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Using  purified  enzymes,  double  strand  replication of 
phage  fd DNA has been  dissected  into  several  inter- 
mediate  steps.  (i)  Phage  fd  gene 2 protein  cleaves su- 
percoiled  phage  fd  replicative  form  at  a  specific site in 
the viral strand  (Meyer, T. F., Geider, K., Kurz, C.,  and 
Schaller, H. (1979) Nature 278,  365-367). (ii) Relaxed 
covalently  closed  circular  replicative  form DNA which 
is also formed  by  gene 2 protein as a  side  product  in 
the  initiation  reaction  preceding  replication is con- 
verted  into  supercoils  by DNA gyrase. (iii) “he  enzyme 
forms  a  noncovalent  complex  at  the  generated  nick 
that is necessary for  initiation  of  subsequent  unwind- 
ing.  (iv)  The Escherichia coli rep helicase (rep protein) 
and E. coli DNA binding  protein I unwind  the  double- 
stranded  DNA. (v) Concomitant  DNA replication  by E. 
coli DNA polymerase III holoenzyme  results in the 
formation  of  rolling  circle  intermediates.  The  double- 
stranded  core  of  the  rolling  circle  remains  in  an  open 
form,  thus  allowing  continued  synthesis  during  several 
rounds of replication. (vi) Processing of replicated viral 
DNA can  be  subdivided  into  the  cleavage  and  the  cir- 
cularization  of  viral  single  strands.  Comparative  stud- 
ies of  fd  and +X174 replication in ui tm have  revealed 
differences in the  kinetics of  individual  steps  besides 
an  apparent  contrast  in  the  conformation  of  rolling 
circle  intermediates in the  electron  microscope  where 
fd  DNA features  extended  tails  rather than looped-back 
structures  observed  for +X174 DNA. 

The replication of small DNA bacteriophages can be sepa- 
rated  into the synthesis of the complementary strand  and the 
replication of the viral strand. Formation of the complemen- 
tary  strand by conversion of single-stranded DNA to double 
strands  has been investigated at the molecular  level for phage 
fd (1) and for phage 4x174 (2) and  the related phage G4 (3). 
The propagation of double-stranded fd DNA, which leads to 
the production of viral DNA, is initiated by the product of the 
viral gene 2, as shown in vivo (4, 5) and  in vitro (6, 7). It has 
been further demonstrated in vitro that gene 2 protein is 
responsible for circularization of the replicated viral strand 
(8). In an analogous way phage 4x174 double strand replica- 
tion depends on the action of the phage-encoded gene A 
protein (2, 9). 

The Escherichia coli rep gene has been  genetically  defined 
as required for double strand replication of small bacterio- 
phages (10). Its function in strand separation has recently 
been demonstrated (11-13). In the presence of phage 4x174 

* The costs of publication of this article were defrayed in part by 
the payment of page charges. This article must therefore be hereby 
marked “advertisement” in accordance with 18 U.S.C. Section 1734 
solely to indicate this fact. 

gene A protein, it  starts  the unwinding of the phage double 
strands at a specific  nick (14, 15), but it requires a single- 
stranded region  when it separates  strands without t& protein 
(16). The function of rep helicase (rep protein) is similar to 
other DNA helicases isolated from E.  coli cells,  which require 
a sequence of single-stranded DNA in front of the double- 
stranded DNA to be  unwound (17-19). 

Electron microscopic  visualization of rolling  circle interme- 
diates has shown that  the single-stranded tail of replicating 
phage 4x174 DNA is looped  back to  the replication fork (20). 
In contrast to phage $X174 gene A protein (2) the analogous 
phage fd  gene 2 protein is not tightly attached  to  the 5’-end of 
the cleaved strand (21). It was, therefore, expected that rolling 
circle structures of  fd DNA may differ  from those observed as 
phage 4x174 replication intermediates. Here we will give a 
detailed analysis of the involvement of the individual com- 
ponents of the replication system on intermediate stages of 
unwinding and replication of phage fd  duplex DNA. 

