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We have developed a simple procedure to purify a DNA-membrane complex
from Bacillus subtilis by using a combination of centrifugation and electropho-
resis. Several unique proteins were detected in the purified complex.

Much evidence supporting association of
DNA with the cell membrane has been accu-
mulated from studies attempting to isolate
DNA-membrane complexes by various methods
(2-5, 11, 14, 15, 23). DNA associates with the cell
membrane at three unique sites in Bacillus sub-
tilis, the replication origin (11, 17-20), the rep-
lication forks (5, 11, 20), and the replication
terminus (17, 19, 20-22). Numerous attempts
have been made to demonstrate a possible role
of specific membrane proteins on the chromo-
somal replication (6, 8, 10, 15, 16). Some of them
have revealed that several kinds of membrane
proteins may be involved in DNA synthesis (6,
9, 10, 16).

In biochemical studies, three methods have
been widely used to isolate DNA-membrane
complex: (i) sucrose density gradient centrifu-
gation to isolate fast sedimentable materials
from the cell lysate (15, 19, 20); (ii) the M-band
method, which is based on the affinity of mem-
braneous materials to crystals of Mg2'-Sarkosyl
(2, 7); and (iii) the CsCl-sucrose double gradient
method (18). However, in both i and ii, a large
amount of membrane fragments was isolated
together with the complex. In addition, effects
of the detergent and high salt concentration on
the composition of the membrane could not be
neglected in the case of ii and iii. Recently, Olsen
et al. (9, 14) reported a new purification method
to separate the DNA-membrane complex from
cell wall and bulk membrane fragments by using
free-flow electrophoresis. However, they did not
examine whether or not the complex contained
specific sites on the Escherichia coli chromo-
some. In the present study, we isolated and
purified a DNA-membrane complex containing
specific sites on the B. subtilis chromosome by
using a combination of centrifugation and elec-
trophoresis. Several specific proteins in the com-
plex were observed when a majority of the pro-

tein in the complex was removed by sonic oscil-
lation.
An alkaline pH was required to eliminate a

large amount of DNA fragments nonspecifically
associated, probably entrapped, with the cell
membrane. Therefore, the cell lysate was first
prepared in an alkaline buffer (TKE1: 20 mM
tris(hydroxymethyl)aminomethane-hydrochlo-
ride, pH 8.1; 0.1 M KCl; 1 mM ethylenediamine-
tetraacetic acid; and 10 mM 2-mercaptoethanol).
then sheared and centrifuged in TKE, to get rid
of DNA that was not associated with the cell
membrane. Fractions containing a crude DNA-
membrane complex were pooled and then di-
alyzed against a neutral or slightly acidic buffer
such as P,-,(E1, (50 mM sodium phosphate, pH
6.7; 10 mM ethylenediaminetetraacetic acid; and
5 mM 2-mercaptoethanol). A rapid neutraliza-
tion of the crude complex is essential to stabilize
the complex during electrophoresis. The crude
complex was purified by electrophoresis in a
sucrose density gradient (Fig. la). Further puri-
fication was achieved by repeated electrophore-
sis (Fig. lb). Repeated electrophoresis removed
more than 90'7( of membrane fragments which
originally cosedimented with the crude DNA-
membrane complex. The electrophoretic pat-
terns of DNA and protein are not identical in
the fractions containing the complex, as shown
in Fig. lb. This discrepancy was due to contam-
ination of a large amount of DNA fragments
which have been cosedimented in the crude
complex. Fig. Ic shows that these DNA frag-
ments are efficiently removed by the centrifu-
gation after the electrophoresis. It is noted that
no pu-A marker, an origin marker, was released
from the complex, whereas hisA marker, a mid-
dle marker, was released in proportion to the
bulk DNA. The marker ratio between purA and
hisA was 30 to 50, indicating that the purified
complex was enriched for the chromosome frag-

