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ABSTRACT

When certain DNAs are copled in vitro with ,*.She.ﬂf‘h-i-a
coli DNA polymerase I, the product s have covalently linkcdronmplcmcn(ary
sequences. These sequences arve thoupht 1o be caused by the polymerase
either switching template strands at the growing fork, or tyrning back
at the end of a strand. A protein that prevents the aﬁcumuli;gﬂn of
such sequences during ONA synthesis has been p -l ted from ‘l‘fusche}f’ir(‘l'x!g
cold, W(: have called this protein 5§ factor. The purificatfon procedure
ipvolves autolysis, gel exclusion chromatography, denaturation-
renaturatfion, and fon oi%hange chromatography.

The S factor activity is heat lablle, contains no
detectable nuclease activity, and migrates as a éinglé band of
apparent molecular weight 11,500 1n ShS-acrvlanmide gel electrophoresis.

R , L R

The S, factor was effective in blocking the accumulation
of covalently linked complementary sequences during the synthesis of
thé defined:DNﬁ d(ThCzn'd(C_A)n and éo a limited extent during the -

copying of Escherdchia coli DNA. Once covalently linked complementary

sequences were formed, hovever, 5 factor was unable to remove them, Two

reby S factor could prevent the formation of

(4]

mechanisms are discussed wh
such sequences during DNA synthesis: the firét, by an endonuclease nick
at the point where strand-switching has occurred; the second, more

likely, by binding to the displaced DNA strand and preventing strand—

switching.
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CHAPTER I

INTRODUCTION

A great deal of information on the structure of DNA has
accumulated sinée Watson and Crick proposed the double-helical concept
(1). Studies with bacterial and viral DNAs have been particularly
useful in providing details of the structures of replicating DNAs.

» In replication, the two complementary chains of the
parental DNA duplex Separate permanently, and are transferred, one to

each of the progeny chromosomes, 'Radioautographs of replicating E. cold

DNA (2) indicate thgt the repiication occurs within a clrcular molecule
and/seems to be ;cﬁomplished at a fork that moves along the structure,
le V{ng two EéPEfﬂ£éd daughter helices behind. Additional information
on the structures of replicating DNAs has come from electron Jicrographs
of smaller DNAs:
(1) Replication frequently involves a circular

molecule. For example, intermediates h} the DNA

replication of A phage (3), P2 pﬁage (4), 186 phage

(5), Sv40 virus 66), and mitochondria (7) are

circular. However, for T/ phage DNA (8) and

;denovirus 5 DNA (9) dinear replicating 1nter—

ned;ates are found.
§ (2) Tﬁé Y-shaped growing fork often contains A
single-strand connections (Figure la). These
single-stranded rggi;ns occur only iﬁ_one of the

. :
daughter strands at a growing fork (3). For X DNA,
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FIGURE 1. Diagramatic Representations of In Vivo DNA Replicating
Structures. ¥

, double~stranded; ~---~ ,: single—stranded. a
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“such regions’ are less than 1% the length of
mature DNA (3). In cases where two growing forks
occur in the same molecule [A phage DNA (3) and
T7 phage DNA (8)], these sdngle-strand
connections occur only in "trans” (Figdre 1b).,
(3) Single-stranded reglons not associated
with the growing fork are also observed in an
otherwise double-st randed branch (Figure lc):
Such stjuct;res have been seen in the DNAs of
i phage (3), T7 phage (é), T4 phage (10), and
186 phage (5).
(4) Initiation of replication occurs at
an unique site on the chromoso@e and can be
physically located by denaturatibn;mappinga For
A DNA this physicalﬂor;gin (11) is in good : "
agreement with the origin eséabli§hed by other
fechniques (12). In some cases [for example,
TAfphage DNA (10) and 186 phage DNA:(S)], it
appears that a second round of synthésis can
begin before. the first has terminated. The
result s a multi-branched strliétfire in which
the branches are of varying lengths (Figure 1d).
(5) Replication in one direction [for
example, the’ DNAs of phage 186 (5), phage P2 (4),
and mitochondria (13)] or both directions [as for

A phage (3), T7 phage (8), and T4 phage DNAs (10)}



from this orfgin have been observed. Whether the
unidirect tonal replicat fon represents asymmetric

bidirecttonal replication, in which the fepliratlon

in one diréctlon is stopped shortly, after

inftfation, is not known.

r "

The single-stranded nature of the replicating inter;

mediates suggests that copylng of at least one ?&anch of the

"

replication fork may be by a discontinuous mechanism (Flgure 2).

b

s

=i

FIGURE 2.

A Model for Discontinuous Synthesis.

, parental DNA; @@@g , new DNA, with the arrowhead

designating the 3', growing end: .



A

Consistent with a discontinuous mechanism is the finding that a certain
port fon of nasent DNA can be Iisolated as relatively 1ow molecular welght
chains, 'Ok?zaklﬂ fragments, after alkali denaturation (14,15,16,17,18).
For T4 UNA,‘these fragments were shown,to be growing at the 3' end (18),
suggesting that synthests occurs in the 5'+3' direction. The initiatdion
of syptheﬁ}s on the daughter strand which has {ts d{rectlon of growth
opposite to the direction of fork movement (lower strand Figure 2) may
be RNA primed (16,19,70). For E. colt DNA, two molecular welght classes
of Okazakl fragments, which are mutually. but not self~-complementary,
have seen tdentiffed (67). This finding suggests that DNA synthesis maf
be discontinuous on both strands.

The system responsible for rqplica@ion involves the co-
operative activities oé nymerous gene products, For example, some 19
T4 genes are required for DNA production (21). 1In E. coli, théré are at
least. 7/ su%h genes (dna A to G) (22). A limited number of these gene
products has been id?ﬂt;fiéﬂ, One required functfton 1is a DNA poly-
merizing activity, since a mutation In the structural gene for T4 DNA
p@lymérase (gene 43) (23) or T7 DNA polymerase (gene 51 (24) 1is lethal.
Tdeﬂtifigation of the polymerizing ap?ivity in E. coli has been'
complicated by the existence of three such enzymes. Geﬁetic*evidenCé(

indicates that E. coli DNA polymerase III (dna E locus) is required

for chromosomal replication (25). The other polyme

)

rases may be
involved in other forms of replicative synthesis.. For example, E. coli

DNA polymerase I has been shown to be'redhired for the replication of

oy,

colicinogenic factor E1 (26,27), and is implicated in elongationm, >4

v

or "finishing" of Okazaki fragments (28,29). When all three activities

s

are present (as in a wild type cell), there is no indication which

Y

one is responsible for the DNA synthesis. Recently, two additioﬂaf



’

e

gene products required for phage DNA replication have been purified.

These proteins -T4 gene 32 protein (30) and fd phage gene 5 protein (31) -
bind co-operatively to single-stranded DNA in vitro. In addition, the T4

gene 32 pyotein specifically stimulates DNA synthesis catalyzed by T4 DNA

polymerase in vitro (32). Whether these in vitro activities are measures

of thelr lg_xizg activities (Table 1) is still unproven. ' Recently, the

E. gﬁﬂj!dna C (37) and dna G (38) gekg products have been purified but )

their enzymatic functions in DNA synthesis are unknown. The F. coli

dna F locus codes for ribonucleotide reductase (39).

a Several proteins from various sources possess activities

.

in vitro which suggest a role for these proteins 1in replicatton.’

Table I1 lists some of these proteins and summarizes their dn vitro
activities. Tn addition, evidence from Both in vivo (47,48) and in vitro
(49,50) experiments suggests a primer rélé for RNA in replication. In
some cases, this RNA appears to be synthesized by a known RNA pﬂlygérase
(47), and in others (48) not. Although several protein components may be
implicated 1in DNA replication their trfﬁ involvement awaits genefic

i

evidence.
Two systems which hold great potential not only for: the

ldentification of replication components but alsc for the reconstruction

)

~of the replication process are: : . o, —

(1) the permeable cell gystem (51,52) 1in n .{
which E. coli cells are madeﬁpermeable to a wide {
range Qf compounds, inciuding some macromolecules,
by treatment with,oféanic éolvents; and

(2)‘ the Cellophane membrane diéé system

(53) 4n whichvthe macromoletular cellular components,
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Any syste
in vitro
One such
in vitro.

replicate
W

after cell lysis, are maintained at a con-
/

a
£

£k
ce?tration approaching their in vivo level. 4

m ﬁhéch allows the identification of components affecting

DyA synthesis may be useful for understanding replication.
s;item is the synthesis catalyzed by E. coli DNA pol;merase I
Polymerase I provides a reasonable model for enzymes which

PNA for the following(%eaSOns:

(1) All template-dependent polymerases ’\\\f
isolated to date, whether of vi?al (24,54),
bacterial (55,56,57,58) or mammalian (59) origin
perform a "repair-type" synthesis in vitro.

That is, they add deoxynucleotide residues

té the 3'-hydroxyl terminus of a primer
mgleculerumder the direction of a single—
Vstfandg? template to which the primer is annealed.

(2) The replication of colicinogenic
factor El1 appears to requirerE, coll DNA
polymerase I (26,27).

| (3) The amber mutations of E. colt DNA®
p%lymerése I (Pol A) retain measurable ievels

of polymerase I activity (60). A deletion

»

. mutation affectigg polyméraéé I has never been

isolated, suggesting that this mutation may be
lethal. If such a mutation were isolated and

cht6m030mal‘replication unaltered,. this would

A ,
i . » .
establish that ymerase I is not essential
R . . :

‘fq? replication. However, until such a ‘ : -

!

I
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mutant i1s isolated, a role for polymerase [
in c¢hromosomal replichgion cannot be excluded.

A property of the DNA préﬁqc( synthesized by E. _colt DNA
polymerake in vitro 1s that ghe complemedtary daughter strands are
covalently 11n¥ed. Such DNA will be referred to as CLC (for covalently
linked complementary) DNA. This was shown for the! copying of natural
DNAs by Schildkraut, Richa:dson, ana Kornberg (61)T A subsequent
report indicated that CLC sequences also appeafed during the copying of
the chemically defined polymer d(T—G)n‘d(C—A)_n (62). This mode of
synthesis pfe§umab1y involves efither strand switching at the growing

point (Figure 3a), or turning back at the end of a strand (self-

copying) (Figure 3b).

N
2

/ #
i
|

.

(b)_'; | -

FIGURE 3. ~ Mechsnisms for CLC DNA Production.

C;, ﬁatéﬁtﬁ? DNA;;

..“ . newDHA, v}ith the arrowhead
desbign.at‘ir‘lig,-_jtiﬁe' 3 j ‘ ‘

¢
4

md‘ »-. -
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There are several reports that CLC structures may be Iintermediates
during DNA synthesis in vivo: l
(1) Electron micrographs of replicating
colicin E1 DNA show superhelical circles with
double~stranded tails (63). These séruotures
» can be iInterpreted to Indicate covalent
continuity between the complementary daughter
sg;ands at the grow?ng fork. If the molecules
were nicked at the growing’fork, the circles oo
Gould have heen relaxed. |
- (2) lLambda DNA at some stage of 1ts
development contains covalent linkers bétWééﬂ
the daughter strands (64).
7 (3) Newly made T7 DNA has been isolated
/ﬁ as renaturing structures (65). This observation,
however, has not- held up in Jur laboratory
(Langman, L. and Paegkau, V.H.: unpubliyghed
observations). 1
Other .evidence 1qdicatesathat in Bacillus subtilig the CLC sequﬁageskj
are not formed from the newly made DNA (66). Thus, CLC strﬁctugzg§
may exist as replication intermediates in some systems, quer some
conditions. The&'would provide primérs for thé daughter strand
:Vhich has its.diréction of growth:opposite to the direc;ion of fork
movement (Figure 2). Howefer, it appears that initiation can occur }

on either strand (67),’thus there' would be no réquirement for CLC

structures.