MATERIALS AND METHODS 

Proteins-Replication proteins were obtained as follows. Phage fd 
gene 2 protein (7) was purified from cells carrying the cloned gene on 
a multicopy plasmid (22); phage +X174 gene A protein was obtained 
according to a published procedure (14); E .  coli rep helicase (23) was 
from cells which were transformed by plasmid pBR325 with an insert 
containing the rep gene’; E .  coli DNA binding protein I was from 
cells carrying the ssb gene on a multicopy plasmid (24, 25). E. coli 
DNA polymerase 111 holoenzyme was obtained by modifying a pub- 
lished procedure (26): after ammonium sulfate fractionation the DNA 
polymerase was eluted from a Bio-Rex 70 column (20 ml for 180 g of 
lysed cells) with a gradient of dimethyl sulfoxide buffer plus 0.2 M 
NaCl to buffer I (26) containing 30% glycerol and 0.5 M NaC1. Then 
the protein was  dialyzed and applied to a DEAE-cellulose DE23 
column (Whatman) (3.5 ml)  in low salt. The polymerase activity was 
eluted with 0.25 M NaCl. The pooled fractions were brought to 1.5 M 
ammonium sulfate  and applied to a DEAE-cellulose DE23 column 
(0.5 ml) in 1.5 M ammonium sulfate. The polymerase activity was 
eluted with a gradient of buffer I containing 1.5 M ammonium sulfate 
to 0.5 M salt. The protein from active fractions was precipitated with 
50% ammonium sulfate; the pellet was dissolved in 0.3 ml of buffer I 
and applied to  an Ultrogel AcA44 column (IO ml) in buffer I with 150 
mM NaC1. The active fractions were  dialyzed against the  latter buffer 
plus 50% glycerol, and the dialysate was stored frozen at  -80 “C. One 
unit of DNA polymerase I11 holoenzyme or rep helicase catalyzes the 
synthesis of 1 pmol of deoxynucleotide into phage RF’ under the 
condition described for the standard replication assay (6). DNA 
gyrase was purified by modifying a published procedure (28). Bal31 
nuclease was purchased from Bethesda Research Laboratories. SI 

K. Geider, I. Baumel, and T. F. Meyer, unpublished data. 
* The abbreviations used are: RF, circular, double-stranded repli- 

cative form DNA RFI, supercoiled RF  DNA RFII, RF DNA with a 
random nick in the viral strand; RFII,, RF DNA,  specifically cleaved 
with gene 2 protein in the viral strand; RFII,, RFIL with the 5’- 

DNA. 
terminal  phosphate group removed; RFIV, doubly closed relaxed RF 
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nuclease and alkaline phosphatase were from Boehringer Mannheim. 
DNA-The preparation of fd RFI (21), RFIL, and  RFII (29) has 

been described. In order to remove the 5"terminal phosphate group 
at  the cleavage site in fd RFIL,, this fd DNA (7 pg) was denatured by 
boiling for 5 min and the  treated with bacterial alkaline phosphatase 
(100 units) for 30 min at  65  "C. The DNA was then reannealed by 
cooling the water bath very slowly to 30 "C. The sample was depro- 
teinized with phenol and purified by  gel filtration. The  RF could not 
be sealed anymore with T4 DNA ligase as tested on an ethidium 
bromide agarose gel; it contained less than 1% single-stranded DNA. 
Nick translation with DNA polymerase I and deoxyribonucleoside 
triphosphates  restored the capacity of the DNA for sealing with DNA 
ligase. 

Unwinding Assays-Phage fd 3H-RFI (50 ng, 3000 cpm) was 
incubated with 0.04 unit of gene 2 protein, 50 units of E. coli rep 
helicase, 0.5 pg  of E. coli DNA binding protein I, and 50 p~ ATP in 
20 pl of buffer (20% sorbitol, 50 m~ 4-(2-hydroxyethyl)-l-piperazine- 
ethanesulfonic acid (pH 7.5), 0.1 mg  of bovine serum albumin per ml, 
5 n m  2-mercaptoethanol, and 3 mM  MgC1,) for 20 min at 30 "C. 
Afterwards 200 pl of 50 m~ Na-acetate (pH 4.5), 5 m~ ZnSO,, 100 
mM NaCl, 2 pg  of denatured calf thymus DNA, and 0.1% sodium 
dodecyl sulfate were added to  the assay mixture (30). Further incu- 
bation was carried out with 250 units of nuclease SI for 20 min at  
45 "C. After addition of 50 pl of herring sperm DNA (2 mg/ml) and 
100 pl of 1 M trichloroacetic acid the tubes were spun for 2 min in an 
Eppendorf centrifuge, and 200 pl of the  supernatant were counted in 
Triton-toluene scintillator. 

Electron Microscopy-Phage RF was reacted with DNA polym- 
erase 111 holoenzyme, and the proteins were used for strand unwind- 
ing. The templates were fd RFI (200 ng) or +X174 RFI (200 ng). For 
the  latter DNA +X174 gene A protein was used instead of  fd gene 2 
protein. Replication was stopped by addition of EDTA. As sorbitol 
interferes with spreading and shadowing of the DNA, the samples 
were purified from low molecular weight contaminants by filtration 
through a Sepharose CL 6B column using 20 m~ ammonium bicar- 
bonate as eluant. The fractions representing the void volume were 
lyophilized. The DNA was dissolved in 10 m~ Tris-C1 (pH 7.5)/1 m~ 
EDTA. After fmation with 0.12% glutaraldehyde for 15 min at  30 "C 
the DNA was (a) spread by a modification of the formamide technique 
of Davis et aZ. (31). The conditions used were 0.5 pg/ml of DNA in 0.1 
M Tris, 0.01 M EDTA  (pH 8.1), 0.005% cytochrome c, and 40% 
formamide in a volume of 10 pl, spread onto a hypophase of double 
distilled water. The film was picked up with parlodion-coated grids, 
stained  in  uranyl  acetate, and dehydrated in 90% ethanol. Alterna- 
tively, the DNA was ( b )  diluted with distilled water to a concentration 
of 0.1 pg/ml. The sample was further processed by modifying the 
method of direct mounting according to  Criffth (32). A 10-pl droplet 
was placed onto Parafilm under formaldehyde atmosphere. After 5 
min the droplet was covered with a carbon-coated grid, which had 
been activated by  glow discharge just before use.  Following 15 min 
adsorption the grids were washed and slowly dehydrated through a 
series of increasing ethanol concentrations up to 100%. 