799



~E5-E 2 9 -q5

aS a!oo 10 2

~~~0a 9<~~~~~~~r~~~~~FatoNo.9

toelectrophoresis.aoneetrphrsiiascr.sraietae

samleialze agins P)/)lo Xsadustd t 5;. ucr.s souto cnaing05'ropholbuad

E(5) ,5

0 0~~~~~~~~~~~~~~~~~~~~~~~~~~~~
6~~~

layered~~~~~~~~~~Iontpoa0t 04lna ur.egain nPo( nt a.sefo 04sureinPE1,

25 2 0 20 305

F.1Purcification(2dofs eachDNa-membranctomple byahog cobiatoofeeolectrophorlyesi agandtcentrifugation.

B.ai .subtilist16 LtT euectropC2rethy) was gron inb)Tenriched lowS-cnrfgedAA supplemene wenith leucinen(50 to/m,

30CJsurosein 5,,,(,, Botsucoseim-(E( . hef naBcmnS2Top o t2,0 p o t2C

Thrytophracine,(50 gmleac,an 0.5eglcosle,and uras labelewipofthef H]thyidinet2.(cC).Aliugtperm ml)facindwerS
(1.5ayCi/ fogtansfaormsnofSpterlCls wereratlvsed ashdeared,badcrentrifugeda descriBedpretiousl (22,0 23eu
Fractios5fcurudeDNsA-muembrane copeureripen pooeanda dialyzedmin againsitPE,Sybuffer and--0sulete
toelectrohoeis.A---zone electrophresi in a,sucros gradient deeoe byKiAdyetrkar. (12)wuAs use to10
sepratefrmatherDAmmbran comple=5x f03rasommanbulofrmembrane furAgme15trnfomntsunsocaedwt DNA. Thes

Electropho'3rensisou'anscarried.out ina1costn curn of20tasomAants4pefr 9.5; h.sAt the en of run thetasaomples

conenraein) SehdxGSpude o3t l Tecnetae aml sdvdd noto n a

agisbece t lctohoeisa i b) heoheascnriuedi3ascrs-eniy rdin (0t
30%sucos inP5E1~ 4 urs nPE ssel naBcmnS2 oo t2,0 p o t2C

trasfomats er l) hiA (25 20 trnfrat1 em)5b uA( =i05trnfmaspeml;hA

(1 ptop5ax 50~tansfomlants per%mlu.(c) parA(1as5ablewttrasformatsherml)isAn(1225ti1025tgpransforants
pe(m1.5A12i 8saoso00el.Cll vr ve,serd adcnrfgda ecibdpeiul 2,2



NOT'ES 801

ments near the replication origin. These values
are close to the maximum enrichment value
which theoretically can be obtained for the rep-
lication origin markers if the complex contained
the origin specifically in addition to the replica-
tion points. Table 1 shows an increasing enrich-
ment for the purA marker during the purifica-
tion steps. In contrast, there was only a slight
enrichment for a marker near the replication
terminus, e.g., metB, during the purification.
I'he complex contained phospholipid and a cell
wall component as well as DNA and proteins
(Table 1), suggesting that it is indeed a DNA-
membrane complex.
The composition of proteins in the purified

DNA-membrane complex was determined by
sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis. Proteins in the purified complex
(fractions 16 to 17 in Fig. la) were compared
with those of free membrane fractions (fraction
8 to 9 in Fig. la) in the same electrophoretic run.
No significant difference was found between
these preparations, indicating that major protein
components in the complex were indeed derived
from the cell membrane (Fig. 2a and b). At this
stage, the protein content of the complex was
about 3%/ of the total cellular protein and cor-
responds to 10%7 of the membrane protein. This
amount may still be too large to identify specific
proteins which are located at the binding sites.
To test this possibility, the purified complex was
subjected to further purification by electropho-
resis after being sonically disrupted for 30 or 60
s. These treatments reduced protein contents to
0.07 and 0.03'%c of the total cellular protein, re-

T'ABLE 1. Marker frequency analysis and the
properties of a purified DNA-membrane complex

Marker fre-
quencyS analy-quencynaisn° aly- Relative amount (`') of:

Puiiain sis (normal-

step ized)

purA/ metB/ DNA Pro- Lipid Wall'
hisA hi.sA tein

Sheared 3.57 0.57 100 100 10)( 10(
whole ly-
sate

SDG' 28.3 1.73 6.2 6.5 12.1 7.4
SDE' 28.3 1.73 6.2 1.4 0.4 1.0
SDG after 29.6 2.1(1 1.5 1.4
SDE

These values were normalized by the marker frequency
in B. subtilis 168 LTT spore DNA. The ratios of purA/hisA
and metB/hisA were 1.03 and (1.57, respectively.

The relative amount of wall was determined hv the incor-
poration of [ H]glucosamine (2 ,uCi/200 ug per ml) to the wall
