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The Staphylococcus aureus plasmid pUB110 was found to be enriched in
deoxyribonucleic acid-membrane complexes isolated from Bacillus subtilis con-
taining pUB110.

In Bacillus subtilis, the replication origin (2,
11, 16, 18, 19, 22), the replication terminus (16,
18, 19, 24), and the replication fork (8, 11, 23)
have been shown to be preferentially associated
with the cell membrane. A physiological role for
these specific DNA-membrane complexes has
not yet been demonstrated, and the elucidation
of their role has been hindered by the large size
of the bacterial chromosome and nonspecific
DNA-membrane associations.
To understand the functional role of DNA-

membrane complexes, we have examined the
DNA-membrane association of the Staphylococ-
cus aureus plasmid pUB110 with the hope that
a small replicon might serve as a model system.
The plasmid pUB110 replicates in B. subtilis at
a copy number of 30 to 50 (7), expresses resist-
ance to neomycin (Nmr) and kanamycin (7), and
requires some of the B. subtilis dna + gene prod-
ucts for replication (15). For most of the studies
reported here, a recombinant plasmid, pSL103,
was used (12). The plasmid pSL103 consists of
pUB10, which is necessary for replication, and
a single EcoRI fragment from Bacillus pumilus,
which can complement but not transform trpC
mutations of B. subtilis to trpC+ (12). As de-
scribed below, the presence of the trp+ fragment
did not affect the membrane association of
pUB10.
Two separate methods of preparing DNA-

membrane complexes were used to study the
DNA-membrane association of pSL103. The
first method separated membrane-bound and
membrane-free DNA by centrifugation in linear
CsCl-sucrose double gradients (19), and the sec-
ond method separated the two DNA fractions in
sucrose gradients (25). The CsCl-sucrose gra-
dients are preformed linear gradients of 5 to 0.5
M CsCl and 20 to 5% sucrose. The membrane-
associated DNA and free DNA sediment to equi-
librium within 30 min. This method separated
the DNA-membrane fraction into two distinct
complexes, Ml and M2. The two complexes are
nearly identical in their enrichment for genetic

markers near the origin and terminus, but are
different in their protein composition and DNA-
to-protein ratio (10, 19, 22).
DNA-membrane complexes were isolated

from B. subtilis BR151 lys(pSL103) cells (12)
uniformly labeled with [3H]thymidine by cen-
trifugation in CsCl-sucrose gradients (19). Plas-
mid was detected by its ability to transform
competent B. subtilis cells to Nmr. Membrane
enrichment indices (MEI) were then calculated
for pSL103; a chromosomal origin marker,
purA16; and a terminus marker, metB5 (18; foot-
note to Table 1). The marker leuA8, which is
not enriched in the DNA-membrane fraction,
was used as the standard marker for normaliza-
tion of the enrichments of the other markers
(18). An MEI greater than 1 indicates enrich-
ment of that marker in the DNA-membrane
fraction.
As seen in Table 1, pSL103 is more enriched

in both M1 and M2 than the chromosomal origin
and terminus. Nearly identical results were ob-
tained from BR151 lys cells containing pUB110
(Table 1, in parentheses), suggesting that the
pUBIIO portion of pSL103, and not the trpC+
fragment, is responsible for plasmid-membrane
association. The plasmid pSL103 was also en-
riched in the DNA initiation mutant of B. sub-
tilis dna-i trp thy (20) at the permissive tem-
perature of 32°C (Table 1). Since these and
previous results (19, 22) have shown that M1 and
M2 are similarly enriched for the plasmid and
the chromosomal origin and terminus, we have
combined M1 and M2 and considered them as
the DNA-membrane fraction (M fraction) from
which they were derived. MEIs calculated by
combining M1 and M2 are shown in Table 1.
These results demonstrate the enrichment of
pSL103 in DNA-membrane fractions.