The dried grids were rotary shadowed with tungsten  under  an 
angle of 8" and examined with a Philips electron microscope EM400. 
Photographs were taken  on a Kodak orthographic film at a magnifi- 
cation of 10,ooO at 40 kV. 

RESULTS 

Complex Formation between Phage fd RF and Gene 2 
Protein Precedes DNA Unwinding-Phage fd gene 2 protein 
cleaves fd RFI specifically in the viral strand (21). The enzyme 
is not convalently attached  to  the cleaved  DNA, because the 
reaction product is accessible  for  nick translation by DNA 
polymerase I and for sealing by DNA Ligase. To determine a 
weak  complex formation, we measured the conversion of the 
RF produced to  the linear form I11 under physiological reac- 
tion conditions by Bal 31 enzyme in the presence of gene 2 
protein. At low concentrations Bal 31 nuclease exhibits a 
single strand-specific endonucleolytic activity at neutral pH 
(33). Cleavage  could  only  be completed when fd gene 2 protein 
had been denatured in the incubation mixture. This indicates 
that gene 2 protein forms a complex,  which protects  the 
complementary strand opposite the specific  nick on the viral 
strand. This complex  could  be reconstituted by addition of 
gene 2 protein to purified RFII, (Fig. 1). Protection was not 

found when the nick  in RFII, was translated to  another site 
on the viral strand with DNA polymerase I. Accordingly, this 
template was  cleaved by Bal 31 nuclease in the presence of 
gene 2 protein (Table I). Removal of the 5'-phosphate at  the 
end of the cleaved viral strand did not affect the binding of 
gene 2 protein at  the nick,  since the dephosphorylated DNA 
was still protected by gene 2 protein against cleavage with Bal 
31 nuclease. 

Enzymatic Unwinding of Phage fd RF-DNA synthesis 
by  DNA polymerase 111 holoenzyme requires preceding un- 
winding of the double-stranded DNA. For strand separation 
of fd DNA  fd  gene 2 protein, E .  coli rep helicase and E. coli 
DNA  binding protein I were  found to be essential (Fig. 2). 
The unwinding reaction was measured by SI-endonuclease 
degradation of the generated single strands. Only  fully sepa- 
rated  strands can be determined by this method; partial 

I 1 
4 8 

B o 1  31 nuclease (un i ts~IO-~)  
Fro. 1. Protection of fd RFU, against Bal 31 nuclease by 

gene 2 protein. All assays were done with 200  ng  of fd RFI and 
incubated under  standard conditions with 0.1 unit of gene 2 protein 
for 10 min at  30 "C. Then CaC12 was added to 1 m ~ ,  and the reaction 
mixture was further incubated with various amounts of Bal 31 nu- 
clease for 10 min at  30 "C (-). In a control experiment gene 2 
protein was inactivated after the cleavage reaction by heating the 
mixture for 5 min at 60 "C, followed by treatment with Bal31 nuclease 
at 30 O C  (M). The samples were stopped with 10 pl  of 60% 
glycerol, 60 mM EDTA, 3% Sarkosyl, and 0.1% bromphenol blue, and 
the products were analyzed on gels (see Table I). 

TABLE I 
Complex formation of gene 2 protein with fd RF 

Protection of the cleavage site by  gene 2 protein against endonu- 
cleolytic degradation was measured. Various fd RF DNA substrates 
(200 pg each) were incubated with (+) or without (-) 0.1 unit of gene 
2 protein  under standard conditions. Then 0.01 unit of Bal31 nuclease 
and CaCL (to I m) was added, and the incubation was continued for 
min at  30 "C. The reaction was then stopped by the addition of 10 
pl of 60% glycerol, 60 m~ EDTA, 3% sarkosyl, and 0.1% bromphenol 
blue. The products were separated by electrophoresis on agarose gels 
with 1 p g / d  of ethidium bromide. Gel slices containing fd RF were 
analyzed by ethidium bromide fluorescence, and the amount of  fd 
RFII as a percentage of total RF was determined. 