fraction.

SDG, Sucrose density gradient centrifugation to prepare
a crude DNA-membrane complex.

SDE, Sucrose densitN gradient electrophoresis to purify
a crude DNA-membrane complex.

Fi(;. 2. Sodium cldodecl sulfate-poarla m( id(e gel
analysis of proteins in the pur-ified complex i-ith or
uwithout sonic oscillationn. The crude I)NA-inem brane
complex labeled with rS (40 ,uCi/2 jg as S citom per
ml) wXas prepared, and aliquots were sonic-ally (lis-
rupted for 30 and 60 s by a Heot System Ultrcasoni-
cator. Samples uwere subjectecl to elec-trophoresis in
the sucrose density gradient as in Fi'g. la. Radioac-
tiue samples in uarious fractions iaere preci(pittate(l in
cold 10' trichloroacetic acid containing I drvop of
calf thvmus DNA (2 mg/lnil) as a carrier. Resulting
precipitates uere wilashed wcith acetone to renmoue
residual trichloroacetic acid, dissolted in ci sinicl
volume (40 to 50 ,ul) of blffetr {f62.5 timM tris(hvdrox.V-
methNl)imninomethcane -h drochloride IpH 6.S/. 1' .so-
dium dodecyl sulfaite, c(Id 1'' 2- meircaptocthocanol)
boiled for 2 min, and applied to the 10()' .sl(ib gel.
Sodlium dodecyl sulfate-polvacryclam ide gel elec-tro-
phoresi's ucasperformed (is described bY Laemnli cind
Facre (13.). The electrophoiesis wcas cacrriecl out cit ci
constant current of 20( mA ait 20(C for- 4 to 5 h. (;els
wcere stciine(l itith 0.1', (oomcisie br-illiitiit bltue in
50%)' tri(hloracicetic acidil for 20 mini cin(l dlestcinecl
u-,ith 7.5(' cicetic acild. After- ldring un(letr acivuun,m the
gel wcis cincilvzed bv fluorogrciphx' (1). (ci) Non-soni-
callv disrupted complex frciction; (b) non-son icacllv
disrupted free membrcine frciction; (c cin(l (c) tio dif-
ferent complex fractions cifter- 30-s sonic- disruption;
(e) fr-ee memibirane fr-action cifter'0-s sonic- disruption;
(f) coomplex fiacitioti cifteri 60-s son ic cisiuption; (
fiee mnembircne fraiction (ifterf60-s .so7ic (disruption.

spectivelv. Five proteins with molecular weights
of 38,000, 32,000, 29,000, 27,000, and 24,000 were
enriched in the complex (Fig. 2c andi d) after a
30-s sonic disruption. 'IThe 38,000- and :32,000-
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molecular-weight proteins disappeared when
sonically disrupted for 60 s (Fig. 2f and g). There-
fore, proteins with molecular weights of 29,000,
27,000, and 24,000 are most tightly bound to
DNA in the complex.
We postulate that these proteins are minor

components of the membrane and represent core

proteins of the DNA-membrane complex. The
role of the proteins in DNA binding mechanism
is not known at present. A plausible model is

that the proteins carrv two functional sites, one

for binding DNA and the other for binding mem-
brane proteins, thus acting as linkers between
DNA and the cell membrane. 'IThis model is now

testable experimentally by in vitro reconstitu-
tion bv using sonicallv disrupted, purified DNA-
membrane complex.

We are grateful to S. Murakamiii. N. Ogasawara, and othec
colleagues in our laboratory for their valualble discussions alld
to K. Terada and K. Ando for their hell) and assistance inI

prep)aring the manuscript. The work was sUp)ported hv a granIt -

n-aid for Scientific Research frormi the Ministry of Education,
Science anti CuLlture, .Japan and by a grant-in-aid for Cancer
Research fromi the Ministry of Edtucation, Science and Cul-
tire, Japan.

LITERATURE CITED

1. Bonner, W. M., and R. A. Laskey. 974. A fill)) detection
mrethod for tritiuLm-lahelled proteins and nucleic acids
in polvacrylamide gels. Etir. -J. Biochem. 46:8:3-88.

2. Earhart, C. F., G. Y'. Tremblay, M. J. Daniels, and M.
Schaechter. 1968. DNA replication sttudies f)v a new

n)ethod for the isolation of (ell menmbrane-I)NA corm-
plexes. Cold Spring Harbor Svnmp. Quant. Biol.
33: 7(07-7 1(0.

:3. Fielding, P., and C. F. Fox. 197(1. Evidence for stable
attachment of DNA to nmeim)brane at the replication