Transformation by plasmid DNA in B. sub-
tilis has been shown to be dependent on plasmid
DNA conformation (5). Oligomeric plasmid spe-
cies transformed 100 times more efficiently than
monomeric plasmid, but only 25% of the total
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TABLE 1. MEIs' calculated from membrane
complexes isolated from CsCI-sucrose gradients

B. subtilis MEI %
strain Nm' purA16 metB5 pSL103

BR151 lys
M2 7.4 (7.2)b 3.5 (2.4) 1.7 (1.4)
M,16.2 (6.6) 2.0 (2.1) 1.5 (1.4)

168 dna-I trp
thye

M2 8.4 1.8 1.4 41
M,16.8 2.0 3.0 36

168 dna-I trp
thyd

Ml + M2 7.2 2.3 2.2 62
Recentrifuga- 36

tion of d

'B. subtilis BR151 lys containing pSL103 (a spontaneous
revertant of BR151 lys met [12]) was grown in 5 ml bf SPC+
at 37°C (1) supplemented with 50 ,ug of L-lysine per ml and
containing [3H]thymidine (5 ,tC/ml specific activity, 40 to 60
Ci/mmol) and 5 yIg of neomycin per ml. At Klett 40 (7 x 107
cells per ml), the cells were harvested and lysed; and layered
on 4.4-ml linear CsCl-sucrose gradients as described previously
(19). After centrifugation in a SW50.1 rotor for 30 min at
35,000 rpm at 4°C, the gradients were fractionated and assayed
for radioactivity (20). M and F DNA fractions were pooled,
and the DNA was purified (2). For the recentrifugation exper-
iments, pooled M fractions were first dialyzed against SSC
(0.1 M NaCl-0.015 M sodium, pH 7.0) and then centrifuged
under identical conditions to the first centrifugation. The
DNA was then used to transform competent leuA8 metB5
purA16 by the method of Bott and Wilson (4). Nm' transform-
ants were selected after a 90-min expression by plating on
tryptose blood agar plates containing 5 tg of neomycin per ml.
Transformants for the auxotrophic markers were selected as
before (21). MEIs were calculated by the expression MEI =
(XM/XF)/(SM/SF), where X = the number of Nm', purA16, or
metB5 transformants in the M or F fraction, and S = the
number of leuA8 transformants (16). The percent pSL103 was
calculated from the total percentage of Nm' transformants in
the appropriate fraction.

h Numbers in parentheses identical to a, except BRI51
contained pUB110.

'Identical to a except dna-I trp thy was grown at 32°C,
and the medium was supplemented with 5 yg of thymine per
ml.

d Identical to c except the M, and M2 fractions were pooled
into one M fraction.

plasmid DNA in B. subtilis was found to be in
oligomeric forms (5). An MEI for pSL103 cal-
culated by transformation may then have ac-
tually demonstrated only an enrichment of oli-
gomeric plasmids, and not total plasmid DNA,
in the M fraction. To determine whether the M
fraction was enriched in total plasmid DNA, the
relative amount of plasmid in both the M and
free (F) fractions was determined either by fluo-
rography or by hybridization. By determining
with ethidium bromide fluorography or hybrid-
ization the relative amounts of plasmid DNA in
the M and F fractions to the amounts of total
DNA in the M and F fractions, we could deter-
mine whether the plasmid was enriched in one
fraction or the other.
DNA was purified by phenol extraction from

M and F fractions of B. subtilis dna-i trp thy
cells containing pSL103, treated with EcoRI,
and electrophoresed through a 0.7% agarose gel
(9). The plasmid pSL103 has two EcoRI sites,
and cleavage by EcoRI results in the production
of two fragments, pUBl10 and a trpC+ fragment
(Fig. 1). The DNA was transferred to a nitrocel-
lulose filter by the Southern method (17), and
32P-labeled pSL103 prepared by nick translation
(14) was hybridized to the filter (6) (Fig. 1). The
relative amount of pSL103 DNA in the M and
F fractions was determined by densitometer
tracings either of the negative of the fluorograph
of the gel (Fig. la and b) or of X-ray film exposed
to the Southern filter of the gel (Fig. lc and d).
The time of exposure was kept within the linear
response range of the X-ray film. MEIs were
then calculated by normalizing the relative
amount of plasmid DNA in each lane to the
total amount of DNA electrophoresed in each
lane. The relative intensity of the fluorescent
bands is directly proportional to the amount of
DNA. Also, it has previously been demonstrated
that the Southern hybridization technique can
be quantitative, and the autoradiographic re-
sponse is a direct measurement of the amount
of DNA present (3, 13).