DNA substrate Gene added RFII resistant to nu- 
clease 

90 of total RF 
RFI + 49 
RFLL, - 4 
RFII, + 40 
RFII, - 4 
RFII,, + 51 
RFII - 6 
RFII + 7 
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FIG. 2. Enzymatic unwinding of phage fd duplex DNA. ‘The 
assays were done as described under  “Materials and Methods.” The 
component indicated was added in increasing amounts. A,  gene 2 
protein; B, E.  coli rep helicase; C, E. coli DNA binding protein I; D, 
ATP; E,  MgC12; F, NaCI. G shows the influence of the pH value; A, 
100 mM imidazole-CI, pH 6.8; A, 100 nm 4-(2-hydroxyethyl)-l-piper- 
azineethanesulfonic acid, pH 7.5; 0, 100 mM Tris-C1, pH 7.4,  7.8, 8.1, 
and 8.4, respectively. H, time dependence of strand unwinding. 

duplexes will renature under the degradation conditions. E. 
coli DNA  binding protein I (Fig.  2C)  could  be important  to 
prevent reannealing of strands which are  partidy separated 
by rep helicase during the unwinding reaction. In order to 
show that fd gene 2 protein had to be present at  least for 
initiation of unwinding by rep helicase, gene 2 protein was 
heat inactivated after the cleavage reaction and  strand un- 
winding  was measured with or  without additional fd gene 2 
protein (Table 11). Unwinding  could only be observed when 
fd gene 2 protein was present  together with the  other proteins. 

The reaction depended on the presence of ATP (Fig. 20). 
Only dATP could substitute for ATP  at concentrations of 50 
PM, whereas other nucleoside triphosphates were inert for 
unwinding by rep protein at  this concentration (Table 11). 
Contamination of dATP by ATP cannot  account for substi- 
tution, because a concentration below 50 PM ATP reduced the 
unwinding  efficiency  (Fig. 20). Optimal unwinding  was ob- 
tained at  2 mM  MgC12 (Fig. 2E).  At Mg’ concentrations 
higher than 10 mM gene 2 protein activity decreased (21). Salt 
was inhibitory for the unwinding reaction (Fig. 2F). The pH 
optimum was broad and was found between pH 6.8 and 8.4 
(Fig. 2G).  In the assay the unwinding reaction leveled off after 
5 min  when about 30 to 40%  of the DNA was unwound (Fig. 
2H). The reaction does not reach the maximal extent, because 
about one-third of the  RF molecules become sealed to doubly 
closed RF after cleavage with fd gene 2 protein (21) and 
cannot be  unwound anymore. Other molecules might be par- 
tially unwound and renature in the SI nuclease assay. Electron 
microscopic evaluation of the unwinding reaction showed 
single-stranded DNA  which represented 60% of the template 
RF molecules after 10 min of incubation. Linear and circular 
single strands were present in equal amounts. A typical ex- 
ample of single-stranded DNA species seen is given  in  Fig. 3. 

Electron Microscopy of Replication  Intermediates- 
Strand unwinding  was coupled with DNA synthesis by DNA 
polymerase I11 holenzyme. Phage fd RF was replicated for 1 
min, and the replication products were investigated in the 
electron microscope after spreading by the cytochrome c/ 
formamide technique or by direct mounting as described 
under “Materials and Methods.” Fig. 4A shows an fd replica- 
tion intermediate with an extended tail structul;e. The thick- 
ness of the single-stranded tail relative to  the double-stranded 
template is due  to coating with DNA binding protein I (E. 
coli single strand binding protein). No looped-back structures 
have been observed for fd replication intermediates. 

This is in contrast to phage 4x174 replication intermediates. 

Phage $X174 gene A protein, the analogue of fd gene 2 protein, 
has been shown to be convalently attached  to  the 5”end of 
the cleaved DNA (2, 9, 15). It  has also been demonstrated 
that rolling circle intermediates of phage $X174 replication 
showed looped-back tails in the electron microscope (20). Our 
results c o n f m  these  data (Fig. 4B) and show the difference 
of tail conformation for phage fd and phage 4x174 replication 
intermediates. The structures of  fd and $X174 replication 
intermediates reflect a difference in the mode in  which fd gene 

TAHLE I1 
The effect of nucleotide  triphosphates and fd  gene 2 protein on the 

unuindinE reaction 
The nucleotide concentrations were 50 p ~ .  Phage fd ”H-RFI (50 

ng, 3000 cpm) was incubated as described under  “Materials  and 
Methods.” 

‘i of tem- 7 of tem- 
plate un- plate un- 

wound  wound 

ATP 54 dATI’ 54 
CTP 1 dCTI’ 3 
GTP * 2 dGTI’ ,* 1 
UTP 3 dl’?’)‘ 4 
Gene 2 protein, continuously present“ 47 
-, heat  inactivated after cleavage” 
-. heat  inactivated and  then  sunnlemented 39 

~” 

” 

0.04 unit of gene 2 protein was added, and  the  standard incubation 
mixture without rep helicase and DNA binding protein was kept  on 
ice for 10 min, and  then 50 units of rep helicase and 0.5 pg  of E.  coli 
DNA binding protein I were added, and  the sample was incubated for 
10 min a t  30 “C. The single-stranded DNA generated was determined 
with SI nuclease as described under  “Materials  and Methods.” 

‘Gene 2 protein was added to  the  standard incubation mixture 
without rep helicase and DNA binding protein I. The sample was 
incubated for 10 min at  30 “C and  then heated for 5 min at  65 “C. E.  
coli rep helicase and DNA binding protein I were added, and  the 
mixture was further incubated as described for Footnote 

‘The  treatment was the same as described for Footnote b, but 
after heat inactivation the sample was supplemented with 0.04 unit of 
fd gene 2 protein. 