An earlier report described the abllity of crude DNA
polymerase fraétions to block the accumilation of CLC sequence(\hgjing
the polymerase 1 mediated copying of a?déflped DNA 1n vitro (62). A
factor having this actiyity could either remove CLC linkers, if in fact

these exist as normal replication intermediates, or else prevent their

format fon durlng polymerase mediated 1NA copying in vitre. The

.purificatfon and partial characterization of this activity, which we

; 4 !
have called S factor for separability of strands (that is, absence of
L

CLC Sequencéé) 1s the subject qf this thesls,

i, P "
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CHAPTER 11

GENERAL MATERIALS AND METHODS
I. Materials

A. Chemicals -

Unlabelled ribo- and deoxynucleotides were purchased
from PL Biochemicals; radioactive (IAC and BH) ribo- and deoxyéucleosidé
triphosphates were from Schwarz-Mann; [a#BQP] dATP was from International
Chemical and Nuclear Corporation., (esium chloride was from Plerce
Chemlcal Corporation or Schwarz-Mann., Fthidium bromide was obtained
from Sigma Chemlcal Company.

Agarose 15M (200-400 mesh) and 5M (200-400 mesh) were
purchased from Bio-Rad Laboratories. Fhosphocellulose (P11) and DFAE-
cellulose (DE-23) were from Whatman Inéistriesﬁ Sephadex QQQS (20-80 ),

G-50 (20-80 ), G-75 (40-120 n), DEAE-Sephadex (A25), and Blue Dextran
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Gel élactraphétesis supplies were obtalned from Fastman
Organic Chemicals’,
All orher chemicals were reagent grade and were used

without furthet purificaton or tréatment .

B. Biological Materilals

Marker proteineroyalsumin and chymotrypsinogen A) were

from Pharmacia Fine Chemicals. Sperm whale myoglobin and, cytochrome e

/
were gifts from Dr. Jutta Seehafer' R17 phage, a gift from Mrs. L. Frost.

.
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medium, were purcngsea frozen from Grain Processing Company,

Muscatine, Towa.

C. Nucleic Acids

The defined DNAs with repeating sequences have already
been described (68). The PM2 DNA and thi polymer d(TﬂC—C)n*d(CJC‘A)n
were glifts from Dr. A_K, Morgan . Unfractionated yeast transfer RNA

"l
(tRNA) was a gift from Dr. C.J. Smith,

.

11. Methods

A Reagents
Buf férs and solutions were millipore filtered with an -~
HAWP 04700 membrane before use.

Resins were prepared according to the procedures .-

described by thérmanufaeturéfsa

B. Radioactivity

Radioactivity was measured with a Beckman LS~250 liquid

scintillation spectrometer using a toluene-based scintillator (14.4 g

"omnifluor', New England Nuclear, in 3.8 liters of toluene). Rgstricted

channels were used for double-labelled experiments and the counts were
4 ' 3

corrected for a 25% overlap of 1 C 1into the 3H channel. Specific

activities of labelled debxynucleoéide triphosphates were determined in

Aquasol (New England Nuclear).

15
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C. Fluorescence L .

¥ ra
Fluorescence of ethfdium bound to ﬁNA"was measured with
a Turner spectrofluorometer Model 430 at an excitat{ion wavelength of

525 nm and an emission wavelength of 600 nm. The temperature was

[

maintained at 25° by a circulating water bath. Because of fluctuations
in xenon lamp intensity, the instrument was periodically calibrated

with a known concentration of DNA in ethidium (69).

D. Protedin Determinations

Protein concentrations were determined either by the

modified Bluret assay (70), or by the absorbance at 280 num.

E. Purification of E, coli DNA Polymerase I

s E. coli DNA polymerase I was purified by the method of
Jovin, Englund, and Bertsch (71) with the followiﬁgimbdification.
Fraction 7 (Sephadex G~100 fraction) was subjected to an aﬁéitional

phosphocellulose chromatography step (Fraction 8), using the Ccnéitions

bl . B , — A
required to obtain Fraction 6 enzyme. Essentially all of the protein

had the mobility of DNA polymerase 1in SDSﬂgel electrophoresis, 85% as
the 110,000 molecular weight form énd the rest as the 76,000 molecular
weight‘form (72,73). The specific activity was 10,000 d(A~T)n‘d(A~T)n
units per mg of protéin kl unit being defined as the incorporation of

10 nmoles of total acid—insolubfé‘nucLeotide per 30 minutes at 37°).

F. Fraction DII1 S Factor

~

DIII was obtained g a side product of a modified (74)

Chamberlin and Berg RNA polymerase preparation (75). 'Material extracted
@ .
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from the protamine pellet with lg'mM Tris-Cl, pH 8.0, 0.1 M MgClz,

0.1 mM EDTA, and 10 mM B-mercaptoethan;l ;;s fractionated with ammonium
sulfate and the fraction precipitating between 457 and 657 saturation
redissolvea in 0.02 M potassfum phospﬁate buffer, pH 7.4, to yield DII1

(protein concentration 1.8 mg/ml).

G. Fraction 4 DNA Polymerase I and S Factor

Fraction 4 was the sam@ as Fraction IV obtained from
the DNA polymerase 1 purification procedure (76) except that the
ammonium sulfate precipitate was dissolved in a smaller volume of 0.02 M
potassium phosphate, pH 7.2, yielding a protein concentration of about

40 mg/ml.

H. Purification of E. coli DNA

E. coll DNA was isolated by the method of Marmur (77) -

It was further puTifiéd:by heating to 47° for 15 minutes in the presence
of 0:1% SDS and chromatégraphi on a 5M Agarose (200-400 mesh) column
(6.15 sz x 45 cm) equilibrated with 10 mM Tris—Cl, pH 8.0, and 0.1 mM

EDTA. The excluded high molecular weight DNA was used as template.
: \

I. In vitro DNA Synthesis

The basic procedures for in vitro DNA synthesis were as
dgscfibed by Mofgén, AfR., Coulter, M.B., Flidtoff, W.F., and
Paetkau, V.H. (manuécript submitted). The standard mixture for enzymatic
synthesis: of define@ DNAs contained: 30 mM poﬁassium phosphate, pH 7.4;
12 uM MgCl,; 2 mM dithiothreitol; 5.2 mM total of the four deoxynucleo-
side triphosphates, in the ratio of their frequeé?ﬁ’in the DNA being
N | . : .

AN

. ' ’ ' . '
!
- N
| ,
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synthesized; DNA template at 0.2 0D 6 ug/ml Fraction 8 DNA poly-

260°
14
merase l; and S factor as indicated. Tritium and C labelled dNIPs

were present as indicated. Incubatfions were at 37°. When DI1Il. or
I »

Fraction 4, or S factor Fractions 5, 6 or 7 were present, 0.5 OD260

: o
tRNA was also added to inhibit endonuclease I (78). Pancreatic DNase I

was added to stimulate synthesis. Figure 4 shows the effect of various
DNase I levels on the molecular weight and synthesis of d(T~G)nAd(C)A)n.
Pancreatic DNase 1 at 25 ng/ml resulted in a reasonable synthetic rate
without an appreciable reduction fn molecular welght., Under these
conditions, 25- to A0-fold copying of the defined templates occurred in’
5~6 hours.

Defined DNAs were characterized, when required, by their
neutral buoyant densitiés in ?SCI, and their melting temperatures (Tms).

The conditions for the in vitro synthesis of natural
DNAs were the same as for defined DNAs except that the initial template
and the potassium phosphate was 67 mM.

s 0.5:0r 1 OD__
was 5:0r D, 60

The extent of synthesis was measured either by the

insoluble material by a godification (74) of che filter paper disc
" method (80), or by the enhanced flﬁﬁfEscence of ethidium bromide when
9,

bound to bihelical DNA, as describéd inm the fluorescence assay for

covalently linked complementary DNA.
r
J. Isolatfon of DNAs

> i
Polymers were deproteinized and sepéQSked from small
: b8

molecules by a modification of an earlier method (8l). The reaction was.

stopped by the addition of EDTA (final concentration twice that of MgClz)

I3
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FIGURE 4.
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(ODys0)

SYNTHESIS

0 10 20 30 40 50
"DNASE | CONCENTRATION (ng/ml)

The Effect of Pancreatic DNase 1 on the Synthesis and

Molecular Wedght of d(T—C)n'd(C~A)n.

Polymers were synthesized under standard conditions with 36

ug/ml ﬁIII, 0.5 oD tRNA, and various concentrations of

260

pancreatic DNase I. Incubations were for 6 hours. Portions

were removed and synthesis determined by the fluorescence

method. The polymers were isolated by Agarose chromatography

and concentrated by vacuym dialysis. Their molecular weights

were determined by the Studier method (79).
O- O, molecular weight in alkalii ®

as monitored by ethidium bromide fluorescence.

® , synthesis
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and the solution made 0.1% in elther SDS or sodium dodecyl sarcosinate
(Sé?kosyl). Samples were chromatographed at room temperature on 15M
Agafdse (éOO—AOO mgsh) colums (0.63 cm2 x 30 cm) equilibrated with

5 mM Tris-Cl, pH 8.0, 20 mM NaCl, and 0.1 mM EDTA. A typical elution
pattern 1s shown in Figure 5. The DNA appeared 1in the excluded peak
separated from the proteins, tRNA, SDS, deoxvnucleotides, and salts.

v

The DNA was concentrated against 5 mM Tris-Cl, pH 8.0, and 0.1 mM EDTA

-
by vacuum dialysis using a Sartorius collodion bag.

3 A 14 x
K. Preparation of H—d(T—G)n and C—d(C-A)n

Labelled d(T—C)n'd(C—A)n was prepared under standard

conditions with 36 ug/ml DIII, 3H—TTP (specific activity 2700 cpm/

nmole), and 14C~dCTP (specific activity 1600 cpm/nmole). After 5 hours
of synthesis the sample was added to a solution of alkaline CsCl

. (0.05 M NaOH, 1 mM EDTA) such that the final density (determined
refractometrically) was 1.760 g/cmz.: The solution was overlayed with
silicone oil (Corning DC 556), and centrifuged to equilibrium in a Ti 50
Totor using a Béckmaﬁ L2-65B ultracentrifuge. Conditions of centrifu-
gation were 38,000 rpm, at 20°, for 65 hours. -A needle was lowered into
the grad%ent and the material pumped out gith a peristaltic pump. The
fractions containing the separated strands were located by their radio-

N\

activity. . The regions corresponding to the separated strands were

-

_‘pooled, neutralized, and congentrated by vacuum dialysis against 5 mM

Tris-Cl, pH 8.0, and 0.1 TA.
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FIGURE 5.

VOLUME (ml)

Agarose 15M Gel Filtration of d(T—C)n‘d(C—A)n.

A DNA polymerase reaction syn;hesizing d(T—C)n‘d(C~A)n was

treated as indicated in the text. The sample was applied
. to a 15M Agarase (200-400 mesh) column (0.63 cm? x 30 cm)

equilibrated with 5 mM Tris-C1l, pE 8.0, 20 mM NaCl, and

0.1 mM EDTA. Fractions were i.Z mla. A separate run

degifmined the elutign of 3.5 onng units of tRNA.

o o, 0D

260"
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1. Assays for S Factor Activity

Since S factor prevented ‘the production of CLC DNA,
measurements of S factor activity involved assays for CLC DNA. CLC DNA
was measured by the following techniques.

Assay 1. Alkaline é&Cl equilibrium d:gllty %andlng is a
semi~quantitative technique applicable to DNAs in whiéh the complementary
strands can be physically separated [such as d(T—C)n‘d(C—A)n and
d(T—C—C)n"d(C!C~A)n]. Polymers were synthesized under standard.conditions
in the absence or presence of various § factor fractions, isolated by
Agarose chromatography, and banded in alkaline (sCl accordipg to the
method outlined by Wells and Blair (82). Figure 6a shows a
d(T,C)n‘d(CﬁA)n polymer made in the absence ofrDITT; Figure 6b, a
d(TyC)n*d(C—A)n polymer made in the presence of DIII. The Intermediate
density material, contalnfing both d(T~C)n and d(C~A)n and charasteristic
of covalently linked complementary sequences, was absent in the polymer
made with DIII present.