pUBIIO
trpCt

a b c d

FIG. 1. Determination ofmembrane enrichment by
hybridization and fluorography. DNA fromM and F
fractions from CsCI-sucrose gradients was treated
with EcoRI (9), electrophoresed through an agarose
gel (9), and transferred to a nitrocellulose filter (17),
as described in the text. 32P-labeled pSL103 was hy-
bridized to the filter, and the filter was exposed to
Kodak XR-5 film for I day. The relative intensity of
each band was determined by densitometer tracing
with a Gelman densitometer. (a) DNA from M frac-
tion visualized by ethidium bromide fluorescence; (b)
DNA from F fraction visualized by ethidium bromide
fluorescence; (c) hybridization of32P-labeledpSL103
to a; (d) hybridization of 32P-labeled pSL103 to b.
Total DNA includes both chromosomal andplasmid
DNA. The chromosomal DNA appears as the faint
fluorescent background in a and b.
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As seen in Table 2, the pSL103 MEI deter-
mined by transformation was similar to the MEI
calculated by either fluorography or hybridiza-
tion of pSL103. The fact that the results ob-
tained by hybridization were similar to those
obtained by fluorography indicates the Southern
hybridization was quantitative under our con-
ditions. Similar results were obtained with other
samples (data not shown), demonstrating that
the calculation of an MEI for pSL103 by trans-
formation was an accurate measurement of the
total plasmid enrichment in the M fraction.
Sueoka and Hammers (19) previously dem-

onstrated that determining membrane enrich-
ments by normalizing the number of transform-
ants of the marker in question to the amount of
transforming DNA resulted in similar results to
those obtained relative to the number of leuA8
transformants. The MEIs forpurA16 and metB5
calculated relative to the total amount of 3H-
labeled transforming DNA were also similar in
our experiment to the METs calculated relative
to leuA8 transformants (Table 2). In summary,

MEIs calculated by relating either hybridization
or transformation values to the amount of la-
beled DNA gave nearly identical results to those
MEIs determined by relating the number of
transformants for one marker to the number of
transformants for leuA8.
To test for any artifactual aggregation of

pSL103 with the membrane during cell lysate
preparation, 0.5 ,ug of exogenous 3H-labeled
pSL103 was added during lysis to cells uniformly
labeled with ['4C]thymine. After centrifugation
in CsCl-sucrose gradients, 28% of the "C-label
was found in both Ml and M2, whereas only 2.2%

TABLE 2. Comparison ofMEIs calculated by
transformation, hybridization, and fluorography

MEI
Membrane enrichment

Nm' purA16 metB5

Relative to leuA8 6.1 4.1 1.9
Relative to [3H]DNA 5.8a 4.7b 2.2b
Relative to [3H]DNA 6.8c

a MEI = (HM/HF)/([3H]DNAM/[3H]DNAF), where
H was the relative percent hybridization determined
by densitometer tracings of Fig. lc and d, and
[3H]DNA was the total amount ofDNA loaded on the
gel in each well. The DNA was uniformly labeled with
[3H]thymine during growth, as described in the legend
to Fig. 2. A total of 463 (M) and 3,845 (F) cpm of
[3H]DNA was electrophoresed.

b MEI = (XM/XF)/([3H]DNAM/[3H]DNAF), where
X was the number ofpurA16 or metB5 transformants
and [3H]DNA was the total amount of donor DNA
added to the competent cells.
'Same as a except the relative amount of plasmid

DNA (H) was determined by densitometer tracing of
the fluorograph (Fig. la and b).
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of the 3H-labeled plasmid was found in those
same fractions. Thus, the association of the plas-
mid observed here with the membrane was not
found to be artifactual.
To study further the DNA-membrane associ-

ation of pSL103, we employed a second method
of DNA-membrane isolation. Yamaguchi and
Yoshikawa (25) reported the isolation of a mem-
brane (M) and a soluble (S) DNA complex with
sucrose density gradients. The Ml and M2 com-
plexes found in CsCl-sucrose gradients are de-
rived from M complexes isolated by sucrose
gradient centrifugation (18). The S complex was
shown to be a specific DNA-protein complex
containing only DNA near the purA16 loci and
several unique proteins, lipid, and RNA (26).
M and S complexes were isolated from BR151

lys(pSL103) and dna-i trp thy(pSL103) cells
uniformly labeled with [3H]thymidine, as de-
scribed by Yamaguchi and Yoshikawa (25). A
modification was made in the centrifugation pro-
cedure so that M and S complexes were isolated
in one step (Fig. 2). Cell lysates were layered on
sucrose gradients and centrifuged for 3 h at
20,000 rpm. This allowed the S complex to sed-
iment away from the free DNA, but the force
was not sufficient to sediment the S complex
into the more dense M complex, which sedi-
mented to the top of the 64% sucrose shelf.
The MEI for the plasmid and chromosomal

markers in the M and S complexes are shown in
Table 3. The plasmid pSL103 was highly en-
riched in both the M and S complexes, with
more enrichment in the S complex than the M
complex. As originally described by Yamaguchi
and Yoshikawa (25), the S complex was also
always more enriched for purA16 than the M
complex, and the S complex was not enriched
for metB5. The precise chemical nature of the
pSL103-containing S complexes has not been
determined.

