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ABSTRACT Semi-conservative DNA synthesis is ob-
served when the isolated, folded E. coli chromosome is
supplemented with a DNA-free, soluble enzyme fraction,
the four deoxynucleoside 5'-triphosphates, ATP, and
Mg++. The DNA synthesized in vitro remains associated
with the folded chromosome during sedimentation
through neutral sucrose, but is released as small DNA
fragments in alkali. Sealing of these replicative inter-
mediates to the chromosome requires the presence of both
E. coli DNA polymerase I (EC 2.7.7.7) and DNA ligase (EC
6.5.1.2).

Study of the replication of Escherichia coli DNA has been
complicated both by the need for coordinated interplay of
many enzymes and by the fragile nature of the template. For
these reasons E. coli DNA replication has not been success-
fully reconstructed in solution. DNA synthesis observed in
cell-free extracts (1-7) represents catalytic actions of the
DNA polymerases (1, 5, 7-10), but lacks many of the im-
portant features of replication. Moses and Richardson (11)
showed that E. coli cells rendered permeable by toluene to
low-molecular-weight precursors are able to replicate their
DNA; however, the cells remained impermeable to proteins
and thus to fractionation and dissection of the enzymatic steps
of replication. Schaller et al. (12) demonstrated that replica-
tion could proceed in cells lysed on cellophane discs; however,
this system appears to require the tight complex of macro-
molecular components of the bacterial cell, rendering its
fractionation extremely difficult.
We were encouraged to attempt the replication of DNA in a

soluble system by two recent advances. First, a special high-
speed supernatant from gently lysed cells (13, 14) has been
shown to contain the active gene products (14, 15) defined
genetically to be essential for E. coli DNA synthesis (the
dnaA, B, C, E, and G proteins) (16) as well as other replication
proteins not yet defined by genetic lesions (17). Second, a
method has been developed whereby E. coli spheroplasts yield
a nonviscous preparation of intact, folded, and supercoiled
chromosomes (18, 19).
These isolated folded chromosomes behave like compact

particles, and sediment either as free, folded chromosomes at
1300-2200 S or at 3000-4000 S in a membrane-attached form
(20, 21). The physical properties of these extracted particles
vary with the cell's physiological state: replicating chromo-
somes isolated at 10°-15° in 1 M NaCl remain associated
with the bacterial envelope, whereas nonreplicating chromo-

somes are released membrane-free (20). The size distribution
of the chromosomes also reflects their growth during replica-
tion (19).
The exploitation of these techniques has allowed us to

demonstrate and characterize the unique DNA synthesis that
occurs when the folded chromosomes are combined with a
DNA-free, soluble enzyme system. As reported below, this
DNA synthetic reaction contains many of the features em-
bodied in in vivo chromosome replication.

MATERIALS AND METHODS

Sources were as follows: radioactive nucleotides [3H]dTTP
(17.1 Ci/mmole) and [3H]dATP (13.4 Ci/mmole) from New
England Nuclear Corp.; deoxybromouridine 5'-triphosphate
(BrdUTP) from Terra Marine Research; other unlabeled
nucleotides, lysozyme, spermidine. HCl, Brij-58, and deoxy-
cholate from Sigma; Angio-Conray (sodium iothalamate)
from Malinckrodt; phage M13 ['4C]DNA a gift from Dr. T.
Henry; DNA polymerase I (DNA nucleotidyl transferase,
EC 2.7.7.7, 3 mg/ml, 18,000 units/mg) a gift from Dr. D.
Brutlag; and E. coli DNA ligase [Polynucleotide synthetase
(NAD+), EC 6.5.1.2, 1.5 mg/ml, 12,500 units/mg] a gift from
Dr. P. Modrich. E. coli strain H560 (polA 1-, endo 1-, thy-)
was used for the preparation of the cell-free extracts and
chromosomes.

Preparation of Cell-Free Extracts. Growth of cells and prep-
aration of DNA-free extracts were essentially as described by
Wickner et al. (17). Experiments described here utilized the
0-40% ammonium sulfate fraction prepared according to a
minor modification (W. Wickner, personal communication) of
the method of W. Wickner et al. (17).

