype. These results
suggest that E. coli shuttle plasmids used in attempts to
transform C. thermocellum should be prepared from
a Dam + E. coli host to escape digestion at this com-
monly occurring (on average, once every 266 base
pairs) site.

Clostridium thermosaccharolyticum does not appear
to exhibit restriction endonuclease activity using two
independently prepared cell extracts that were exposed
to > 100 kb DNA. In contrast with C. thermocellum,
the genome of C. thermosaccharolyticum is digested by
Mbol indicating a Dam - phenotype.

It is worthy of note that a second thermophile, C.
thermohydrosulfuricum, also exhibits restriction activity
at GATC which is prevented by Dam methylation
found in this organism (Richards et al. 1988). In C.
acetobutylicum, Mbol-like activity has also been re-
ported (Azeddoug et al. 1989) but the type of restriction
system has been shown to be strain-specific (Azeddoug
et al. and Reysett 1991) in this species. In C. thermocel-
lum ATCC 27405, isoschizomers of BcII (TGATCA)
and EcoRII [(CC(A/T)GG)] have been reported
(Young et al. 1989), but we have not observed digestion
by cell extracts at these sequences, although they were
present in the DNA studied.
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