Less than 5% of exogenous 3H-labeled pSL103
added during lysis was found to sediment with
the M and S complexes, indicating the high
MEIs for pSL103 were not a result of trapping
of free plasmid DNA in the M and S complexes.
The high sedimentation rate of the M complex
(greater than 400S) and the S complex (100 to
150S), and the fact that purified plasmid DNA
does not cosediment with either complex, make
it unlikely that the enrichment of pSL103 in
either complex was due to special sedimentation
properties of plasmid DNA.
Approximately 60 to 90% of the total Nmr

transforming activity was found in either the M
fraction (Table 1) or the combined M and S
complexes (Table 3). Since the transforming ac-
tivity is directly proportional to the amount of
plasmid, the majority of pSL103 molecules are
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not found free in the cell, but rather are associ-
ated with rapidly sedimenting, membranous par-
ticles. Greater than 50% of the pSL103 molecules
remained in the M and S complexes after recen-
trifugation of the complexes in sucrose gradients
(Table 3). Thirty-six percent of the plasmid also
remained associated with the M fraction after
recentrifugation in CsCl-sucrose gradients (Ta-
ble 1). The fact that pSL103 sediments in the M
fraction, M complex, and S complex after recen-
trifugation indicates stable plasmid-membrane
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FIG. 2. Isolation ofM and S complexes on sucrose
density gradients. B. subtilis 168 trp thy containing
pSL103 was grown in 25 ml ofSPC+ (I) at 37°C (168
dna-i was grown at 32°C) supplemented with 5 pg of
thymine per ml and containing 5 ,uCi of [3H]thymine
per ml and 5 ug ofneomycin per ml. At Klett 40, cells
were harvested and frozen. After thawing, cells were
resuspended in 0.5 ml of TKE (20 mM Tris.hydro-
chloride [pH 8.1], 0.1 M KCI, and 1 mM EDTA), 0.1
ml of 5 mg lysozyme per ml, and 0.05 ml of 0.1 M 2-
mercaptoethanol. After 15 min at 37°C, 0.1 ml of 5%
Brij-58 was added. The samples were sheared and
centrifuged as described previously (25), except the
gradients were centrifuged for 3 h at 20,000 rpm. The
gradients were processed, transformations were per-

formed, and MEIs were calculated, as described in
the legend to Table 1. For the recentrifugation exper-

iments, M and S complexes were dialyzed against
TKE and then centrifuged under identical conditions
to the first centrifugation. Direction ofsedimentation
is right to left.

TABLE 3. MEIs calculated from DNA-membrane
complexes isolated from sucrose density gradients'

MEI %
B. subtilis strain S b

Nm' purA16 metB5 PS11O3
168 trp thy
M complex 5.2 4.4 1.3
S complex 12.5 13.5 0.7

dna-i trp thy,
Expt 1

M complex 18.1 3.5 1.2 53
S complex 20.3 16.9 0.7 30

dna-1 trp thy,
Expt 2

M complex 8.4 6.3 1.2 75
S complex 11.8 10.9 0.2 12

Recentrifuga-
tion, Expt 1

M complex 58
S complex 51

a M and S complexes were isolated as described in
the legend to Fig. 1, and MEIs were calculated as
before (18).
'The percent pSL103 was calculated from the total

percentage of Nm' transformants in the M or S com-
plex.

complexes exist and further supports the notion
that plasmid DNA is associated with membrane
and with S complex-type particles in vivo.

In conclusion, these results have demon-
strated that S. aureus plasmids in B. subtilis are
preferentially associated with the cell membrane
and an S-type complex. Further experiments
with initiation mutants have indicated the mem-
brane association of the plasmid plays a critical
role in the initiation and replication of the plas-
mid (S. Winston and N. Sueoka, Proc. Natl.
Acad. Sci., in press).
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