Preparation of Folded Chromosomes. Folded chromosomes
were prepared by a modification of the method of Stonington
and Pettijohn (18). Cells were grown in 160 ml of M9 minimal
medium supplemented with 40,ug/ml of thymine to OD600 =
0.500 at 370, harvested by centrifugation at 40, and resus-
pended at 00 in 0.5 ml of a solution containing 0.01 M Tris-
HCl, pH 8.2, 0.1 M NaCl, and 20% sucrose. Incubation with
lysozyme [0.1 ml of a solution containing 4 mg/ml of lyso-
zyme, 0.12 M Tris * HCl, pH 8.2, and 0.05AM ethylenediamine-
tetraacetate (EDTA)] for 40 see on ice was followed by the
addition of 0.5 ml of a solution containing 1% B3rij-58, 0.4%
deoxycholate, 0.01 M EDTA, and 10 mMI spermidine HCl.
Cells were lysed at 100 for 3 min. The suspension of lysed cells
(about 1.2 ml) was subjected to centrifugation for 17 min at
9,000 X g and 40 through a 12-60% sucrose gradient (4.4
ml) which contained 0.01 M Tris-HCl, pH 8.2, 1 m2M 2-
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Abbreviations: Pol I, DNA polymerase I; EDTA, ethylene-
diaminetetraacetate; BrdUTP, bromodeoxyuridine 5'-triphos-
phate.
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FIG. 1. Sucrose gradient centrifugation of folded chromo-
somes. Folded chromosomes were prepared as described under
Materials and Methods, and illuminated with a narrow beam
directed from the top of the tube. The band of chromosomes, as

well as the meniscus, bottom of the tube, and volume of lysate
applied are clearly visible from their light scattering.

mercaptoethanol, 1 mM EDTA, and 5 mM MgCl2. The white,
opalescent band at the center of the tule (see Fig. 1) was

carefully removed with a wide-bore pipet and was assayed im-
mediately for DNA synthesis. Storage for periods greater than
one-half hour led to rapid loss in the ability of the folded
chromosomes to support DNA synthesis. 14C labeled chromo-
somes were prepared as described above except that the M9
medium contained .5 MAg/ml of thymine and 10 MACi of [14C]-
thymine (New England Nuclear Corp.).

Preparation of Hybrid Density DNA. Cells (100 ml) were

grown with 10 MACi of [3H]thymine (New England Nuclear
Corp.) to OD600 = 0.250, filtered, resuspended in M9 medium
containing 20 ug/ml of 5-bromodeoxyuridine instead of
thymine, and incubated for an additional hour with aeration,
in the dark at 37°. Cells were concentrated 20-fold and the
DNA extracted with Sarkosyl and protease as previously de-
scribed (22).

Conditions of the Standard Assay. DNA synthesis was mea-

sured in a reaction mixture (0.05 ml) that contained, in order
of mixing, 50 mM Tris *HCI, pH 7.5; 5mM MgCl2, 10 mM 2-

mercaptoethanol, 1 mM ATP, 100 MM each of CTP, UTP,
and GTP, 20,MM each of dCTP, dATP, and dGTP, 20 tM
[3H ]dTTP (4400 cpm/pmole), 4 mM spermidine HCl, 10 ul
of folded chromosomes, and 28.4 Mug of enzyme fraction.
Incubation was at 300. Acid-insoluble radioactivity was deter-
mined as previously described (5). Incubation mixtures lack-
ing extract served as controls and generally incorporated less
than 1.5 pmoles of nucleotide.

RESULTS

Preparation of the Template. We have modified the pro-
cedure of Stonington and Pettijohn (18) to permit the isola-
tion of the folded chromosome in low salt and at high chromo-
some concentration. Folded chromosomes were prepared in the
presence of spermidine and Mg++ which provide sufficient
counterion strength and eliminate the problem of aggregation
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FIG. 2. Kinetics of in vitro DNA synthesis. Incubations
were as described under Materials and Methods except that
enzyme fraction or folded chromosomes were omitted where
indicated.

at high chromosome concentration. Sedimentation of these
spermidine lysates in neutral sucrose containing 5 mM Mg++
yields a single peak of material absorbing at 260 nm which has
more than 90% of the acid-precipitable DNA from the lysate,
an A260/A28o ratio of about 1.5, and a sedimentation value of
approximately 4000 S. This chromosome suspension contains
approximately 2 X 1010 chromosomes per ml (about 100 yg/
ml); it is relatively shear resistant, permitting manipulation
by pipet. Polyacrylamide gel electrophoretic analysis of the
protein components (Burgi and Worcel, unpublished) indi-
cates that these DNA particles are analogous to the mem-

brane-attached chromosomes prepared in 1 M NaCl (20).
The membrane-attached, folded chromosomes are discrete
particles approximately 1 ,m in diameter as seen by phase con-

trast light microscopy; due to their large size they are visually
apparent by Tyndall light scattering. A typical preparation
seen by indirect lighting is shown in Fig. 1.

