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Mycoplasma virus L2 is subject to host-specific restriction and modification in
Acholeplasma laidlawii strains JAl and K2. We have examined the DNAs from
both host cells and viruses propagated on these strains with respect to susceptibil-
ity to cleavage by restriction endonucleases and for DNA base modifications. We
show that, in strain K2 and L2 virus grown on K2 cells, cytosine in the sequence
GATC is methylated to 5-methylcytosine and, although strain K2 and L2 viruses
grown on K2 contain N6-methyladenine in their DNA, adenine in the sequence
GATC is not methylated. In contrast to K2, strain JAl and L2 virus grown on JAI
cells contain no detectable methylated bases. It is not known which of the
methylated bases in K2 is the basis for the K2 restriction-modification system
operative on L2 virus.

Mycoplasmas are procaryotes that lack cell
walls and have the smallest reported genome
sizes (15). They appear to have arisen by degen-
erative evolution as a branch of the gram-posi-
tive eubacteria (20).
Some strains of the mycoplasma Achole-

plasma laidlawii (genome size 1.0 x 109 daltons)
are hosts for three morphologically distinct my-
coplasma viruses: Li are bullet-shaped virions
containing circular single-stranded DNA of 1.5
x 106 daltons (12); L2 are enveloped virions
containing circular superhelical double-stranded
DNA of 7.8 x 106 daltons or 11.8 kilobase pairs
(kbp) (11); and L3 are T7-like virions containing
linear double-stranded DNA of about 26 x 106
daltons (4). From plating efficiency data, Mani-
loff and Das (9) concluded that A. laidlawii
strains JAI and K2 can modify and restrict L2
but not Li. Similar studies have shown that L3,
like LI, is not modified or restricted (K. Dybvig,
data not shown).
We report here studies on DNA modifications

in A. laidlawii strains K2 and JAl. These show
that strain K2 methylates the C nucleotide in the
sequence GATC. No methylation was detect-
able in strain JAl DNA.

MATERIALS AND METHODS
Cells and virus. A. laidlawii strain JAl has been

described previously (8). A. laidlawii strain K2 is a
clone derived from A. laidlawii M1305/68 (4). L2 is the
original group 2 mycoplasma virus isolate (3) and was
obtained from R. N. Gourlay. Viruses were assayed as
PFU in soft agar overlays of A. laidlawii on tryptose
agar plates as described previously (11).

Media and buffers. Tryptose broth containing 1%
glucose and 1% PPLO serum fraction was used for
cultivating cells as described previously (7). Tris-
EDTA-NaCl (TES) buffer (0.01 M Tris-hydrochloride
[pH 7.8]-0.001 M EDTA-0.1 M NaCI) was used for
purification of L2 virus and both cellular and viral
DNA.

Purification of L2 virus. Overnight (late exponential
phase) cultures (200 ml) of A. laidlawii were infected
with L2 (multiplicity of infection 1 to 10) and diluted to
1 liter with fresh tryptose broth. After overnight
incubation at 37°C, cells were removed by centrifuga-
tion (7 min at 9,000 rpm at 4°C in a Beckman JA-14
rotor), and the virus was pelleted (30 min at 25,000 rpm
at 10°C in a Beckman SW27 rotor). The virus was
suspended in 5 ml of TES buffer and purified by
sedimentation (3 h at 25,000 rpm at 10°C in a Beckman
SW27 rotor) in a linear 15 to 30% sucrose gradient.
Fractions containing L2 were pooled and concentrated
by centrifugation. After suspension in 0.5 ml of TES
buffer, the virus titer was 1013 to 10'4 PFU/ml.
DNA purification. Viral DNA was purified by ex-

tracting the resuspended virus twice with equal vol-
umes of phenol saturated with TES buffer. The aque-
ous layer was made 0.2 M in sodium acetate, and DNA
was precipitated by addition of 2 volumes of 95%
ethanol. After overnight incubation at -20°C, DNA
was harvested by centrifugation (1 h at 30,000 rpm at
0°C in a Beckman SW50.1 rotor) and suspended in 0.5
ml of TES buffer. DNA concentrations were typically
1 mg/ml.