FIG. 3. Electron microscopic pictures of unwinding prod- 
ucts. Phage fd RF was unwound for 1 min at  30 “C as described for 
the  standard assays and prepared for electron microscopy as described 
under  “Materials  and Methods.” The molecules in the upper part 
represent fd double strands. Single-stranded molecules are seen in the 
bottom part. 
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FIG. 4. Electron  microscopic pictures of replication inter- 
mediates. Phage  fd  or  phage +174 KFI was  replicated  with the 
complete E .  coli system for 1 min at 30 "C as described  under 
"Materials  and Methods." Mounting  for electron microscopy has also 
been  described there. A, a typical  phage fd replication  intermediate; 
B,  a phage 6x174 replication  intermediate. 

2 protein and @X174 gene A protein are involved  in phage RF 
replication (1). 

Distribution of Products  during  Phage fd and  Phage 
+X1 74 Replication-Quantitative evaluation of phage fd rep- 
lication products in the electron microscope gives an  estimate 
of the speed of replication and the processing of the viral 
strands. Enzymatic unwinding of the fd double strands in the 
absence of replication was accomplished in less than 15 s (data 
not shown). In the experiments evaluated in Table I11 E. coli 
DNA polymerase 111 holoenzyme was present besides the 
proteins required for unwinding. The first unit length tail 
structures were not observed before 1 min. Later single- 
stranded circular DNA was generated. The conversion of this 
species into single strands did not occur, because the proteins 
for priming single strand  to RF conversion were not present. 
A comparison of the kinetics of phage fd and phage @X174 
replication gave the following results. Replication intermedi- 
ates were rare at all times in the case of +X174 DNA, even 
though the  RFI DNA  was preincubated with @X174 gene A 
protein (Table 111). At 30 min single-stranded @X174 circles 
accumulated. For phage fd replication, rolling  circle interme- 
diates were abundant in the first minute of phage DNA 
replication. They dramatically decreased after 5 min of incu- 
bation and single-stranded circles appeared. Single-stranded 
DNA accumulated after prolonged incubation, whereas fd 
replication intermediates became rare. An increase of linear 
fd single strands at  30 min may be an artifact, and they might 
reflect less efficient circularization late in replication or some 
unspecific cleavage of circular DNA. 

These data indicate that under the conditions used the start 
of @X174 replication in vitro is very slow even after preincu- 
bation of the @X174 RFI with gene A protein. This is in 
contrast to fd RF replication, where a fast onset of replication 
leads to  an early production of single-stranded circles (Table 
111). 

The Role of  DNA Gyrase in  Enzymatic Double Strand 
Replication-Conversion of phage fd single strands  to double- 
stranded DNA yields relaxed convalently closed circular RF 
(34). This DNA further requires the introduction of super- 
twists by DNA gyrase before it will be accepted by gene 2 
protein for initiation of RF replication (7, 21). Accordingly, 
the presence of purified E. coli DNA gyrase (28) to  the four- 
component in vitro system rendered fd RFIV active for DNA 
synthesis (Table IV). The effect could  be abolished by addi- 
tion of nalidixic acid, a specific inhibitor of DNA gyrase. 

However, a  substantial influence of DNA gyrase on the 
replication of  fd RFI could also be observed (Table IV). This 
stimulation can be attributed  to  the  fact  that gene 2 protein 
converts up to 40% of the cleaved fd RFI into RFIV (21) 
which needs to be  recycled into supercoiled DNA by DNA 
gyrase before it can enter  the replication cycle. Fig. 5A, an 

analysis of a density gradient, shows that all parental  and 
newly synthesized DNA was found in an open relaxed form 
after replication in the presence of DNA  gyrase. Inhibition of 
this enzyme by  nalidixic acid (Table IV) or  the absence of 
gyrase (Fig. 5B) gave rise to  the formation of replication- 
inactive RFIV. However, parental label only, but no newly 
incorporated label, was accumulated in RFIV suggesting that 
this DNA species is formed exclusively  in the initial cleavage 
reaction rather  than  after  a complete round of viral strand 
synthesis. The core of the rolling circle with newly replicated 
viral strand, therefore, appears  to remain in an open form. 
Also the observation that in the absence of DNA gyrase viral 
DNA synthesis proceeds for more than  one round (27) implies 
that  the rolling circle intermdiate is not converted into RFIV 
post-replicatively. 