Assay 2. The fluoreslence assay 1s a quantitative me thod
based on the enhanced fluorescence of ethidium bromide when bound to bi-
helical ﬁNA (69,84,85). The rationale of this methodﬁis shown in
Figure 7. After heat denaturation at low ionic %tréngth, ionic
repulsion keeps the separated DNA strands apa£€ (Figure 7b). However,
1f a covalent linker is pfesent (Figure 7a), it acfs as a nucleation
site for strand reannealing. Iﬁ this assay, -either isolaied polymers or

’

portions removed directly from a DNA gynthesizing system were used,

-

since none of the components of the PNA polymerase reaction interfered
with the fluorescence. Duplicate portions were removed such that the

DNA wasg between 0.01 and 0.04 OD in the assay. The samples were

260
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FIGURFE 6.

wr

Analytical Cs(l Cradient Ultracentrifugation of
a(r-6) "a(c-a) .
Polymers were synthesized either with (d) or
without (a) 36 ug/ml DIIL, isolated by Agarose
chromatography, and centrifuged to equilibrium
in alkaline €sCl gradients. Conditlons of
CEhtTingat;Oﬁ were 48,000 Tpm, at 25%, for

27 hours. Densities were determined by the
{soconcentration method (83).
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(a)

d(C-A)s | ‘;(_T]jgg'

d(T-G),
' , P=1.829
(b) |
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TGTG TG TG TG Heating G
(a) —
ACAC AC ACAC Cooling ACACACACA
FLUORESCENCE —
ENHANCING
STRUCTURES :
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eating : ’
(b) - bl
irreversipie i
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&

A

FIGURE 7. Ethidium Bromide Assay for Covaiégtly Linked (CLC) DNA.
, At low ionic strength, CLC sequences renature after .
heating and quick cooling (a) because of a covalent
linkage, X, betweep complementary sequences. This Y
linkage acts as a nucleation site for stramnd reannealing
ﬁNon—CLC sequences (b) irreversibly demature upon heating

because they lack such a site.



diluted into 3 mls of either TE buffer (2 mM Tris-Cl, pH 8.4, 0.2 mM
EDTA) for defined DNAs, or KE buffer (20 mM KBPOA’ pH ~ 12, 0.2 mM
EDTA) for natural DNAs. The KE buffer destroys the relatively non-

speciflic structures observed with denatured, non—-CLC natural DNAs (69).

One portion was heated in boiling water for 5 minutes and quickl
p q y

cooled in an ice slurry. Ethidium bromide (final concenFriéion 0.5 vg/
ml) was added to both portions and the fluorescence %easured. When |
related to the fluorescence of standard DNA samples, the fluorescence of
the unheated portion measured the total biheliclal DNA; the fluorescence
of the heated portion; the CLC DNA. The ratio of these two measurements
gave the percentage of the total DNA which was CLC. Table II1 gives
the CLC content of tge d(T~C)n‘d(C—A)n polymegs described in Figure 6.
Polymer made in thé absence of Fraction DIII had a CLC content of 25%;
polymer made in the presence of DIIT, a CLC content of 47.

Assay 3.‘ Nearest neighbor analysis {s a third technique

for determining?CLC DNA. Since the polymers were copied with great

fideldity overall, the occurrence of CLC linkers between complementary, .. .

defined sequences would necessarily lead to "wrong' nearest néighborsi

, ’
Polyﬁers were copiedbin the presence of [a-BZP] dATP with DNA polymerase
I and Fraction DIIT was added as indicated. Isolated polymers izre |
digescéd overnight at 37° with 0.2 ug/ml micrococcal nuclease inllo oM
'gl§cine buffer, pH 9, containing 2 mM CaClz, then for several hours
with 50°hé/ml spleen‘phosghodiesterase 15 100 @ﬂ ammonium acetate, pH
5.9. Samples were e@aporated to dryness, taken up in 1/10 Yolumg 6f

carrier 3'-dNMP ﬁixture, applied to Whatman 3MM paper, and electro-

phoreaedwin 0.1'M godium citraté, pH 3.5, for 3 hours at 30 volts/cm,

26
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The paper was dried, cut 1nto‘1 cm strips, and counted. Table 111 shows
a nedrest pelighbor analysis of t!ne‘d(TTC)n'd(CAA)n polymers described in
Flgure 6. The polymer made in the absence of DIII contained a
significant level of "wrong' nearest neighbérs to dA compared to

polymer made with DI11 present.

)

All three methods gave consistent and Qomplementa:l e

information on the presence of CLC sequences. The low level (4%) of
éLC sequences observed with DIT1 present when‘the flunrescencea but
not?the ultracentrifuge assay‘was used, suggests a real difference
between these methods. The difference may arise from low molecular

welght CLC sequences which register fluorescence but do not form
-

¢

discrete bands in the ultracentrifuge,

For assaylng 8 factor activity routinely, the method

of choice was the fluorescence assay. High léVElSSﬁf%néﬂ%SpECifiC

nucleases will reduce the apparent CLC DNA by generally degrading the 7

. < .U . 4
DNA. Thexefore, the presence of CLC DNA when high levels of nuclease were
present was determined by the ultracentrifuge method.

s

was d(Tﬁc)n-d(C—A)nﬁ The polymer was synthesized under standard .

The routine template for determining S factor activity

conditions in the absence or presence of varifous S faqtor fractioms. At
the end of 5 bours, portions were r%movedlfrom the incubatién mixture
and CLC DNA content determined by the fluorescence ;ssay. A 507%
decrease in the CLC content of d(T—G)n'd(C—A)n was defined as one unit

of S factor activity.

28
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M. Analytical Ultracentrifugal Analyses

Equilibriem banding experiments were performed i{n a
Beckman Model E ultracentrifuge with UV optics, using a 4%, 12 mm

Kel—~F centerpiece with a ~1° wedge window. . The solution contained DNA

at 0.15 0“260’ 1 mM EDTA, 20 mM NaOH, and CsCl to the required density.

Centrifugations were at 48,000 rpm for at least 20 hours at 20°,
Densitometric tracings of photographs taken at equilibrium were made
with a Joyce-lLoehel microdens{tometer. The density of the DNA afrer
equilibrium had been reached was calculated by the isoconcentration
method (83) using published B values (86).

Molecular weights were determined from sedimentation
velocity runs 4n the Beckman Model E ultracentrifuge using the mecrhod
of Studier (79)., Band sedimentation was done with a Vinograd type 1
cell, a 4°, 12 mm Kel-F centerpiece with quartz windows. The DNA
(QO\FI'Of 2 ODZGO) was layered ét low speed onto the bulk solvent and

ééntgiiyged at 56,000 rpm and 25°%, Photographs were taken at 8 minute

intervals,

“Fex. sedimentation at neutral pH, the solvent.contained

1 M NaCl, 0.035 M Na,HPO,, 0.015 M NaH,PO,, and 0.1 mM EDTA, ph = 6.7.

Foxr sedimentation at alkaline pH, the solvent was 0.9 M in NaCl, 0.1 M
in NaOH, and 0.1 mM in EDTA. In the latter case, the sample was made .

0.2 M in NaOH. The4sedimentatiqn,cogfficient was calculated and

~

corrected for solvent viscosity, temperature, and density using the
correction factors calculﬁted by Studier (79). Since the SZO w shows

no concentration dependence under* “these conditions (79), the intrinsic

i

sedimentation coefficient (S;O w) for a Polynucleotide can be assumed

to be equivalent to S20 w' The molecular weights were calculated using

L§

the following Studier formu%ae (79): : -,



(a) neutral pH
° 0.346

N = 0.0
g20,w 882 M

(b) alkaline pH
° 0.400

SZO,w = 0.0528 M

where M —fﬂhispular weight.
v N

Freifelder (87)< 8 derived a different relationship

o

Jbetween S?O y and molecular welght r neutral pH conditions:

o

g 0.479
20 ,w

- 2.8+ O.\b@}[o M
™~

The molecular weight calculated from this relationship is different

than the molecular weight determined by the Studier method. For

example, an SZO W of 6 yields a molecular weight of 251,000 by the
>

Frelfelder formula, and a molecular weight of 200,000

relationship. Both methods, however, are probably nmot reiiable for low

molecular weight DNAs since no low molecular welght standards exist.
Since we are concerned more with relative, rather than absolute

3
molecular weights, the Studier relationships are adequate,

N. Aéf71ad%dé Gel Electrophoresis
i

3

y Gels (0.5 cm x 6.5 cm), pr%pared as ﬁescribed by
Shapiro, Vidhéla, and Maize1:(88), conéisted of either 5 or 10%
acrylam;de, th;\corresponding concentration of N,N'-methylene-bis-
ac?ylamide, 0,05\M godium phosphate, pH 7.2, and 0.1%Z SDS. Poly-
merization was cakalyzed by N,N,N',N'~tetraﬁetﬁylene diamine and

ammon i um perSulphage at final concentrations of 0.05% and ©0.07%,

respectively. '\

30



Protein samples were dialyzed overnight against 5 mM
sod{ium phosphate; pH 7.2, and concentrated by evaporation. Protein
samples (5-10 ug) were denatured by heating to 85° for 15 minutes {n
10 mM dithiothreitol and 0.33%Z SDS. (This procedure was sufficient
to lys:’Rl7 phage, the source of the coat protein used as marker.)
Samples were made 207 in glycerol, applied to the‘gels by layering
beneath the electrophoresis buffer (0.17 SDS in 0.05 M sodium
phosphate, pH 7.2), and electrophoresed at room temperature for ? hours
at 5 milliaﬂib’per gel. Cels were stained,at 37° for 1.5 hours in
9.8% acetic acid, 45X methanol, and 0.24% Coomassie brilliant blue (89).
Destaining was done in 77 acetic acid using a Canalco horizongal de~
stainer. Densitometric tracings of stained gels were performed with a
Gllford spectrophotometer linear transport system at 540 ﬁm;

Molecular weights were determined from 5DS-acrylamide
gel electrophoresis by comparitg the migration distances of the

unknown proteins to those of proteins of known molecular weight .
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CHAPTER 111

PRODUCTTON OF CLC DNA

1. Int roduction

A certain fraclién of the DNA synthesized in vitro by
E. coll DNA polymerase 1 has Dovaltint linkers between «*omplemen[éyx;y
sequences (CLC DNA), This has been shown for the copying of natural
(61) and defined (62) DNAs. In this chapter, the occurrence of CLC

_ structures in various DNAs, synthesized in vitro by E. coli DNA

18

polymerase 1, was determined by the fluorescence assay and, where

}
possible, alkaline (sCl equilibrium density banding.
1T Results
A, E. coli DNA Synthesized In vitro
. ! S R
Q) E. coli DNA was used as a template for a DNA polymerase [

reaction, Portions were removed at various,times and analyzed by the

fluorescence method using the KE buffer system to détermine the total

DNA synthesized and {ts CLC content (Figure 8). The newly made

polymer was 1007 CLC, whereas the input template was 0% CLC. £

B. Production.of CLC DNA in Chemically Defined DNAs

\

Several defined DNAs were used as _templates for DNA
polymerase I. After isolation, the products were analyzed for CLé
content by the }luorescencermethod and the ultracqgntrifugation method.
Table IV summarizes the results. Polymers of the fype polypyrimidine-
polypurine have not been obsefved to produce CLC DN

"y
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FIGURE 8. coli DNA Synthesis.  ~ . : .

260 was’ used as a template

E.
E. coli DNA, 0% CLC, at 1 OD
for DNA polymerase I under” standard synthesizisg conditions.

Samples were analyzed at various times elther directly or

.after heating and cooling in KE buffer. The number 100 L

e

. ;
Trepresents the percentage of the newly made DNA which wae

CrLe. O———OQ , total DNA; -~ @——@ , CLC DNA.