TABLE 1. Properties of DNA synthesis

Reactants Activity

Complete* 100
Complete - extract (+ heated extract)t 18
Complete - template (+ heated template)t <1

Complete - IgCl2 + EDTA (4 mM) <1
Complete - 2-mercaptoethanol + NEMl (10 mMi ) <1
Complete - dATP, dCTP, dGTP <1
Complete - CTP, GTP, UTP 107
Complete- ATP 17
Complete + DNase (100 Mg/ml)t <1

Complete + NaCl (0.1 AI) 16
Complete + KCl (0.1 AI) 20

Complete - Extract + Pol I (1.4 units) <1

Complete + Pol I 87

NEM, NV-ethylmaleimide; Pol I, DNA polymerase I.
* Incubations were performed under standard reaction con-

ditions for . min at 300. 100% activity represents the incor-

poration of 7.2 pmoles of nucleotide.
t An aliquot of extract or folded chromosome was preincu-

bated in the standard reaction mixture for 5 min at 700.

t DNase was added after the 5-min incubation and treatment
proceeded for 10 min at 300.

Proc. Nat. Acad. Sci. USA 71 (1974)
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FiG,. 3. Effect of cell-free extract, and folded chromonsome on the initial reaction xate. Incubations were for 5 min at 300 as described
under Mfatiriats and Methods except that extract and folded chromosome quantities were varied as indicated.

Properties of the Reaction. Folded chromosomes did not
catalyze the synthesis of DNA. However, when supplemented
with a soluble enzyme fraction l)rel)ared from gently lysed
cells, the chromosomes supported a rap)i(l burst of synthesis
(Fig. 2). Incorporation of deoxyntucleotidles, which l)roceeded
for ap)proximately one-half hour, required the enzyme frac-
tion and chromosome template (Fig. 2), both of which are
thermolabile (Table 1). The lability of the template prepara-
tionI may be (lue to instability of the DNA structure or a pro-
tein component. or both.
The rate of synthesis was lproportionaal to additions of the

enzyme fraction and template (Fig. 3). Requirements for
svnthesis, performed with saturating amounts of extract, are
sunm-narize(I in Table 1. All four deoxynucleoside 5'-triphos-
plhates were required, with an apparent Km of approximately
12 yXI. The product of the reaction was sensitive to DNase.
1\iaximal activity required Mg++ an(l 2-niercaptoethanol;
omission of -Ig++ and addition of EDTA, or replacement of
2-mereaptoethanol by N-ethylmaleimide abolished incorpora-
tion. Ionic strength increased by addition of NaCL or KCI to
0.1 MI reduced incorporation more than 5-fold. ATP was re-
quiredl for maximal activity; omission of the other three ribo-
nucleoside triphosphates was without effect.

Spermidine (4 mMI) had no effect on either the rate or ex-
tent of DNA synthesis, but the folded chromosome prepara-
tion may have retained sufficientl amountss of spermidine added
in the lysis procedure. In the absence of added spermidine
the chromosomes unfold and the incubation mixture becomes
viscous. Thus, maintenance of the folded state depends on the
presence of a(l(le(1 spermidine. As shown in Fig. 4, incubation
with the enzvme fraction under the standard assay conditions
(4 mMA spermindine) does not affect the sedimentation behavior
of the folded chromosomes.

Characterization of the Product. The DNA synthesized in
vitro has been characterized by zonal sedimentation in neutral
and in alkaline sucrose. The reaction l)rodluct remains as-
soeiate(l with the folded chromosomes under conditions of
neutral sedimentation (Fig. 4), but when (lenatured, it sedi-
ments slowly, as small DNA fragments (Figs. 5 and 6). The
DNA fragments are approximately 6-13 S after a 1-mill in-

cubation and grow to a size of 20-50 S after 10 mim of incuba-
tion.
Under conditions of the standard assay the DNA fragments