Influence of the  Terminal  5'-Phosphate Group on  Process- 
ing of Replicated  Single Strands-As shown for the synthesis 
of phage fd viral strands by purified E. coli proteins, fd gene 
2 protein can efficiently cleave and seal the  strands during 
replication (27). No host  proteins were necessary for the 
circularization step as the E. coli proteins for replication could 
be substituted by phage T7 enzymes (8). In the following 
experiments we  will show that cleavage and circularization 
can be uncoupled. This was achieved by removal of the 5'- 
phosphate group of the cleaved strand in  RFII,.  RFII,,  which 
carries  a specific  nick  in the viral strand of the duplex DNA, 
is an efficient template for viral strand  synthesis (27), which 
is not  altered by melting and reannealing of the strands. The 
missing phosphate group did not affect the  rate of nucleotide 
incorporation (data  not shown), which  was also expressed in 

TABLE I11 
Comparison of phage fd  and phage 6x1 74 replication  products 
The phage RF was  incubated with purified E.  coli proteins includ- 

ing DNA polymerase I11 holoenzyme together with fd gene 2 protein 
or 6x174 gene A protein as described  under  "Materials  and Methods." 
After the indicated  replication time the assay was stopped with 
EDTA. The  DNA was  spread  with cytochrome c/formamide. From 
each assay about 250 molecules were evaluated. The percentage  of 
each species observed is given in the table. RC, rolling  circle  inter- 
mediates; SSc, single-st.randed circles; SSL, linear  single strands. 

Type of mol- %DNA replication, time +X DNA replication, time 

served din 5 min '0 30 
mm $n 1 i n  min 

RFI 91 16 7  3  45  43  39  26 
RFII  and  IV 9 51  61  65 
RC 

55" 54 53  41 

s s c  0 2.5  21  20 0 2 5 2 8  
SSL 0 0.5 2 11 0 0  1 5  

ecules ob- 

0 30'  8.5'  0.5' 0 1.5"  2"  0.5" 

The @X174 RF was incubated  with 6x174 gene A protein for 20 
min at 30 "C before  addition  of the other proteins  required  for DNA 
synthesis. 
' Tail length predominantly 50% of unit length. 
Tail length about unit length. 
Tail length 5 to 100% of unit length. Tails longer  than  unit  length 

were not observed  in significant amounts. 

TABLE IV 
The influence of DNA gyrase  activity on  fd HF replication 

The complete system is described in Fig. 1 .  Templates for DNA 
synthesis were  fd  KFI (200 pg) and  fd  HFIV (200 pg). DNA gyrase (3 
units) (28) or nalidixic  acid (50 pg/ml) were  added together with the 
other components. 

DNA s-ynthesis 
- 

RFI  RFIV 
pmol of nucleotides 

Complete system (four components) 90 3 
Plus DNA gyrase 125 90 
Plus DNA evrase  and  nalidixic  acid 94  4 
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FIG. 5. The effect of DNA gyrase on enzymatic  replication. 
A, the template  was  3H-fd RFI, and the label ([cT-~*P]~CTP) was 
incorporated in the presence of DNA gyrase for 20  min  under the 
conditions  described in Fig. 4. The CsCl gradients  were  run  in a 
Beckman  50Ti  fixed  angle  rotor at 40,000 rpm at a mean  density  of 
1.72 g/ml for 40 h at 20 "C in 10 m~ Tris-Cl  (pH  7.5) and 1 m~ EDTA 
with 0.3 mg of ethidium bromide  per ml of solution. Increasing  density 
is from right to left. External  markers  fd  RFI  and  RFIV  are  indicated. 
B, an  experiment  like A performed in the absence of DNA gyrase. 

TABLE V 
Influence of a 5'-phosphate group on circularization of fd viral 

strands 
The numbers  refer to the percentage of all molecules investigated 

in the electron  microscope. A total of about 100 molecules was 
evaluated  in  one  experiment. The single-stranded DNA had  approx- 
imately the contour  length  expected  for  unit length molecules. DNA 
replication  was  performed as described  under  "Materials  and Meth- 
ods"  using  fd RFII, or  RFII, as template. SSC, single-stranded  circles; 
SSL, linear  single  strands. 

Rep,ication No treatment  Phosphatase-treated  RFII,, 
producb  at Of RF1l" (20 min)  Omin  10min 20 min 

ssc 23 1 2 5 
SSL 7 1 20 21 

the amount of total single-stranded DNA generated during 
enzymatic replication (Table V). This implies that strand 
unwinding, chain elongation, and cleavage of  fd DNA are not 
altered by the absence of a  phosphate group at  the 5'-end of 
the viral strand. On the  other  hand the amount of single- 
stranded circles synthesized is greatly reduced (Table V). 
Cleavage of the viral single-stranded tails by gene 2 protein is, 
therefore, not necessarily coupled to  the circularization reac- 
tion. The accumulation of linear fd  single strands during 
replication of  fd RFII, by T4 enzymes and fd gene 2 protein 
confirmed these results (29). 

DISCUSSION 

Gene 2 protein of bacteriphage fd interacts specifically with 
supercoiled phage fd RFI (21). A protein/DNA intermediate 
is formed that decays into RFII, with a specific  nick  or into 

the doubly closed  relaxed RFIV DNA. Although fd gene 2 
protein binds to single-stranded and double-stranded DNA, 
the specifically  cleaved RFII, has been shown to  attract fd 
gene 2 protein selectively to  the cleavage site, as demonstrated 
by the protection of the complementary strand against Bal 31 
endonuclease. This complex formation is, therefore, not 
merely due to  the  strand  interruption in the viral strand of 
RFII, but  rather  to  the nucleotide sequence at the position  of 
the nick,  which is highly symmetric (35). 