! \
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TABLE 1V

PRODUCTION OF CLC DNA IN VARIOUS DEFINED DNAs

Polymar % CLC CsCl CGradient
d(TéC)n'd(CqA)n 25 Figure 6a
.n \
A(1-1-G)_"d (C—A;A)na 33 Figure 9
d(1-C-C) _-d (C—~C-=A)n 2 " Figure 10

% The template used was p%@bably CLC 1n nature,

”



FIGURE 9.

o

P=]‘757

Analytical CsCl Ultracentrifugation of d(T—T—G)n-d(C—A~A)n

The polymer was synthesized as indicated in Table IV,
isolated by Agarose chromatography, and centrifuged to
equilibrium in alkaline CsCl. Conditions of centri-
fugation were 48,000 rpm, at 20°, for 20 hours. The

densgity was determined by the isoconcentration method (83).



FIGURE 10.

Analytical CsCl Ultracentrifugation of
d(TiC—C)n'd(cﬁcrA)n.

The polymer was synthesized as indicated in
Table 1V, 1solated by Agarose chromatography,
and centrifuged to equilibrium in alkaline CsCl.
Conditions of centrifugation were 48,000 rpm,

at 20°, for 22 hours. Densitiés were determlned
by the isoconcentration method (83). On the
basis of T and G content, d(T_‘C.sC)n was assligned
a density of 1.739 g/cmjg d(CéczA)n, a dEﬂsit}
of 1.810 g/em>, r
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C. Kinetics of CLC DNA Production in d(T.-G)n‘d(C--A)n

WhEn'.d(T—C)n‘d(C—A)n with separable strands was used as
template for DNA polymerase I, CLC structures did not appear for
about 1 hour (Figure 11). After about 2-fold copying of the template
had occurred (initial template was at 0.2 0D26O); CLC sequences
appeared and increased rapidly to 25% of the total DNA. This polymer

typlcally gave 20-257Z CLC content by the fluorescence assay.

D. Effect of the Ratio of DNA to DNA Polymerase on the
)

Production of CLC d(T—G)n‘d(C~A)n;

{
[

!

Reactions were carried out unde# standard conditions
' {

: { /
with a constant DNA polymerase couceﬁfration and varying levels of
] . '
initial template. Total DNA "and CLC\| DNA wer%\determined at Jarigps .
}h
\

V \\ ' s s e o
times by the fluorescence a%say (Tab V). The pEPdﬁétion ~: ele ona
was ind%geﬂdent of the ratié of| DNA to‘enzyme. Similar results were /*

obtained’using a constant templlate concentration but varying the

polymerase concentration.
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TOTAL DNA (OD10)

FIGURE 11.

: -\u\\“
,‘.\ A
3
§ 2§
o)
o
<[
Z
(@)
9]
S %o
] 2 3 4 5

TIME (hours) \

Kinetics of CLC d(T-G) :@ﬁasA)n.
n . . N
The polymer was synthesized\under standard conditions with

A .
DNA polymerase I. At various times; total DNA sxnthesized‘

and 1ts CLC content were determined by the fludrescence .
method. O———CO , total DNA; - @---——@ , CLC DNA.

»

1

: "5 o
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111. Discussion

. . '
In vitro CLC DNA production {s not peculiar to k. colt

"

DNA polymerase 1. Micrococcus luteus DNA polymerase (90), avian
myeloblaﬁl;sis virus DNA polymerase (91,92), TA DNA polymerase (54), and
cal{ thymus DNA polymerase (59) adl syntheslze some CLC DNA structures,
The mechanism of CLC DNA format}on probably 1ﬁvolVes either turning
around (Figure 3b) (59), or a combindtion ;f strand switching
(Flgure 3a) (93) and turning around by the polymerase, as discussed in
Chapter VI. FE. coli DNA po]yﬁerase IT (57) and polymerase 111 (58) are
limiced to repair syntheéis in vitro. Since pet-fold synthesis. (more
product than template) may be essential for CLC DNA production, these
enzymes may not produce CLC DNA iﬂ,iigzg“

Na{ﬁral DNAs syﬁfhesized with E. cold DNA polymerase I
in vitro contain 100%Z-CLC sequences. Synthesis of Certaiﬁ defined
DNA,  for example, d(T-G) *d(C-A) and d(1-T-G) ~d(C-A-A) produces
some CLC ;tru¢turégi The production of such structures is
iﬂdépéndEﬁtzﬁf the ratio éf DNA to enzyme, - i
: ?clypyrimidjﬁe-poiypurina DNAs, besides falling to produce
Cﬁb sequences during synthesis, aré ;lso Synthé§12éd at a slower rate
than g%her ﬁNA pqumers. Synthesis can bérstigulgtéd gy the addition
of,graciiOn DfiI (Chapter II). fhis stimulatiénvcannoé be

mimicked by any combination of the following nucleases: pancreatic

4
~ < °

DNage I, endonuclease I, or exonuclease IIT1 (Coulter; M.B.,

¥

Flintoff, W.F.,
and~Baetkau,'V.H.: u%published obgervations). We have observed that

DIII coﬁtains low molecular weight oligonucleoéides which act as

temélates fér DNA poiynerasé}I_(Coélter, M.B., Flintoff: W.%., and 4 v

7“Paetkau, V.H.: unpublished obsefvations).‘ The products of this )

o

o

41

a



synthesis are high molecular weight DNAs of the polypyrimidine -polypurine

Lype, as characterized by their ability to act as templates for poly rG
synthesis by E. colif RNA polymerase [(by the method described by Paetkau
et al. (94)]. 1t is possible that these low molecular welight oligomers
are acting as primers when high molecular waelght polypyrd dine-poly-
purine DNAs are used as templates.

Schand1 (95) has reported that pulse labelled oligo-
deoxynucleotides from Hela cells stimulate in vitro DNA synthesis
catalyzed by E. coli DNA polymerase I. Since these oligomers
are incorporated {nto the product, they are probably acting as primers.
Similar ollbomers have béen isolated from pulsexlabelled ba;terial

cells (96). Whether such Olibﬂmﬂrs are of the polypyrimtdine-poly—

purine type has yet to be established,
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CHAPTER IV

PURTFICATTION AND PROPERTIES OF S FACTOR

I. Int roduct fon

An earlier report (62) 1ndicéted the exlstence of a heat
labile materiai“in E. coll that prevented the accumulation of CLC
sequences during the synthesis.of d(T:C)n‘d(C:A)n, This initial
observation was made with Fracrioﬂ IV DNA polymerase (76). Subsequent
work indlcated that Fractton DITI (Chapter [T) contained a similar
aétivity. Preliminary experiments indicat®d that this activity 1n DITI
could not be mimicked by F, coli endonuclease I in the presence or
absence of tRNA, by protamine sulfate, by ammonium sulfate, or by 1ontc
strength (Coulrer, M., Flintoff, W,, Paetkau, V., Pulleyblank, D., and
M@fga?; A-R.: manuscript submitted). Unlike Fraction IV, this activity
was partially heat stable 1n DIII, perhaps due to t£e presence of
protamine sulfate used iﬁ:it% isolation,

A purification schemeiwas developed for S factor (strand

1

separabllicy factdr) from Fraction IV. Fraction IV was used rather than
DITI because of the presence in DIIT of protamine SElfaté and a poly-
pyrimidinerpolypurine type DNA, both of which were difficult to remove .
I1. Methods ‘ /

A. Nuclease Assays g R

Nuclease activity was aésayed by Ehe\following methods.
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(1) The loss of label from acid insoluble polynucleotide was

determined in a reactlon mixture contalning 30 mM potassium phosphate,

pH 7.4, 12 mM MgClQ, 2 mM B-~mercaptoethanol, elither 0.52 OD260

£ A 14 | A
H~d(T~(,)n Lfd(C—A)n (120,000 Cpm/UD26O unit), or 0.23 OD26O

E x x
3”,,,(1(1,_0) (90,000 cpm/OD unit), or 0.23 0D, 1['(:——d(CHA) (77,000
n

n 260 260
CPm/ODZ@( unit), varfous S facteor fractions, and, where indicated,
0.5 0“260 yeast tRNA. Incubations were at 37°. Portions were removed

at various times and acld insoluble radiocactivity determ&ned. One
nuclease unit was defined as one nmole of nucleotide released per minute
at 37°, This calculation was baﬁéd on a molar extinction coefficient
of 6.5 x 1(73 for d(THC)n-d(CxA)n (97) and 9 x 103'for the single—
stranded DNAs.

(11) The conversion of covalently glosed circular (CCC) PM2
DNA to a relaxed molecule was determined by fluorescence, The reaction
mix contained 40 mM potassium phcsphaté, pH 7.4, 8 mM MgClQ, 1 0D26O
CCC PM2 DNA, and 10 pg/ml Fractiom 8 S factor, At variOusrtimes,

rtions were diluted into KE buffer contailning 0.5 ug/ml ethidium

>
£
g

- : - . K ( i'—‘:’ - = - _ -
bromide and the fluorescence measuréd before and after heating. The
CCC DNA renatures after heating, but micked molecules do not. Any
endonuclease activity would be indicated by a loss in fluorescence after

A

heating since under these conditions single-stranded DNA does not
fluoresce.
P. o d(AT) -d(a-T) Synthesis
The presence of low molecular weight d(A~T)n‘d(A—T)n in
S factor fractions was determined.with a synthesis reactiom using DNA

~

polymerase I. The reac;i&n mix contained 67 mM potassium phosphate,

44
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pH 7.4, 6.7 mM MgCl 2 mM f-mercaptoethanol, 0.2 mM dATP, 0.2 mM

3

2’

H-TTP (specific activitry 3000 cpm/nmole), 0.5 OD tRNA, 1.25 ug/ml

260

Fractfon 8 DNA polymerase 1, and varlous levels of S factor fractions.
Incubatlons were at 37°. At varfous times, portlons were removed and
acid Insoluble radioactivity determined. The amount of d(A*T)n-d(A;T)n
synthesized was calculated from the radfoactivity incorporated‘using a

molecular extinction coefficlent of 6.7 x 103 for d(A-T) *d(A*T)r (97) .
n .

Q. Calibration of Sephadex CG-75 Column

A mixture (5 mls) containing 0.1%Z Blue Dextran 2000,

30 0D, units ATP, 1 mg ovalbumin, 1 mg chymotrypsinogen A, 1 mg sperm

260

whale myoglobin and 0.5 mg cytochrome ¢ was chromatographed on the

. - 2 . . .
Sephadex G-75 column (4.91 cm™ x 95 cm) under identical conditions used

to prepare S factor Fraction 6 (see text). The elution of each component

was determined optically - GDZSO: Blue Dextran, ovalbumin, chymotryp-
i ATP; ODABO: sperm whale myoglobing; (ﬁalni cyto- \
- I . |

: A

sinogen A; OD260

¢hrome ¢,

iip . . .o

D. Purification of E_. coli RNA Polymerase

RNA polymerase from E, Egli(B was prepared to Fraction 3
by the method of Burgess (98) and further purified as for Fraction 111
to VI by the method of Paetkau and Coy (74) omitting the 0.5 M Agarose
step and substituting DEAE-Sephadex for QAE-Sephadex., The purified
enzyme had a specific activity of about 10,000 units per mg of protein
{(one unit corresponds to the 1ncorpofation of 1 nmole of 14C—CMP per

hour 'under the assay conditions described by Chamberlin and Berg (75)

except that calf thymus DNA was used as template, instead of salmon

.

-sperm DNA). |
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E. Transceription of T4 DNA

The transcription was done at 37° {n an fncubat jon

mixture containing 0.04 M Tris-Cl, pH 8. (4 M Mg(?'l,z; 0.8 mM Mn(TIQ;

» ; <
10 mM fi-mercaptoethanol ; 40 mM KCl; 0.4 mM ’H~CTP, %pee4f§c activity

100. cpm/pmole; 0.4 mM of each of the other rNTPs; 0.016 or 0.04 OD767

T4 DNA, 27 pg/ml Fraction V1 RNA polymerase (signa contafining); and

various levels of Fractfion 8 5 factor. Portlons were removed at

vartous times and RNA synthesls followed by the fincorporation of label

Into acid-{nsoluble polynucleot1de (74),

IT11. Results

Unleass otherwise Indicated, all operations were carried
out at 0°-4° and centrifugations were at 10,000 x g for 10 minutes. A

A

typlcal purification procedure 1s summarized in Table VI.