do not join to the high-molecular-weight DNA. Since both the
extract and folded chromosomes were prepared from a mutant
deficient in DNA polymerase I (Pol 1), and since both frac-
tions have been purified from a substantial portion of the
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FIG. 4. Neutral sucrose gradient reruns of folded chromo-
somes. Folded chromosomes labeled with ["Cl thymine were
isolated as described under Materials and Methods. After mixing
with the standard 50 IAl of reaction mixture, samples with (Panel
B), or without (Panel A) incubation for 10 min at 300 were
applied to a 5.2-ml 12-30% sucrose gradient which contained
0.01 M\,l Tris- HCI, pH 8.2, 1 mnM 2-mercaptoethanol, 1 mM
ED)TA, 5 mM NMgCl2, and 1 M NaCI. Centrifugation was for 20
min at 9000 X g and 4°. Seven-drop fractions were collected on
GF/A filters and acid-insoluble radioactivity was determined.
Sedimentation is from right to left as indicated by the arrows.
In the bottom panel, 3H cpm represents in vitro synthesized J)NA.
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Fin:. 5. Alkaline sedimentation analysis of in vitro synthesized D)NA: effect of i)NA polymerase I plus D)NA ligase. Incuibations wer-e

carried out in a total volume of ,l as described ujder Materials and. Mlethods for 4 min, except that Pol I (1.4 units) or D)NA ligase
(1.2 units plus O.3nmMA NAl)) were included where indicated. Fifty microliters of 0.1 M ED)TA was added following inctubation; after 10

muin at an equal volume of 0.5 M NaOlL was added and the mixture was kept at room temperature. Samples were applied to 4.8 ml (of
alkaline 3-20(%7C sucrose gradients (containing 0.7 Mr NaC1, 0.:3 Mr NaOIl, and 1 maM ],EI)TA) layered over 0.3-nil Angio-Conray cushions.
Centrifugation was for 9 hr at 26,000 rpm at 100 in a Spinco SW 50. rotor.

cellular l)roteill, the effect of the addition of Pol I and DNA
ligase was examine(l. Pol I alone failecl to use the folded
chromosomes as teml)late, nor (li(l its aidlition to the complete
s-stem affect either time rate (see Table 1) or extent of the in
vitro incorlporatioin (with or without DNA ligase). However,
both Pol T a(Id liga se weere essential for the sealin-g of the small
1)NA fragoments. Early ineorl)oratioi into high-molecular-
weight single-stranded DNA was observed with ligase acton
(Fig. 6A) w7hereas only slow-sedimenting DNA accumulated
when ligase action was inhibited by NMIN (Fig. 6B).

In order to test for semi-conservative DNA sy nthesis,
folded chromosomes were labeled with [1'I ]thymidine in
vivo anId DNA was sy~nthesize(l in vitro with [3H JdATP plus
BrUTI'1 (lensitv label. The lprodluct DNA was sheared to a
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Fi. 6. Alkaline sucrose sedimentation anal)si of in viro
synthesized l)NA; kinetics in the presence or absence of D)NA
polymeralse I and D)NA ligase. Incubations (0, mmin; 0, 5 mim;
0, 10 m)ij were as described uender .Ifatcrials and .lfcihodls except
that Pol 1 (1.4 units), D)NA ligase (1.2 units plus 0.3 miM l)PN
or NIAIN (230 og-/ml) were included as indicated. Folded
chromosomes were prelabeled in rico with [i'C] thyniine. Coln-
ditions of (centrifugation were as described in Fig. I except that
the alkaline gradient (3.0 ml) was layered over (1.13 ml of a 3f)0%
(v/vv) Angio-Conrav-70Wi sute-rose mixture, covered with 0.1 ml

of 40c, sucrose. The sedimentation of phage MUI 1)NA is
indicated by arrows.

uniform molecular weight of approximately 3 X Oind se(di-
mente(l tO equilibrium in CsCl at neutral PH (Flo 7) Xll ot

the prodluct (311-label) appelaredalt l lposition cointcident with

a1, hyl)rid density marker. Upon dlenaturation, the [3H ]D)N
banided at the (lensitv of completely heal v smitple-strandel
I)NA. Since no new DNA of intermediate (lenslt\i- was seen int

either gradient, we conclude that the Iprodtl(t of the inritro
reaction extemids for long stretches (relative to 3 X 106

(laltons), and that the )NA synthe:sized is made in a normal

semiconservative mnaiuer.