The complex of gene 2 protein formed at the nick of RFII, 
is noncovalent, and the protein can be  removed and  the 
complex afterwards reconstituted. This complex is a prereq- 
uisite for the start of the unwinding reaction performed by E. 
coli rep helicase. The activity of rep helicase cannot be found 
when a double-stranded DNA with a nick rather  than  a gap 
is offered for unwinding  (16). We, therefore, assume that gene 
2 protein activates the viral strand at the nick  in order to 
allow strand separation by rep helicase. Strand unwinding 
depends on the consumption of ATP or dATP as energy 
source (11). These nucleotides could not be substituted by 
other nucleoside triphosphates. This agrees with the finding 
that rep helicase forms complexes with the former nucleotides 
but has low affinities to  others (36). 

E. coli DNA  binding protein I is another component for the 
unwinding reaction. It may be required to keep the separating 
strands  apart and to prevent nonspecific  binding of gene 2 
protein and rep helicase to  the single-stranded parts of the 
DNA. On the  other hand, it  has been reported that  the DNA 
binding protein interferes with strand unwinding by rep heli- 
case without a phage helper protein, when it saturates all 
single-stranded DNA (16). Since the unwinding studies in the 
experiments described here were done with an  amount of 
DNA  binding protein sufficient to  saturate d single-stranded 
viral strands generated, gene 2 protein appears to enable rep 
helicase to initiate processive  unwinding of the DNA. 

Other enzymes able to unwind  DNA strands  are  the DNA 
helicases I, 11, and I11 of E.  coli (17-19).  Helicase  I1  was  found 
active in plasmid replication (37). In fd RF replication the 
first two  helicases  were investigated as substitutes for E. coli 
rep helicase without success.' 

The onset of strand unwinding and of DNA replication are 
fast reactions for fd DNA, but slow for +X174  DNA. The two 
phage RF species also differ in the structure of their replica- 
tion intermediates. Consistent with our findings, it was ob- 
served earlier for +X174 RF replication that  the displaced 5" 
end of the replicating viral strand is looped  back to  the 
replication fork (20). Phage +X174 gene A protein is tightly 
bound to  the 5'-end of the peeled off viral strand, whereas fd 
gene 2 protein forms a complex with the complementary 
strand at its cleavage site. The complex formation was con- 
cluded from inhibition kinetics of fd viral strand synthesis 
with T4 enzymes and fd gene 2 protein (29). The speed, how 
fast rep helicase intrudes  into  this complex, may vary, but 
seems to be very efficient for fd  RFII,. A high affinity of 
+X174 gene A protein for rep helicase in the replication fork 
(38) might explain the loop formation of the tail structure of 
the replication intermediates. When  fd RF was replicated with 
rep helicase,  DNA polymerase I11 holoenzyme, E. coli DNA 
binding protein I, and fd gene 2 protein, we found replication 
intermediates of the phage with extended tails. The explana- 
tion may be that fd gene 2 protein at the 5'-end does not 
interact with the replication fork or that it is absent from the 
termini of tails in rolling  circle intermediates, which  could 
change the mode of strand unwinding, replication, and circu- 
larization of  fd DNA relative to +X174 DNA. Since the double- 
stranded core of the rolling  circle remains in an open form 
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during phage viral strand synthesis, DNA synthesis will con- 
tinue for several rounds.  Relaxed covalently closed circular 
RF DNA,  which is formed by gene 2 protein as a side product 
in initiation of RF replication (21), is converted into supercoils 
by DNA gyrase. 

The last steps  in viral strand replication are cleavage of the 
tails and the circularization of the single strands. Unlike 
circularization, cleavage is unaffected by the removal of the 
terminal 5”phosphate group on the viral strand. Therefore, 
both reactions are independent. Circularization is a highly 
efficient process (Ref. 27 and  Table 111). Gene 2 protein as the 
circularizing agent could transiently bind to  the 5‘-end of the 
replicating tail, thus activating cleavage  by  brief  loop forma- 
tion after a round of replication. After cleavage  gene 2 protein 
could  be  briefly bound in a covalent linkage to  the 3’-OH end 
of the linear DNA, thus storing the cleavage energy for the 
circularization step. Pairing of nucleotides appears  to be  fo- 
vorable for strand circularization, which is realized in the 
hairpin structure of the gene 2 protein cleavage site (35). 

Acknowkdgments-We thank  Erna Piaskowski and Marlies Kai- 
ser for skil lful technical assistance and David H. Figurski and S. 
Michal Jaminski for comments on the manuscript. 

1. 

2. 

3. 

4. 
5. 
6. 

7. 

8. 

8. 

10. 