9]

A, 1~4

1]

Cep

' The inditial

autolysis, and ammonium sulfate fractionation - corresponded to

teps -~ grinding, streptomycin precipitation,

&
jo/]

Steps 1 to 4 of the DNA polymerase I purification from E. coll. B (76)
except that the ammonium sulfate precipitate was dissolved to yield &

protein concentration of about 40 mg/Hl .

:ﬁ. ' Step 5: DFAE-Cellulose Chromatograghy I
This treatment r;moved high molgcular welght nucleotidic
material without the adsorption of S factér.' One ml of 1 M potassium
phosphate, pH 6.5, was added to 20 mls of Fraction ; (materfal from o

1 1b. of cells) to lower the pH and to increase the phosphate concentration

to 0.07. The sample was centrifuged and applied under moderate pressure

i
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to a DEAE-cellulose column‘(0_63 cm2 x 7 cm) eéuilibrated with Buffer A
(0.2 M potassium phospharé, pH 6.5, 10 mM B-mercaptoethanol, and 1 mM
EDTA). The flow rate was 0.3-0.4 ml/minute. The protein wash-through
was collected as Fraction 5.

Most of the S factor activity In Fraction $ was completely
excluded from Sephadex CG-75. Autolysis, as described below, quantitatively
converted 1t to a partially included form. 7The autolysis was possible
only after low molecular weight inhibltory components had been removed
and Hg++ added, as follows, )

(1) Salt Fxchange of Fraction 5

This treatment separated the protein from the low

molecular weight nucleotidic material and saltsr Fraction 5, 26 mls,

was applied to a Sephadex C-25 columm (4.91 fmz x 38 cm) equilibrated

with Buffer A. The flow rate was (.5 ml/minute and 12.6 ml fractions v
were collected (Figure 12). The excluded protein peak had an OD?SO to
Oﬁst'ratio of 1.49, compared to 0,68 for Fractiom 5,

(11) Concentration I

The excluded Sephadex G-25 protein peak; 38 mls, was

concentrated to 6 mls using an Amicon ultrafiltration cell (Model 52)

with a PM10 pembrane at an operating pressure of 45 1b./1n2 of nitrogen.
(111)  Autolysis

This treatment quantitatively dissociated S factor oo

-from higher molecular weight components. The concentrated sample was

centrifuged and magnesium chloride (final concentration 4 mM) added.’
Incubatfon was at room temperature. The extent of autolysis was

: . * *
measured by the acid solubilization of 0.52 OD260 3H-d(T.G)n‘IAC—d(C-A)n
: \ . ,

N
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FIGURF 12,

O

100 200 . 300
VOLUME (ml)

/

Salt Fxchange of Fraction S 5 Factde,

VFraction 5 26 mls, was applied to zg\%ephadex G~25 colum

(4.91 cm2 x 38 cm) equilibrated with 0. 2 M potassium

phosphate, p¥ 6.5, 10 mM B-mercaptoethanol, and 1 mM FDTA.

Fractions were 12.6 mls. Salt elution was moni tored

refractometrically. o—NO . 0“280; o @, 00260; )

' , salt elution.
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(120,000 cpm/0D26O unit) added to a portion of the sample. The autolysis

was stopped after 75 minutes when the polymer had been completely degraded.

The time for total degradation varied between 60 and 120 minutes for

different preparations of concentrated Fraction S.

C. Step 6: Sephadex (~75 Chromatography -

The autolyzed sample, 6 mls, was centrifuged and
applied under gravity to a Sephadex C-75 column (4.91 cmy x 95 cm)
equilibrared with Buffer A. After the sample had entered the restn,
the flow rate was maintained at 15 mls/hour with an JKB peristalt o pump .
Fractions cf 522 mls were collected. The S factor activity was
separated from the bulk of the proteln and eluted at 502 bed volume
(Figure 13) which corresponded to a molecular welght of 26,000, The
frﬁﬁtiﬁné contalning S factor activity were pooled (25 nﬂﬁ))ﬂnd passed
over a Sephadex C-25 columm (4,91 §m2 x 38 cm) equilibrated with
Buffer B (10 mM Tris-C1, pH 8.0, and 0.1 mM FDTA). The ﬁXC]UdEdFP%Oféiﬁ
was concentrated by lyophilization and dissolved in 3 mls of water

(Fractiéi 6). i

D.  Properties of Fraction 6

(1) Nuikéase content

Most of the nuclease in Fractlon 6 was active on a double—

i

stranded template (Téble VII). This nuclease activity varied from

preparation to preparation and was 50-607 endonuclease I as indicated by

1

its tRNA sensitivity (78). At the level of Fraction 6 required to

reduce the CLC DNA content of d(T—G)n'd(C=A)n by 50%, it would have

50
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FIGURE 13.

Sephadex G-7% Chromatography -

The autolyzed sample (6 mls Fraction '5) was appliedﬁ
to a Sephadex C-75 column (4.91 em? x 95 cm)
equllibrated with 0.2 M potassium phosphate, pH 6.5,
10 mM B-mercaptoethanol, and 1 mM EDTA.  The flow
rate was 15 mls/hour and 5.2 ml fractions wefe
collected. The S factor activity was determined under
standard conditions using the fluorescence assay on
d(Tl—C)n*d(Cf—A)n polymers. A 50% decrease in the CLC
content of d(TwC)ﬂ*d(C%A)n was defined as one unit of
S fachor activity. The elution (VO or Ve) of Blue
Dextran 2000, ovalbumin, chymotrypsinogen A, speérm

whale myoglobin, cytochrome &; and ATP was determined

Cmmeatalv e s ) T ®———@ . Ol .
separately. O o, ODZSO’ , OD260’

el

Y 5 b

H actor activity, units/ml.’
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TABLE VI1I

NUCLEASE ACTIVITY OF FRACTION 6 S FACTOR

Nuclease assays were carried out under standard conditions

using the acid solubfilization of labelled polynucleotide,

Nuclease Activity
units/mlad

Template
~ tRNA + CRNA
X 4 * .
3H~d(T—C)n‘1 C—d(C~A)n 39.5 17.0
,37 * . :
de('l‘_(:)n 2.6 1.1
] x .
ll.(%d(CsA)n 2.3 1.4

a - _
One nuclease unit was defined as one nmole of

v

nucleotide released/minute at 37°. -
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taken the tRNA insensitive nuclease 20-50 hours to completely degrade

the input template.

(11) (i(A'—T)n'd(A”T)n (IOnF,ent

'Unlike Fraction 5 S factor, Fraction 6 showed an increase
in the CLC content of product at intermediate levels (Figure 14). The
decrease in the ratio of 14C~dC to 3H»T incorporation (Inset, Figure 14)
sugg@gtea thatvche increase in C1LC was due to d(A—T)n‘d(AJF)n production .
The following observations (Table VIII) s&pported this: P(a) TTP in-
corporation was dependent upon d4ATP, (b) 11“dCTP was not 1ncorporated,  and
(¢) the product synthesized was of 1007 CLC content. The kinetics of
synthesis suggested that low molecular welght material was the template

)

(Figure 15). s . ' ~

Incubation with magnesium chloride, or with exonuclease 117,
or adsorption and elution from DEAE-~eellulose did not remove this
d(A=T)n-d(A—T)ﬂ template activity ffcm S factpr.

E. Step 7: Urea-Lithium Chloride Treatment

This treatment removed the d(A~T)n‘d(A{T)n template
activity, The procedure was a modification of shat used by T :ub and
Nomura to dissociate E. coli ribosomal proteins (99). To 1 ml of
Fraétion 6, 1 ml of an urea-lithium chloride sélgCIOn (8 M in each
component) and f-mercaptoethanol (%1nal concentration‘G mM) were added.
The sample was incubated in an ice slurry for 36 hours. "The solution
was centrifuged and applied under gravity to a Sephadex G-50 columm
(0.635 cm2 x 55 cm) equilibrafed with Buffer C (4 M urea, 4 M LiCl,
10 mM Tris—Cl, pH 7.5, and 6 mM B-mercaptoethanol). After the sample

had entered the resin, the flow rate was maintained at 2.3 mls/hour

@
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FICURE 14, Titratlon (TUT_V("?; of S Factor Activity in Fractlon 5
and }-"r'a(‘t,lon 6. vﬁ
The S factor activity in Fractloms 5 and 6 was de-
termined by the flgo%éﬁé&gce'égﬁéyjén d(TkC)n~d(CKﬁ)n,
The polyflers were synthésﬁzeéﬁﬁiéhtjﬁzTT? (specific
activity 3000 cpm/mmole). and IACFdCT? (specific

! - activicy 1710 ﬁﬁﬁynméie)az At the end of 5 hours,
acid fnsoluhle radiocactivity and the CLC DNA content
(fluorescence assay) ware d(’:termin&ﬂ. *——@,
Fraction 5; O——0O, Fraction 6.

The .ratdios of ]ACst;to BHET incorporated im the
5?61?@?TE prathesized with various livéis of
7FTiCtiﬁﬁ 6 ara shown in the Inset, i

,
row ~ a\
N
- ’ 2
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! TABLE VIII A
TEMPLATE ACTIVITY OF FRACTION 6 S FACTOR

Synthesis was done under the d(A T) ~d(A-T)
n
synthesizing conditions with elther H ’ITP (specific
] , 14
activity 3000 cpm/nmole) or ° C~dCTP (4pecific activity

1710 cpm/nmole) present.

A

Cond 1t 1ons P DNA Syﬂtheslzedy 7 ClLC DNAk
0“2(0 at 5 Hours at 6 Hours)
DNA,pOlvafaﬁé 1
: 3 . 3
™ 4 H-TTP, JdATP 0O -
p ' e ®
DNA polymerase 1 +
\ 0.2 or)z60 d(A*T) d(A:’])ﬁ ;
+ “H-TTP, dATP . Q.55 97

DNA polymerase 1 -

20 pg/ml Fraction 6 S Factor

+ "H-TTP, AATP 0.97 104
+ 2H-TTP, dATP, dGTP, dCTP 0.69 97
+ SprTP 0 -
4 2yoTrP, dCTP . | 0 ? S
+ H-TTP, dGTP : 0 i
R

C~dCTP, dGIP, dATP, TTP - 0 ~

%The amount of DNA synthesized was calculated from, radioactive in~
cg;poration using a &olar extinction coefficient of 6.7 x 103 for

d(a-1)_-d(A-T)  (97)).

bThe CLC rcontent was/determined by the fluorescence assay. By this

assay, O.OZLOD260 o th$ defined polymers d(A)n'd(T)n and d(A—T)n

d('A—T)n gave 2% and| 95% CLC DNA comntent, respectively.

57



FIGURE 15.

i Table VIIT. H———D, , DNA polym&raég I3

Kinetics of Putative d(AﬁT)n"d(AxT)n Production from_
Fraction 6 ? Factor.

Synthesis was carried out \mde'r the d(A T) ~d (A~ T)
synthesizing condit®ons with H TTP (speciflc
activity 3000 cpm/nmole) present. Portlons were
removed at varilous times and acid insoluble radio-
activity determined. The amount of d(AﬁT)n*d(AFT)ﬁ

synthesized was determined as indicated in

O—=——0, DNA Pf»lyﬁlér;iﬁé L plus 0.2 0D,

d(A- T) +d (A~ T) ‘__7. » DNA polymerase 1 plus

20 g/m] FTﬂLfiﬁﬂ 6 S factor.
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(
with an LKB peristaltic pump. Fractions of 0.9 ml were collected., The
excluded peak, 5.4 mls, was dtalyzed for 1% hours against 500 mls of
Bufter D (6 M urea, 7 M L1C1, 10 mM Tris-Cl, pH /7.5, and 6 m&nﬁ—mercapto»
ethanol). Over a perlod of 48 houra thts buffer was d1lured by pumping
Buffer E (0.5 M KC1 and 5 mM sodium phosphate, ph 7.2) Into the
dialysis chamber at 40 mls/hour. The protein was passed over a Sephadex

i 7 . i
-25 columm (1.33 em” x 4% em) equilibrated with Buffer B, concentrated

by lyophilization, and dissolved In 1,5 mls of water (Fraction 7).