1)1 SCU SSION

The ability of cells rendered l)ermeable to the low-molecular-
weight lrectursors (11, 23) and of lyNsed cells concentrated oi

cellophane dliscs (12) to replicate their J)NA (lemonstrate(l
that this coml)lex synthetic process can survive cell death and

lysis. It has l)revriously been shown that DNA-free extracts.
cani catalyze the efficient initiation an(l relplication of the
single-stranded DNAs of the coliphag-es 0X1714 and MA113 (13--
15). The results l)resenitedl here indicate that an E. coli
replicatioii apparattus that s'ynthesizes DNA on tdouble-
stranded temiplates can also be reassemibled ill sol0ubvle form in
vitro.
The reconstructed E. coli ss.tem mimics in vtivo DNA

sy-nthesis: it catalyzes semi-conservativ-e DNA relplication (24)
by a mechanrism involving the synithesis and joinilng of short,
DNA fragoments (25); the DNA synthesis utilizes (leoxy-

nucleoside 5'-triphosphate substrates, and is ATP-dependent
(3, 11, 12, 23). Unlike the replication system of Schaller et a!.

(12), it is sensitivte to 0.1 AM salt.
Svnthesis lprocee(ls for about 30 nmiii with an initial rate

equivalent to about 5% ot tIme in vivo rate; ap)proximnately 1%G
of the genome is re)licate(l within 30-min in vitro. These
calculations are based on the assumption that all of the
chromosomes are active; thus, the rate and extent of synthesis
on inldividlual chromo:somes may- be eoLnsi(lerabl higher.
Autoradiographic measuremenits are needed to tdetermine the
deegree of heterogeneity in the population.
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FIG. 7. Buoyant density sedimentation analysis of in vitro synthesized DNA in neutral CsCl. Left, native DNA; right, denatured
DNA. Incubations were for 20 min as described under Materials and Methods except that 5 AsCi of [3H]dATP was included and 40
MM BrdUTP replaced the [3H]dTTP. Template was prelabeled with [I4C]thymine. Samples were diluted into 1 ml of 0.01 M Tris HCl,
pH 8.2, 50 mM EDTA, after incubation. DNA was denatured by incubation for 10 min at 300 in 0.1 M NaOH and the solution was
neutralized with 0.1 ml of 1 M HCl and 0.1 ml of 1 M Tris- HCl, pH 8.2. The mass of each DNA sample was adjusted to 2 g with water,
and CsCl (2.65 g to the native sample and 2.88 g to the denatured sample) was added. Each sample was sheared for 10 min in a Virtis
homogenizer at maximum speed and then subjected to centrifugation for 60-65 hr at 30,000 rpm and 20°. Six-drop fractions were collected.
The arrow indicates the position of the hybrid DNA marker.

Evidence that the folded chromosomes are supercoiled has
indicated that they remain largely unperturbed by their isola-
tion (19). The failure of Pol I to use the folded chromosome as

a template testifies to the absence of nicks or gaps in the
duplex DNA. The fact that the catalytic action of Pol I is
apparently involved solely in the joining of "Okazaki" frag-
ments (Table 1, Figs, 5 and 6) and that DNA nucleases
present in the extract fail to attack the folded chromosomes
(Fig. 4) suggests that these enzymes retain their in vivo

specificity toward the chromosome.
We do not know whether the compact state of the folded

chromosome is important for its in vitro replication. The
visible unfolding of the chromosomes during incubation in the
absence of added spermidine does not appear to affect syn-

thesis; however, the increase in viscosity observed may reflect
the complete relaxation of a small proportion of the folded
chromosomes or the unfolding of several discrete loops (19),
neither of which need affect the regions of replication. On the
other hand, the shut-off of synthesis may be due to structural
decay in the region of the replication fork that is undectable by
sedimentation analysis (Fig. 4). An understanding of the role
of DNA tertiary structure in replication must await more in-
formation about the nature of the replication fork and the
properties of the enzymes active in this region.
The template used in all our studies was the membrane-

attached form of the chromosome (20). The membrane-free
chromosome is relatively unstable and we have not been able
to isolate it (in the absence of 1 M NaCl) at the high DNA
concentrations required for our assays. Therefore, the role, if
any, of the bacterial membrane in DNA replication cannot yet
be ascertained.

Schaller et al, (12) have shown that replication in vitro
reflects its in vivo sensitivity to nalidixic acid, mitomycin C,
ultraviolet light and dna temperature-sensitive mutants (16).
We have observed a 4-fold inhibition of in vitro DNA synthesis
by nalidixic acid (40 MAg/ml). Experiments to assess the
role of the dna gene products are now indicated.
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