Cellular DNA was prepared for agarose gel electro-
phoresis as described for viral DNA, except that cell
DNA was precipitated with 70% ethanol and centri-
fuged for 15 min at 20,000 rpm. For chromatographic
analysis, cellular DNA was purified by equilibrium
centrifugation in a CsCl density gradient (K. Dybvig,
Ph.D. thesis, University of Rochester, Rochester,
NY., 1981). Fractions containing DNA were pooled,
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dialyzed against TES buffer, and precipitated in etha-
nol.
Agarose gel electrophoresis. Agarose gel electropho-

resis was performed in a slab gel apparatus (Aquebo-
gue Machine Shop, Aquebogue, N.Y.). The electro-
phoresis buffer contained 40 mM Tris (pH 7.8), 5 mM
sodium acetate, and 2 mM EDTA. All gels were 1%
agarose (type III; Sigma Chemical Co., St. Louis,
Mo.). Samples for electrophoresis were mixed with 5
i,l of marker dye solution (60% sucrose in TES buffer
and 0.25% bromophenol blue) and subjected to elec-
trophoresis for 3.5 to 4 h at 40 to 45 mA (70 to 80 V).
The gels were stained with ethidium bromide (1 Rg/
ml), visualized by illumination with short-wavelength
UV light, and photographed.

Nuclease digestion. Restriction endonucleases were
obtained from Bethesda Research Laboratories (Rock-
ville, Md.), except for MboI, which was obtained from
New England Biolabs (Beverly, Mass.). All restriction
endonuclease digests were performed under condi-
tions recommended by the supplier.
High performance liquid chromatography. Up to 20

,ug of DNA was precipitated with 95% ethanol and
centrifuged, and the resulting pellets were washed
once in cold 70%o ethanol and air dried. The DNA
pellets were suspended in 15 RI of 0.2 M NH4CO3 (pH
8.5) and 2 ,ul of 0.1 M MgCl2. A mixture containing 50
U of DNase I, 0.5 U of snake venom phosphodiester-
ase, and 0.02 U of bacterial alkaline phosphatase in 5
,u1 was added, and the solution was incubated for at
least 4 h at 50°C. The resulting nucleosides were
separated as described by Singhal (17), except that a
column (100 by 0.46 cm) of Aminex A-7 resin (pH 9.9
to 10.0) (Bio-Rad Laboratories, Richmond, Calif.) was
used with a flow rate of 10 ml/h. The sample was
introduced into the column with a high-pressure injec-
tion valve, utilizing a 20-,u sample loop.

RESULTS
Plating efficiency data. Mycoplasma virus L2

propagated on strain JAl is designated L2 * JAl,
and L2 propagated on strain K2 is designated
L2 * K2. L2 * JAl is restricted and modified by
strain K2, and L2 * K2 is restricted and modified
by strain JAI. The plating efficiency of L2 * JAl
on strain K2 was 0.05 relative to its plating
efficiency on strain JAl, and the plating efficien-
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cy of L2 * K2 on strain JAl was 0.002 relative to
plating on strain K2. These values are similar to
those reported by Maniloff and Das (9).

Restriction endonuclease studies. A restriction
endonuclease cleavage map of the L2 K2
genome was constructed (Fig. 1). The HindIII
and HpaI sites confirm previously published
results involving L2 * JAl DNA (11). Only one
XbaI site was identified in the previous study,
but two close XbaI sites were resolved in the
experiments reported here. Although L2 * JAl
DNA was reported to have a single BglII site
(11), L2 * K2 DNA was not cleaved by BglII. To
determine whether the lack of BglII cleavage of
L2 * K2 DNA was due to a host modification in
the BgIII recognition sequence, two types of
experiments were done. First, to be certain that
L2 K2 DNA preparations did not contain an
inhibitor of BglII, the enzyme was added to a
mixture of L2 - K2 DNA and coliphage X DNA.
After digestion and agarose gel electrophoresis,
the standard BglII fragment pattern of X DNA
was observed (data not shown). Hence, the
L2 * K2 preparation does not contain an inhibi-
tor of BglII activity. Second, to confirm the
presence of a BgIII recognition sequence in
L2* K2 DNA, JAl cells were infected with
L2* K2 virus to regenerate a stock of L2 * JAl
virus. DNA from this stock was cleaved by BglII
at the expected site (data not shown). We con-
cluded that mycoplasma virus L2 contains a
BglII site which must be modified when the
virus is grown in strain K2.