origin of Fscihericthia /oli. Biochem. Bioplvs. lRes.
Commiun. 41:157-16 1.

4. Fuchs, E., and P. C. Hanawalt. 1970(. Isolation atn(i
characterization of the D)NA replication conmplex from
Fscherichia coli. -J. Mol. Biol. 52:301(-:322.

5. Ganesan, A. T., and J. Lederberg. 1965. A (ell-mien)-
hrane boturnd fractionl of bacterial I)NA. Biochem. B3io-
)hys. Ries. Conimn. 18:824-8:34.

G. Gudas, J. L., R. James, and A. B. P'ardee. 1976. Evi-

dence for the involvement of an otuter membrhiane pro-
tein in I)NA in)itiation. -J. fIIol. Chemii. 251::3470-:3479.

T. Harmon, .J. M.. and H. W. Taber. 1977. Sonme prop)erties
of ta men)brane-(ieox)xribo(ttic leic acidt complex isolat edt
fromi Bacillus suibtilis. .1. Bacteriol. 129:789-795.

8. Harmon, J. M., and H. W. Taber. 1977. Altered accu-

I)LIulatio)n of a menlbrane protein uLnii(lue toa miembratne-

deoxyribonucleic acid complex in a dna initiation mu-

tant of Bacillus subti/is. J. Bacteriol. 130:1224-1233.

9. Heidrich, H. G., and W. L. Olsen. 1975. D)eoxvrihonu-
cleic acid-envelope complexes from Escherichina coli: a
complex-specific protein anti its possible function for
the stability of the complex. -J. Cell. Biol. 67:444-460.

10. Inouye, M., and A. B. Pardee. 1970. Change of mem-
brane proteins and their relation to deoxvrihonucleic
acid syNnthesis and cell dtivision of Escherlichia coli. J.
Biol. Chem. 245:581:3-5819.

1 1. Ivarie, R. D., and J. J. Pene. 1970. Association of
Bacillus sub/til/s chromosome with the cell membrane:
resolution of free andi bound deoxvribonUcleic acid on
renografin gradients. -J. Bacteriol. 104:8:39-850.

12. Kadoya, M., H. Mitsui, and Y. Takagi. 1964. A deoxv-
ribonucleic acid-protein complex having DNA-polym-
erase and RNA-polymerase activities in cell-free ex-
tracts of Escherichia coli. Biochim. Biophvs. Acta
91:36-45.

13. Laemmli, U. K., and M. Favre. 1973. Maturation of the
head hacteriophage T. I. DNA packing events. 1. Mol.
Biol. 80:575-599.

14. Olsen, W. L., H. G. Heidrich, K. Hannig, and P. H.
Hofschneider. 1974. Deoxvribonucleic acid-envelope
complexes isolated from Escherichia coli by free-flow
electrophoresis: biochemical and electron microscope
characterization. J. Bacteriol. 118:646-653.

15. Portalier, R., and A. Worcel. 19706. Association of the
folded chromosome with the cell envelope of E. coli:
characterization of the p)rotein at the D)NA-membrane
attachment site. Cell 8:245-255.

16. Siccardi, A. G., B. M. Shapiro, Y. Hirota, and F.
Jacob. 1971. On the process of cellular division in
Escherichia co/ll. IV. Altered protein composition and
turnover of the mnemhranes of thermosensitive mtutantts
in chromosonial replication. -J. Mol. Biol. 56:475-490.

17. Snyder, R. W., and F. E. Young. 1969. Association
between the chromosome and cytoplasmic miembrane
in Bacillus stibti/is. Biochem. Biophvs. Res. CoiiimoLn.
35: :354-;362.

18. Sueoka, N., and J. M. Hammers. 1974. Isolationi of
DNA-menmbrane complex in Bacillus sb/til/is. 1'roc.
Natl. Acad. Sci. UT_S.A. 71:47873-4791.

19. Sueoka, N., and W. G. Quinn. 1968. Memhbrane attach-
ment of the chromosome rep)lication origin in Bacillus
suibti/ls. Cold Spring liarbor- Svmp. Qutant. Biol.
33:695-7(5.

20. Yamaguchi, K., S. Murakami, and H. Yoshikawa.
1971. Chromosome-membrane association in Bacillus
subtilis. Biochem. Biophys. Res. Commun. 44:
1559-1565.

21. Yamaguchi, K., and H. Yoshikawa. 1973. Topology of
chromosome membrane junction in Bacillus subtilis.
Nature (London) New" Biol. 244:204-206.

22. Yamaguchi, K., and H. Yoshikawa. 1975. Association
of replication terminus of the Bacillus subtilis chro-
mosome to the cell membrane. J. Bacteriol. 124:
1030- 1033.

2:1. Yamaguchi, K., and H. Yoshikawa. 1977. Chr omiio-
xsome-mlenmbratie associaltion in Bacillu.,s s,ubtilis. III.
Isolationi anti characterization of a DNA-protein corn-
plex carrying replication origin marker. J. Mol. Biiol.
110:219-253.

J. BACTERIOL.