Although there was a 504 losa of 5 factor activity, the

increase in CLC characteristic of d(A-T) ~d(A-T) synthesis {n Fraction
n T

»

6 was absent 1n Fraction 7 (Figure 16),

. ) .
DEAE-Cellulose Chromatography 110

e
9]
b
o
el
&

Residual nuclease Eivlty was removed by DEAF- 69110

Fraction 7 was diluted 5-fold with 50 mM

e
gy
o)
<
g\
2
-
<
<
-
N
gel
—
-
~
»
-~
O
sl
A
=]
o)
20
o
ﬂw
el

Tris-Cl, pH 8,0, and applied under gravity to a DEAF~cellulose column

(0,18 cm” x 7 cm) equilibrated with Buffer F (50 mM Tris~Cl, pH 8.0,

o
o
S
m\
o
=
—
m
o]
B
o
=
it

and 107 glycerol). The column was washed with 2 ml:
the protein eluted with a 30 ml lipear gradient (15 mls of Buffer F

0.03 M in NaCl and 15 mls of Buffer F 0.45 M in NaCl. The flow rate

was malntained aqb7 8 mls/hour with an LKR peristaltic

of 1.3 mlg were- collected. The S factor éﬁuted at a mean
- {
concentration of 0. }5 M (Figure 17). Fraétions containing S factor

activity were.pookéd (6 mls), passed oqu a Sephadex G-25 column
(1.33 cm2 % 45 cm) equilibrated with Buffer B, concentrated by
lyophilization, and dissolved in 1 ml of water (Fraction 8).

p

e



FICURF 16. Titration Curves of 3 Factor Activity In Fraction 6,

Fraction 7, and Fraction

L

ol

The S factor activity In Fractlons 6, 7 and 8 was '
determined by the fluorescence assay oOn d(TfC)i'd(C:A)j,
n T

Synthesis was for-5 hours. O——0, Fraction 6;

a
A
®—® , Fraction 7; &%, Fraction 8.
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FIGURE 17. DREAE-Cellulose Chromatography 1T.

Fraction 7 S factor was treated as Indicatéd in the -,

>4y
c
&
e
el

) text, The rescence agsay on a(f=ﬁ)n*d(C;A)j was
: T
used to determine 5 factor activity, Sodium chloride
concentrations were determined refractometrically.
O, 0D, . ® °
O » o803
units/ml; A———4 , NaCl molarity.

S factor activity,

>
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Fraction 8 had an activity titratlion curve similar to
Fract fon 7 (Figure 16). 7This final chromatography, however, resulted in
an 807 loss of activity. Fraction 8 has heen stored on ice for 3 months

with no loss of activity.

G. Properties of Fraction 8 5 Factor

(1) Nuc lease Content
With 10 ug/ml of Fraction 8, there was no detectable
] - o . 3 * .
acid solubilization of radicactivicy 1n 10 hours with either Hﬁd(TxC)n‘
14~ S N S .
C~d(G-A) or Hfd(T«C)n” With the same level of Fraction 8, less
n B
than 107 of the PM2Z DNA molecules (1 Ob'60) were nicked in 20 hours of
incubation as determined by the fluorescence nuclease assay. These
upper limits of nuclease activity indicate that during polymer

synthesis less than 1 nmole of nucleotide would be removed by exonuclease

. . . . s ] / .
activity for every 400 nmoles Incorporated, and less than 1 molecule 1in

‘ I

A x IOA would be nicked hy endonuclease activity.
(11) Heat Stability -

When heated for, 7 minutes at various temperatures, Fraction
8'lost S0% of its activity between 45° and 50° (Figure 18).

(111)  Analysis 1in SDS~Acrylamide Cél Electrophoresis

- Densitometric tracings of stained gels, 10Z in
7

acrylamide, showed that 90-95% of the protein present in -4 ug of

"

Fraction 8 migrated as a single band in SDS-acrylamide gel electro-

phoresis (Figure 19b). A similar gel pattern was obtained with 30 ug of
Fraction 8. Fraction 7 containéd 4 distinct protein bands (Figure 19a).
The band with the greatest mobility corresponded to the band in

(e

~
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FIGURE 18. Heat Stability of Fraction 8 S Factor.

>

F ‘,tion 8 S factor |was heated to the indicated

E}ieratures for 7 i;xinutes, centrifuged, and assayed for
residual S factor activity. Standard assay conditions h
were used and CLC content of the d(T—C)n‘d(C~A)nyp01ymers

was determined by the fluorescence method.
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FIGURE 19.

ShS-Acrylamide Cel Flectrophoresis of S Factor and
Mazker Proteins.
Gels were 107 in acrylamide. Conditions of sample
preparation and electrqphoresis were as glven iIn
Chapter 11. .
(a) 10 ug of Fraction 7 3 factor.
(1) 4 ug of Fraction 8 S factor.
(o) 7 ug of ovalbumin, 7 ug of ChymﬂtryPSIﬂogén A,
A 4 ug of R17 coat protein (obtained from the
lysis;of R17 phage particles during the sample

preparation), and 3 ug of Fraction 8 S factor.



i @
+— Ovalbumin
. Chymotrypsinogen A
‘———— R17 coat protein
. TS factor F
\
‘(o) a (b) - (c) '



4

A

5 fac

-

Fraction 8. In some Fraction / preparations, this particular bandﬁmﬁ

not the dominant specles,

(1v) ' Moluecular Welght Determination from SD5-

s
Acrylamide Cel Electrophoresls R

-

Fraction 8 S factor migrated sllgﬁrlyﬂehuad\ﬁf R1 7 coat
. \ - - 3
protain (Figure 19¢) . By comparing the migratfon distance ot 5 factor

A Fs - _ s
&ha migrat lon distances of proteins of konown molecular wetght,

5 factor was ‘éﬁﬁlgﬂ(‘d ‘a molecular welght ~of 11,500 (Figure 2()),
- ~\ I3
(v)” Elffect on Transcription "

Fxperiments were performed with raties of Fraction 8
. A

- - . R * 5 0
‘to DNA varying between 1:1 and 20:1 (om a weleht basir) to

=1

to
dmrerﬁ£ne the effect of $ factor on the transcriptfon of T4 DNA by

1% . uli RNA pclyﬁu rase, At all :Sﬂfﬁpliﬂ'g times, 10, 20, 40, and 60

H , _ =
minutes, there was less rhan 10/ difference_between the amoumt of RNA

2

ttor regardless of the

;TJ\

ratlo of 5 factor to DNA, 1In all cases, an amount? of eqlﬂvxlvﬂt to

70~ 80/ of the DNA content wgs.!ynthés zed 1in: 60 minuffas. The S 'factor,

thus’, ditfvfs from thv known low molecqla‘ i transeriptioh=

ﬁtimu1dtiﬂ P'o‘é ins of K, Eglir(100;10;}ﬁ

IV. Discussion : : .

- e o [ . ¢ b
‘activitfes othe¥ than®endonuclease’ 1 interfered with/?%e assay system

L sy i P

Lt . ) E , .
for S facfor. These nucleases decreased the apparent CLC content of

N

*

R L - B | LY
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"~ MOLECULAR WEKSHT x 3073

+. FIGURE 20.
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50 Ovalbumin \ )
40
301
201
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0.2 03 04 05 & 06

' RELATIVE  MOBILITIES, .

‘Moleeular Welght DetefminatiOn from SDS Acrylamide Gel

AQ‘

Flectrophor&s;g ,’} Y0, ]

The relative mObilitﬁés wg;é cgiculated by dividing the
distance thé protein band migrated by the gel length. - Lok
The molecular weights used for the marker proteins were: o
45,000 for ovalbumin, 25,000 for ChYmOtrYP%$9é§eﬂ A,‘and

13 750 for R17 coat protein
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d(T-G)n'd(CFA)h as measured by ghe fluorescence assay, and in some

cases completely inhibited the synthetlc react{on. The bulk of this
nuc lease was removed by Sephadex G-75 chromatography {(Fraction 6).
Remldual activity was removed by subsequent DFAE-cellulose chromatography
(Fraction 8). Fraction 8 8 factor contained no detectable endonuclease
or exonuclease asctivity, ,

Low molecular weight oldigo d{(A-T) was difficult to remove

because of Its assoctation with 5 factor. The small size of the oligo-

pucleotide was llkely the result of degradation dug@pg the autolysis In
Fraction 5. If this autolysis treatment was omitted, most of th#JS factor

activity eduted 1n the excluded volume froﬁ the Sephadex G-75 column
A ‘ e
(Fraction 6). The observation that Fraction 6 S factor contalned a

#

template for d(AﬁT)n‘d(AfT)f syntheals suggests that E, coli DNA
n B SOLA
contains d(A-T) sequences., The blnding ofVSafaétnr to this oligo—

nucleotide appeafﬁ to be seguence spec cific since only ﬂ(AfT}I*J(A;T) was

synthesized; however, binding#o ends of the low molecular ;vight

maﬁérial may éiS@rbé inV®1$édg During the Syﬁth?ﬁis of  polymers,
% K ’
S fa(tof probably dissotiated from the oligo d(A-T). In cases where

sufficient nudlease was preésent (Fractioﬂ 5, and high 1cvelb of !

Fraction 6), this "unmasked" polymer was probably degraded In the
absenca ofrsuffictgﬂ? Qpcleasef(intermediate 1eVels of FractiOﬂ;6), it
was used as template (Figure 16). This low molecular welght oligo

1 [ " " '

'd(A~TAQ?as removed by an’ urea-lfithium chloride treatment (Fraction 7)!

Whether a similar effect could have been achieved with high salt a10ne

is not knqwnf The urea may be essential to keep the protein soluble am
high salt’tonceatrations. s Cy
o CIEE | : ) .
; ‘ |
\' ! Y -



The loss of activity in going from Fraction 7 to Fraction
:' !

8 may be due to low protefn concentrations. If the treatments are done
In the reverse order, similar losses occour only durlng the final step
(urea-1 llhlufn chlor{de tra,:ptrmf*nl ).

Both TNA polymerase 1 and S factor can be obtained from
this puri}icatlon scheme., The excluded protein peék from the Sephadex
G=75 <colum can be treated as Fraction 5 in the standard purificat {on
procedure for DNA polymerase 1T (71).

- The alutton of § factor from the Sephadex G-75 colum
at a position carféEpondiﬁg to a molecular welght of 26,000 and 1ts

molecular welght as determined from SDS-acrylamide gel electrophoresis

(1}i560) suggest that S factor may ?XlSt as a dimer In éVéfy preparation
- , .
5 fa crat e]utcd at the same position on the Sephadex (-75 CD]umn aven

jo,1

Vthéugh oligo d{(A-T) was present, probably in different amounts., The
fa ctor: eluted at the same sodium chloridé concentration on DTAF(ﬁ;11u1(Sé
béfﬁré (tlmfi‘? Omi tiﬁg the urea-lithium chloride éréatment) and after
théifﬁﬁﬁval of tﬁi oligo d(A- T), sug e%tiﬁg thét éhé oligonucleotide was

not interfeging with this property of S factor. The Sephadex (=75
e ) . _ o

elution pattern, of d(AMT}n*d(AJF)n ~ free S factor would be required to
establish whether or not S factor 1s dimeric.