Since the BglII recognition sequence is
AGATCT (16), several specific restriction endo-
nucleases were used to investigate the base
sequence recognized by the K2 cell modification
system. A typical experiment is shown in Fig. 2,
and data from many experiments are summa-
rized in Table 1. The sensitivity of virus L2
DNA to BglII was the same as that of its host
cell; both strain K2 and mycoplasma virus
L2 * K2 DNAs were not cleaved by BglII. Since
BamHI did not cleave L2 * JAl or L2 * K2
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FIG. 1. Restriction endonuclease cleavage map of L2 DNA. Cleavage sites were mapped as described by
Nowak and Maniloff (11). The circular L2 genome was broken at the single BstEII site to allow a linear
representation. The scale is in kilobase pairs (kbp). L2 DNA is 11.8 kbp. The heavy line indicates the region
containing the L2 integration site (K. Dybvig and J. Maniloff, manuscript in preparation). The parentheses
around the BglII site and one of the BcIl sites denote that these sites are cleaved in L2 * JAl DNA but not in
L2 * K2 DNA.
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TABLE 1. Susceptibility of DNAs to restriction
endonuclease cleavagea

DNA source
Restriction Sequence
enzyme recognized Strain L2 K2 Strain L2 JAl

K2 JAl

BgIII AGATCT - + +

BamHI GGATCC - - +

Sau3A GATC - - + +

MboI GATC + + + +
a Cleavage was determined by agarose gel electro-

phoresis of enzyme-treated DNA. +, DNA cleaved at
one or more sites; -, DNA not cleaved.

b The asterisk (*) above a nucleotide denotes the
base that is modified to render the site not susceptible
to the nuclease (e.g., BamHI cleaves GGATCC but
not GGATm5CC). Literature citations in text.

DNA, we concluded that the L2 genome lacks
the BamHI sequence GGATCC (16). Since
BamHI cleaves cellular DNA from strain JAl
but not from strain K2, the BamHI sequence is
modified in strain K2. Sau3A recognizes the
sequence GATC (16). Sau3A cleaves DNA from
strain JAl but not from strain K2. L2 * JAl
DNA has more than 10 Sau3A cleavage sites,
but L2 * K2 DNA was not cleaved by Sau3A
(Fig. 2; Table 1). The BamHI, BgIII, and Sau3A
data are consistent with the recognition se-
quence of the K2 modification system being
GATC.
Most host-specific modifications of DNA re-

sulting in changes in restriction endonuclease
susceptibility are either methylation of adenine
(Ade) to N6-methyladenine (m6Ade) or methyl-
ation of cytosine (Cyt) to 5-methylcytosine
(m5Cyt). K2 does not modify the GATC se-
quence to Gm6ATC (Table 1) for the following
reasons. (i) BglII cleaves AGm6ATCT (13), (ii)
BamHI cleaves .GGm6ATCC (5), (iii) Sau3A
cleaves Gm6ATC (19), and (iv) MboI, which
cleaves DNA from L2 * K2 and strain K2, does
not cleave Gm6ATC (2). However, the data in
Table 1 are consistent with the modification of
GATC to GATm5C in K2 cells for the following
reasons: (i) BamHI does not cleave GGATm5CC
(5), and (ii) Sau3A does not cleave GATm5C
(18).

Base composition studies. If the K2 modifica-
tion is GATm5C, then we expect that strain K2
and L2 * K2 DNAs should contain m5Cyt. To
test this, high performance liquid chromatogra-
phy was used to analyze the base compositions
of L2 * JAl, L2 * K2, strain JAI, and strain K2
DNAs (Table 2). About 1.6% of Cyt bases in
L2 * K2 DNA were methylated, and about 2.2%
of Cyt bases in strain K2 DNA were methylated.
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Thus, the presence of m5Cyt in mycoplasma
virus L2 K2 and host K2 DNAs was estab-
lished.
We also learned that (i) about 0.3% of Ade

bases in strain K2 DNA and L2 - K2 were
methylated; hence, there may be another K2
modification system based on m6Ade; (ii)
L2 * JAl DNA and strain JAl DNA had no
detectable methylated bases; and (iii) L2 DNA
was 32% G+C, and strain JAI and K2 DNAs
were 31 to 32% G+C (Table 2). These latter
G+C compositidhs are within the 31 to 36%
range reported for A. laidlawii strains (10). The
32% G+C value for L2 DNA was confirmed by
isopycnic CsCl density gradient atalysis of
L2 * JAl DNA (data not shown).