. The S factor is distinguishéble from the F. coli single-

stranded DNA binding protein by {its molecular weight’inVSDS*acrylamide

<

gel'eLectrophoresis.' The S factor”has a molecular Weight of 11\500

the E. coli,DNA binding protein ‘a molecular waight of 22 QOO (44).
‘In addition, preliminary experiments at 2.5 mM sodium phosphate PH 7.2,
have indicated that at a ratio of 7:1 (on a ug basis) of protein to DNA,

»

S factor had no ‘effect on the Tm of T4 DNA. At a similar protein to DNA



ratio and a slightly lower fonfe strengt h, the K. coli single-st randed
DNA binding protein lowers the 'l‘m of T4 DNA (44).

Fraction 7 and Fraction 8 5 fa(t((i ~an bhe used inter-
changeably for the synthesis of polymers, Fraction 7, however, does
contain traces of nuclease activity wl%lrh may st fmulat e synthesis. The
fallure to reduce the CLO l)N;\ content of polymers below 57 with high
levels of elther l‘;rﬂ(",( ton 7 or B (Figure 16) may be a roflection of

some inherent structural feature of the template.

/3
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CHAPTER V
EFFFCTS OF 'S FACTOR ON THE SYNTHETI1C REACTION

I. Introduction ) )
There have been several reports Of'prﬂteins other than

nucleases which affect DNA synthesis catalyzed by DNA polymerases

in vitro. The T4 gene 32 protein (32), F, coll single-setranded DNA

binding proteln (44); T7 single-stranded DNA binding protein (%azgﬂ

av {an mYFfﬁhlaﬁfﬁsls vlrué (AMV) DNA polymerase stimulating protedn 92y,

* i -
and copolymerase 11T (102) all ﬁtlmd?até in vitro DMA synthesis
. T T A '

. Yy
catalyzed by their respective polymerases (Table 1X). - '<ER
J e
/ TABLE IX ;
= » K
DNA POLYMERASE STIMULATING PROTEINS, N
Protein Polymerase "Reforence
P — — s — = —— — ————
Th gene 32 protein T4 DNA polymetrase _ (32)
ﬁfrgglétsingle;strsnded E. cold DNA polymerase ?T (44)
DNA binding protein “ .
A ) . : i
T7 single-stranded ' T7 DNA polymerase H (45) - \
DNA binding protein - ) : . o
AMV stimulatory protein AMV DNA ﬁZlymerase
i * N M. e 7*
Copolymerase 111 ‘ E. coli DNA'polymexase 1T
Ak ’ "~/ (an altered form of F. coli ’
. ‘ DNA polymerase 1IT)
¢’ : . -,
- b ,
-~ : i S
»
& - . -
- AY i .
74 ’ \ o



The exact mechantsm of stimulat fon may involve the fnteract ion of protein

with 1ts respective polymerase, stnce the proteln fa specific for its
polyme rase,

This chapter summartzes the effects of S factor en he

DNA synthesls catalyzed by E. coll DNA polymerase | in vitro.

11. Results

N
' ’

A Effect of 5 Factor on CLC DNA Production in d(T-C) "d(C-A)
n o

Separable~-stranded d (T*C')n‘d(Cf—/\f)n was used as a
‘template for DNA polymerase I reactions 1n the absence or presence of

7.5 ug/ml Fraction 7 8 factor. Fraction 7 was added at  time or after

~

synthesis had proceeded for 1.5 or 7.5 hours, Portions of the 1n-

-~

N H

cubation mixtures were removad at various times and assayed for (LG

sequences or total bihel 1991%172&, by the fluorescence method (“F:igure 21).

When S factor was present from t1ime 0, the CLC DNA was low, In the

bsenc

—

L]

o

o

S factor, there was a slgnificant production of CLC DNA

which was pot removed by the addi,(tiﬁn of S factor at 1.5 or’ 2,5 hours,
The actual amount of’ Cmrémair\ed constant after addition at these times,

whereas, thr-_p%rCEﬁtage of the DNA which was CLCV decreased,

, Coes '
B. ° Ineubation 6f CLC d(T~C)n'd(Cf{\)n with S Factor
! AW

: : /
To determine whether ?factor c(fuld remove CLC structures,

. <
" _ . ; A N
CI,C‘ﬂ(T—G)n'd(C»A)n, mae in the absence of S factor, was treated with

‘\ 350 ug/ml of either Fraction 7 or Fraction 8 S factor. . In two%ases',‘; ©

12 mM I"lngl2 was also present. Portions were removed at various times
‘ - RN ‘ - ~ . .

-~ and, aésa}"ed’ by the fluorescence gssay for total bihelical DNA or CLC 7 .

A, : - v o

=

7:



FICURFE

21,

Productfon of CLC d(T~C)n‘d(CfA)n In the Presence

of S Factor.

Polymers were synthesized under standard conditions

fn the absence or Lr?ﬂence of 7.5 pg per ml Fraction 7
5 factor. As indicated by the arrows, Fraction 7 was
added at 0, 1.5, or 2.5 hours. Portions were removed
from the synthesizing mixtures and total DNA
synthesized (open symbols) or CIL DNA synthesized

(closed symbols) was determined by the fluorescence

.assays The numbers in brackets indicate the per-

centage of  the newly made DNA which was CLC.
Circles, no F‘iétiﬁh 7; rtrilangles, Fraction 7 at 0O
tlme; fsquéres, Fraction 7 at 1.5 hours; diamonds,

Fraction 7 at 2.5 hours.
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\

DNA (Figure 22). The S factor did not remove CLC -sequences. When nuclease
was present (Fraction 7 plus MxClz), there was nucleolytic degradation

but no preferential removal of CILC sequences.

™~ ] ) . ] ’
. Physical Properties of d(T:(,)n‘d(CfA)n Synthesized

in the Absence or Presence of 3 Factor

Isolated polymers were syntheslzed from separable-

stranded d(T:C)n‘d(C%A)n under stardard conditions in the absence or

- -

¥ presence of Fractionﬂ] or Fraction 8 S factor. Thelr molecular welights

were determined by the Scudier methog (79), and theilr CLC content

e

determined by the fluorescepnce methéd’(Table X). There were two main

effects of S factor. These were on the CLC DNA content and on the .

Polymers made “ith S factor had a lcw CLC, content

- H 4
P
!

compared to those made in its absence. Alkdline CsC1 equilibrium density

banding confirmed this obsufvation Optical dénsityiggtterns sdmilar. to
- . M (R | =

>

. 3
S factor, and to Figure 6b

#

r ¥ Figure 6a for p olymer made in the absence o
T

for polymer made with 5, féctor were obtained.
= 7

The alkalire molegulav»yeights for polymers made with

,/// / £ ,"‘ﬂ
S factor were lower thﬁﬁvehose ié; polﬁmers made hn its abse \ce. For
cw/ N & I![

polymers made with S factor, the ratiOJQf ‘the aL&Eline molecu ar weight

f n.‘
. to the neutral molecular werght was about oné plf the ratio observed in
. o ﬂon CLC DNA is conststent
, dpgtf%n as discussed in
( , = - P
J"j' . ~ . . ~ ! A ‘,' ) -
R A
) . £
(] ’ ® 9 N N -
: . .8 . s
¢ L 7 o s -
» BN " ';‘.'. A N
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FIGURE 22.

il

Fraction 7 or

Y )

4 (T- C),' with

In(ubation of CLC d(C!A)n

F%acrion 8 S Factor,.

‘
The 1ncubatfion mixture contalined 30 mM pot&ssium
phosphate, pH 7.4, 2 mM dithl@threitol 1 ”DZ60 CLC

Y
tRNA, 50 ug/ml either
and where indicated 12 mM

dﬂT*C)ﬂ 0.5 OD?(O
Fraccioﬂ 7 or Fraction 8,

MgC1,,.
}

removed at

"d(C~A)_,
n

" Tncubations were at 37°. ,Portiems were

M

various times and totall DNA (open symbols)

af CLC DNA (closed symbols) was determined by the

. h J ) .
fluorescence assay, The numbers 1n brackets indicate

the per cent of the total DNA which was CLC.

Gircles, Fraction 7:; triangles, Fraction 7 plus
N =
MgClz; squares, Fraction 8 plus MgC 1
. ) N
a ) ?’. .
- Y
f LS



80

S —

(992q0) ¥Nd D12

(°20Q) ¥NQ 1VIOL

< g L]
‘ . F
. s
€ ' Y.
v

@

« N ~—
Qo () (@) o
g 1 u.l -
—_ w5
2 o % . Ne < N -1
4 N S’ | .
|
e o3 -
o -
o -
0 < o< -
)\\ 1 b . LL\ L.
Q o - Q- < N o
- o o o o A

4

3
TIME (hours)

2



81

“r

A} - %
S ©3UIIUOD ¥NG IID PY2 IUTWIIIAR O3 pakn sem poylaw 20U3DSIIONTJ mnh,n
. ’ (67 v0£uﬂﬁ:hwﬂnnum 9yl LQ SUOTITPUOI-PIPUBIIS
-3{3uys) painieusp TT8%T® . 20 ﬁvmvcmpum|wﬂﬂﬂovu 3ATIBU I3PUN DPIUTUISISP. 313m 83YB{om IBTNIBTOW .
o . “ , B - r‘ . -
7¢°0 £8¢ e dOVIIAY - . -
- , - .
6570 S . . A ~ 1o30®i § g uoTIdBI Tw/BM ¢ 4
3€ 0 556 7 - - €ET 103084 § [ WOF3IdBA TW/BM G/ 4+
LE°0C ,, oe SET 103084 § g uoyIdexg TW/BM ¢ +
£3°0 : 78¢ 374 ROVYAAY o |
$9°0 | 78¢ ,, gz 103983 § - -
§9°0 §L€ 652 Ll * 203084 5 -
- ' vt
(527 (59 (50) , (ss) o | .
cTimy PapUEBIIS-3TGNOQ " papueais-a73uls = sT83Y3uds A
- 2 0T x 238703y 1B TN0aTOK wm SUOTITPUCH.
@ﬁl . - -
MOIOVL S 40 FONISTUd O IONISEY FHI NI QAZISTHINAS e .

« u : i
SYITNATICd (¥ O)p. (97 L1)P 4O HZM&ED@ 210 QNV SIHDIZAM ¥VINOATION

K dEYL -



D. Effect of & Factor on E..coli DNA Synthesis In vitro

F. coli -DNA, OZ CLC, at 0.5 op was used as a template

260

for a DNA polyéeraﬁr 1 react fon 4n [QF absence or presence of 5 ng/ml

Fraction 8 S factor. Portions were removed at svaxrious tdmes and

L4

analyzed by . the fluorescence method using the KE buffer system to

determine the amount of DNA synthesized and 1ts CLC content (Flgure 23).

A

In the presence of S factor, the synthesis was tnhibited, and the
» *

. per cent CLC of the product was reduced to 67, Similar results were

obtained with 20 pg/ml Fraction 8 S factor. : 4

f ' ) .
. &,

1I1. Discussion &- ‘
. \ .

. . ‘The major affect of S factor on the defined polyméx
d(T;C)n‘d(CﬁA)ﬂ was thﬁgéfFVFﬂt10ﬂ of CLC DNA formation during' 'i

, I3

"synthesis. For this effect however, § factor had #O be pF¥esent at 0
time. Once a CLC ginkage had bé?ﬂ‘fOfméd {t was r%sistaﬁt to the

actor activity 1is not restricted to the

—y

action of S factor. fhis:S
d(TMC)ﬁ*d(C_A)A polymer. Recent work has 1indicated that S faét@f dlso” v .
r ; i’ ’ : . ’

= ‘77 / ,
prevents the formation of CLC DNA during the synthesis of the de¢fined

«
i

7

polymer d(f~T~C)ﬂ'd(CﬁA§A);:(Coulter, M., Flintoff, W., Paetkaa, V.,

A ‘Pulleyblank, b., and Morgan, A.R.: ménuscript sub

:

. ' The effect of ,§ factor during the,syﬁ" ﬂsing a

natural template was two fold. In addition to partially yéducing the f
) ' ' [ . | / .

CLC DNA cortent, net-fold synthesis did'not occur. Botly/ of these

findings would be consistent with a block in the;maior synthesis mechan—’
® N N \ i ‘

ism, gtrand displacement (Chapter VI). The complexity of the,DNA and

. . ’ . 8 - . o "
perhaps the requirement of the system for additional components may X
- . n s ‘ ' ' i o RN : « ‘d\';
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FIGURE 273,

“
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"Aﬁf
Rffect of. S Factor on K.:coli DNA Synthesis In Vitro.
Ef coli DNA was synthesized under standard cpnditions
/%n the absence or presence of 5 ug/ml Fraction §
S factor. The initial template, 0% CLC, was 0.5
ODZGO‘ Port ions were removed at vafious timgs and ‘
analyzed 1n the KFE buffer system for total bihelical
TNA symthesized (open symbols) or CLC DNA synthes}zed
(closed symbols), Thé results are.expressgd in tetms *
of the newly made DNA. The numbers in brackets 7
indicat%,ghe percentage of the newly made DNA which
was CLC. clrcles, nd S factor; triangles, 5 ug/ml

. “
+ Fraction 8 S fa%tor. ~
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,,xJ .
explain the limited effect that S factor had on the prevention of CLC

LY

DNA formation using the natural template.
~
Several observations using synthetic polymers suggest

;ome specificity for the action qf S factor. ' These are:
(a) Tﬁe S factor was unable to remove
CLC DNA sequences once they were formed (Figure 21,22).
) .Tﬂé‘s facgor was effective throughout the
synthesis despite an increased coﬂcentration of DNA

(Figure 21); therefore, S factor may be specific for

the sites of symthesis, which would not increase in

. O direct propof&ion to the total DNA.:

(¢) In the presence of S factor, DNA
polymerase ap%Fared to selectively copy non-CLC DNA

when both CLC and non—CLC DNA were present (Figure 21 -

The abéolute level of CLC DNA present remained

f constant, but. the percentage of the total DNA which

was CLC decreased.)
In addition to the requirement for S factor at 0 time,

the production of separable—stranded DNA ig_xiszg_requires that the
template have certain physical properties. Heating and cooliqg a.

d(T-G) ‘d(CaA) polymer pr;ducea a highly branched struéture tPgetkan, V.:
unpublished electron micrographs). Such a polymer, when uséd‘as a \ ;
template in the presence of S factor, led to the syq;hesis of DNA
containing CLC sequences (Coulter,'M., Flintoff, W., Paetkau, .; <
ulleyblank, D. , and Morgan, A.R.: m@uscript submicted).‘~ Thus, S faéédr
will prevent the production of DNA with CLC sequences if the template for

the reaction ‘is of a simple, linear nature, with separable stram;g

rg[ y

A
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\ . CHAPTER VI .- | - o
. [l{fi‘ : . L. .
— . . . . L. S
CONCLUSION ‘

‘
-

‘ A'modei for'lﬁAvitro'DNA QYnth iis has been postu;ated
by.Sghilakraut, Ric¢hardson, and Kérnbérg‘(6l) “otexplain‘éhe synthesis
’ . ¢ P ’ J

. %

coli DNA polymerase I.. This mechanism explajns the

o4

1catalyied by E.

)

productioﬁ of CLC DNA (Figure 264).

‘ .
1,
- »
:.""’ . . ‘ g . ‘»: . "?"‘. . -~
FIGURE 24. Strand Displécemeﬁ;‘ﬁechaﬁiém for DNA Synthesis. -+ ' AT
S P T _,‘,,parental.;‘ oopee .gvrlx‘ewly made. e
P - : IR : ‘ . “ ‘ . ‘ _ ' vy | L "‘,‘ Lo _""é‘i ;’




9 Synthesis begins at a nick (Figure 24a) by the addilti‘cm -
of deoxynucleotide residues onto the 3'~hydroxyl terminal QT the ‘'

o 2,
parental primer. The initial phases of the synthesis may iﬂvoIve'a
3 : :
& fin b
repair-type reaction in which the nick is translated toward the end of
V’A

the molecule (Figure 24b). At some point during the synthesis, the S' ﬁ,. ﬁ

strand 1s displaced (Figure 24¢). After further copying, the polymerase

molecule may‘switch strands and begin to copy this displaced strand

(Figure 24d). The result is CLC DNA. That such a mechanisi does occur
with E. coli DNA polymerase I acting on a circular, natural QNKwtemplate

in vitro is demonstrated by the work of Masamune and Richardson (93). Y

Subsequent to strand displacement, the néwly made DNA may ﬁnop back on®

o

jtself‘%b form a "hairpin" structure (104), or’the polymerase molecule
may turn around. In either case, the polymérase molecule uses the
newly made DNA as template for additional synthesis (Figure 24e). The

result is CLC DNA and a branched structure (93 103) B}anched structures

-

however, could also arise by qtrand switching followed by branch migration

(105) (Figure 24f). Calf thymus DNA polymerase synthesizes C1C structures

~

/
£

FIGURE 25'//Formation of CLC Sequences by Ca1f”Thymu8 DRA Pq%ymerase.

. parental,l osese newly made.




nucleotide residues dnto the ? ~end of a single stranded DNA forming .

probahly by ‘a tuming—ground pxechanhsm This enzyme can add. deexy— -

N

hairpin structures entirely of neWIy made UNA {59) (Figure 25)

-

‘,occurring.

by

A sl{ppage mechanism for DNA synthesis does not give

-~

~ i

rise to CLC DNA. (Pigure 26)

FIGURE 26. §lippage Mechanism for DNA ignthesis.

, parental; @4 , .newly made.

'

The molecule “Breatheé' in such a way as to allow

A

repair—type synthesis to occur on one' strand (Figure 26b). " The molecule

[ ¢

o
then relaxes and repair synthesis occurs on the other strand (Figure 260)

’ A strand—sw%;ching mechanism may be. occurring in the

Wy

‘synthesis of certain defined DNAS in our work since CLC DNA was

‘produced and the single—stranded molegular Qe:[ght: of ‘such DNA was

x‘greater thangone—half the double—stranded molecular weight (Table x;

By Sincegall the newly synthesized DNA vas. nob CLC, slippage may alao be

This is supported by the finding that r.he repeating tri—-‘

88
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nucleotide polymer d(T—T-G)n‘d(C—A—A)nhhwhich is less likely to sli
than the repeating dinucleotide polymer d(T—G7n'd(C—A)n, has a 10-20%
h g ' .

Higher CLC DNA content than d(T—-G)n'd(C—A)n (Coulter, M., Flintoff, W.,

"\"\\

Paetkau, V., Pulleyblahk, D., and Morgan, A.R.: manuscript submittred).
| ‘ . ' -

Slippage may be the W;chanism whereby polypyrimidine-polypurine DNAs are.

{

synthesized

}(,)§Siqce strand—seitching or turn-around is probably the
mechanism for synthesis from a natural DNA template in vitro, it would be
interesting to determine whether there are unique sites on the chromo-
some wheré such ''turn-arounds’ occur. A template for this would be
relaxed colicin E1 DNA which contains a single, specific nick (106).
The DNA would be copled with E. coli DNA polymerase I in vitro. After
partiel degredatioh ;ith endonuclease I, the product would be denatured .
and chrometographedeon hydroxyiépatite. Since the CLC region would be
double-stranded \ it Qould be separated from the single-stranded DNA.:

The CLC region could then be sequeneed by a series of npcleege digestions.

"If CLC DNA is a result of strand displacement and strand-

switching, how 1s S factor preventing the accumulation of  such structures’

_during synthesis? There are two pbssibilities:
J nuclease

(1) The S factor may be “acting as

o D .

apecific for the "looped-out" region at the CLC sequence

Alinker (107) Although there. vwas ne demonetrable

'nuclease activity in purified S factor, the nuclease

“

asaays may have been limited by the templates uaed

'1‘0 demonstrate such a ,specif}c nuclease act:iv:l.ty would .

urequire that the template be similar to the structure

L3

‘; e o Qf DNA gen,_elret‘ed dgringj synthegi,s,. A‘candida;e for

Co s ’ P .

PN
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such a template might be a "hairgin" DNA structure.
However; molecules of the'CLC type were not con-
verted to separable strands by S factor, making
this an unlikely mechanism.

(2) The S factor may be“preventing‘strand~
switching by the polymerase by binding to the dis-
placed strand. The finding that S factor was ‘
associated with low molecular weight oligo d(A-T)
suggesta that 1t readlly binds to nucleic acids.

In the presence of S factor, the 1nyibition of

E. coli DNA synthesis and the reduction in CLC
would be consistent with adb]ock in the strand-
switching mechanism of synthesis.

Further work will be reduired to ditferentiate between these proposed

mechanlsms and to establish whether the activity of § factotrinvolves

ran‘association with nucleic acid, or polymerase, Or both.

An add4itional tenplate for S factor would be a circular,
> nicked DNA. When this DNA (for example, nicked PM2 DNA, and, perhaps, col-
1;1n F1 DNA) ﬁ%lcdpied in vitro by E. coli DNA polymerase:l, it generates
rolling circles,'with one strand continuouslj-being displaceda/sLd f/
forms CLC DﬁA (935 The effect of S factor on CLC DNA formation during
synthesis of these DNAs, and the physical structures of the resulting
’products c0uld be easily tested The DNA synthesia using natural DNAs.

. "vas templates in the presence of S factor may provide a system to test

‘the involvement of additional components. Since net- fold synthesis was

inhibited various components which stimulate synthesis could be tested.

Such a system would be snalogous to the ¢X174 DNA in vitro synthesizing




: . 91

1

system described by HurWﬁéz, Wickner, and Wright (108). 1In this, g~ factor
was demonstrated to restore dependence on E. coli RNA polymerase to. the

) > | .
copying of ¢X174 DNA by E. coli DNA polymerase III. . l »

~ w.

The in vitro production of CLC DNA has %ot beeﬁ weil

established, and whether or not S factor has an in vivo role 1s, of course,
aisorquestionable. Several approaches may be used to determrine whether
these components, are of in vivo significance: |
1) E. c¢oli strains thermosensitive for DNA
synthesis 1in tﬁe 1oéi dna A, B, C, D, and G are not
yet‘biochemically charac;frizéd. The sudden production
of CLC DNA af;;r switching fo‘the nonpermissgive .
te@perature in thése strains would be evidence for an
S factor activity at these loci 1in vivo. The best
candidafes are B and € (D) since A is involved with J
- initiatfon of synthesis (109) and G has a molecular
weight of 60,000 (38). Biochemical (37) and genetic | N -
(110) evideqfe suggest that dna C and dna P gené
products may be related. 6ne of the activities of
‘C (D) 1in an 12.!1££é complementation assay has a ’ g
molecular weight*ofIZS,OOd (37) which is similar to
the molecular weight of S fag;or.
(2) Ejlggli_treatedeith tOluéné and
Trifqn‘X—IOQ‘pre perméablelt; antibodies (51). An
: » : ‘ L
ant;bo&y to‘éutified S factor‘might §hen be;usgd
‘to inaetiﬁate the‘ppotein 1n.thé cell, and QLC’DNA,

r

.
e
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~ \

mgﬁsured. Alternately, permeable cells may already.

produce significan;,}eve{s of CLC DNA au; to a -
partial loss of S factor; in that case,'addition
of exoéénous S factor nﬂght reduce the level of
CLC DNA. The C?llophane disc system (53) could .
function similarly.’

- ’Although there is no genetic evideﬁce for the involvement
of S factor in replication, interest 1is maintained by the fact that
when it 1s preseﬁt in a DNA polymerizing reaction several identical
copies‘of a défined& separable~-stranded DNA of high mdlecuiar weighf

are made. This 1s a simple model for the DNA synthesis occurring during

A

replication.
Further investigations of the effect 'of S factor on the

< .
alvaline molecular weights of various polymers may give a clue to the

mechanism of synthesis. Models similar to that proposed by Morgan (111)

would predict that non-CLC DNA would have an alkaline molecular weight

one—halﬂ\that of CLC DNA. \ \g//
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