DISCUSSION
We studied the DNA from two A. laidlawii

strains (JAl and K2) having different restriction
and modification specificities and the DNA from
a mycoplasma virus grown on each strain. Data
on the susceptibility of these DNAs to cleavage
by several restriction endonucleases (Table 1)
led to the following conclusions. (i) In A.
laidlawii strain K2, the DNA sequence GATC is
modified, making it resistant to cleavage by
BgIII, BamHI, and Sau3A; (ii) in K2 cells,
adenine in the sequence GATC is not methylat-

FIG. 2. Agarose gel electrophoresis of L2 DNAs
after cleavage with restriction endonucleases Sau3A
and Mbol. Each lane contained the following DNA: (a)
untreated L2 - K2; (b) untreated L2 JA1; (c) L2 - K2
treated with Sau3A; (d) L2 JAl treated with Sau3A;
(e) L2 - K2 treated with MboI; and (f) L2 JAl treated
with Mbol. In lanes a to c, the upper bright band is
relaxed open circular L2 DNA, and the lower bright
band is superhelical covalently closed circular ,L2
DNA. In lane b, the faint band between these circular
DNAs is linear L2 DNA.
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TABLE 2. Base composition of strain K2, strain JAl, L2 * K2, and L2 * JAl DNA

DNA MoM%
source Thy Gua Cyt m5Cyt Ade m6Ade

Strain K2 36.2 15.0 15.9 0.36 33.2 0.10
L2 * K2 34.2 16.0 16.1 0.26 33.4 0.10
Strain JAl 34.0 15.5 16.7 <0.003 33.6 <0.003
L2 * JAI 34.6 15.8 16.6 <0.004 33.0 <0.004

ed; and (iii) in K2 cells, cytosine in the sequence
GATC is methylated to m5Cyt. The presence of
m5Cyt in strain K2 and virus L2 * K2 DNAs was
confirmed by high performance liquid chroma-
tography.
These data do not allow conclusions on

whether the GATC to GATm5C modification in
K2 is the biochemical basis of modification of
mycoplasma viruses by these cells. The pres-
ence of m6Ade in K2 cells indicates that a
second modification system is possible. The lack
of detectable methylated bases in JAl means
that modification of mycoplasma viruses in JAl
cells is significantly different than in K2 cells. In
fact, it is a mystery how restriction-modification
works in JAl in the absence of detectable m5Cyt
and m6Ade. From the base composition data,
each L2 * JAl DNA molecule must contain
<0.15 m5Cyt residue and <0.31 m6Ade residue.
The possibility that JAI modifies the viral coat
rather than viral DNA can be eliminated, since
recent data (T. Sladek and J. Maniloff, unpub-
lished data) show similar restriction frequencies
for infection with L2 * K2 virions and transfec-
tion with DNA from L2 * K2 virions.

In a study of five mycoplasmas (four Myco-
plasma species and an A. laidlawii oral strain),
Razin and Razin (14) found m6Ade (0.08 to 0.8
mol%) in all five, but m5Cyt was detected (0.8
mol%) in only one Mycoplasma species. These
results, together with those presented here, indi-
cate significant diversity in the DNA methyl-
ation patterns among the mycoplasmas.
Although the modification which makes the

BglII recognition sequence (AGATCT) resistant
to cleavage has not been reported, these studies
indicate two possibilities. The identical pattern
of low-molecular-weight DNA fragments was
seen for L2 * JAl digested with either Sau3A or
MboI and L2 * K2 DNA digested with MboI.
Hence, the distribution of GATC sequences
must be similar in L2 - JAl and L2 * K2 DNAs,
and there must be little or no m6Ade in GATC
sequences in K2 cells. (The absence ofGm6ATC
sequences is consistent with the observation
that DpnI [recognition sequence Gm6ATC; 61
does not cleave either L2 - K2 or L2 - JAI DNA
[data not shown].) Since Sau3A cannot cleave
L2 * K2 DNA, every GATC must be methylated
to GATm5C. Therefore, we conclude that in

L2 K2 DNA, the resistant BglII recognition
sequence must contain m5Cyt, i.e.,
AGATm5CT. However, since L2 - K2 DNA
also contains m6Ade, we cannot rule out the
possibility that the resistant BglII site is
m6AGATm5C. Either or both methylations
might be necessary to make the site resistant to
BglII.

In addition to the modification of the BglII
site, growth of L2 virus in K2 cells also causes
one of the three Bcll sites in the L2 DNA to
become resistant to cleavage by Bcll (data not
shown). The BclI site (recognition sequence
TGATCA; 1) at 2.25 kbp on the L2 map (Fig. 1)
is cleaved in L2 * JAl DNA but not in L2 - K2
DNA. Hence, not all Bcll sites are identically
modified in K2 cells. As discussed above, since
all GATC sites are modified, in L2 - K2 DNA
the Bcll recognition sequence must be present as
TGATm5CA. Therefore, Bcll can cleave
TGATm5CA, and the Bc[l site at 2.25 kbp on the
L2 map must have a modification in addition to
m5Cyt. Hence, a second modification system in
K2 cells must modify a sequence which overlaps
the BclI sequence at 2.25 kbp on the map.
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