REFERENCES 
Meyer, T. F., and Geider, K. (1980) in Mechanistic Studies of 

DNA Replication and Genetic Recombination: ICN-  UCLA 
Symposium on Molecular and  Cellular Biology (Alberts, B. 
M., ed) pp. 579-588, Academic Press, New York 

Shlomai, J., Arai, K., Arai,  N., Kobori, J., Polder, L.,  Low,  R., 
Hubscher, U., Bertsch, L., and Kornberg, A. (1980) in Mecha- 
nistic  Studies of DNA Replication and Genetic Recombina- 
tion: ICN-UCLA Symposium on Molecutar and  Cellular Bi- 
ohgy (Alberts, B. M., ed) pp. 545-568, Academic Press, New 
York 

Bouche, J.-P., Rowen, L., and Kornberg, A. (1978) J. Biol. Chem. 
253,  765-769 

Lin, N.-S.  C., and Pratt, D. (1972) J. Mol.  Bwl. 72,3749 
Fidanih, H. M., and Ray, D. S.  (1972) J. Mol.  Bwl. 72,  51-63 
Geider, K., and Meyer, T. F. (1978) Cold Spring Harbor Symp. 

Quant. Biol. 43,59-62 
Meyer, T. F., and Geider, K. (1979) J. Biol. Chem. 254, 
12636-12641 

Harth, G., Baumel, I., Meyer, T. F., and Geider, K. (1981) Eur. J. 
Biochem. 119,663-668 

Ikeda, J.-E., Yudelevich, A., Shimamoto, N., and Hunvitz, J. 
(1979) J. Biol. Chem. 254,9416-9428 

Denhardt, D. T. (1977) in Comprehensive Virology (Fraenkel- 
Conrat, H., and Wagner  R.  R., eds) Vol. 7, pp. 1-104, Plenum 
Press, New York 

11. Kornberg, A., Scott, J. F., and Bertsch, L. L. (1978) J. Biol. Chem. 

12. Shlomai, J., Polder, L., Ark, K., and Kornberg, A. (1981) J. Biol. 
Chem. 256,5233-5238 

13. Arai, N., Polder, L., Arai, K., and Kornberg, A. (1981) J. Biol. 
Chem. 256,5239-5246 

14. Eisenberg, S .  J.,  Scott, J. F., and Kornberg, A. (1976) Proc. Natl. 
Acad. Sei. U. S. A. 73,  1594-1597 

15. Langeveld, S. A., van Mansfeld, A. D.  M., Baas, P. D., Jansz, H. 

417-420 
S., van Arkel, G.  A., and Weisbeek, P. J. (1978) Nature 271, 

16. Yarranton, G. T., and Gefter, M.  L. (1979) Proc. Natl.  Acad. Sei. 

17. Abdel-Monem, M., and Hoffmann-Berling, H. (1980) Trends  Bio- 

18. Kuhn, B., Abdel-Monem, M., Krell, H., and Hoffmann-Berling, 

19. Yarranton, G.  T., Das, R. H., and Gefter, M. L. (1979) J. Biol. 

20. Eisenberg, S., G f i t h ,  J., and Kornberg, A. (1977) Proc. Natl. 

21. Meyer, T. F., and Geider, K. (1979) J. Bwl. Chem. 254, 

22. Meyer, T. F., and Geider, K. (1981) Proc. Natl.  Acad. Sei. U. S. 

23. Scott, J. F., and Kornberg, A. (1978) J. Biol. Chem. 253, 

24. Sancar, A,, and Rupp, W.  D. (1979) Biochem. Biophys. Res. 

25. Beyreuther, K., Berthold-Schmidt, V., and Geider, K. (1982) Eur. 

26. McHenry, C., and Kornberg, A. (1977) J. Biol. Chem. 252, 

27. Meyer, T. F., and Geider, K. (1982) Nature, in press 
28. Gellert, M., Mizuuchi, K., O’Dea,  M.  H., and Nash, H. A. (1976) 

Proc. Natl.  Acad. Sei. U. S. A. 73.38723876 
29. Meyer, T. F., Baumel, I., Geider, K., and Bedinger, P. (1981) J. 

Biol. Chem. 256,5810-5813 
30. Abdel-Monem, M., Diinvald, H., and Hoffmann-Berling, H. (1976) 

Eur. J. Biochem. 65,44149 
31. Davis,  R. W., Simon, M., and Davidson, N. (1971) Methods 

Enzymol. 21,413-428 
32. G f i t h ,  J. D. (1973) Methods Cell Biol. 7,  129-145 
33. Legerski, R. J., Gray, H. B., and Robberson, D.  L. (1977) J. Biol. 

34. Geider, K., and Kornberg, A. (1974) J. Biol. Chem. 249,3999-4005 
35. Meyer, T. F., Geider, K., Kurz, C., and Schaller, H. (1979) Nature 

36. Arai, N., Arai, K., and Kornberg, A. (1981) J. Biol. Chem. 256, 

37. Klinkert, M.-Q., Klein, A., and Abdel-Monem,  M. (1980) J. Bwl. 

38. Arai, N., and Kornberg, A. (1981) J. Biol. Chem. 256,  5294-5298 

253,3298-3304 

U. S. A.  76,  1658-1662 

chem. Sei. 5, 128-130 

H. (1979) J. Biol. Chem. 254,  11343-11350 

Chem. 254,11997-12001 

Acad. Sei. U. S. A.  74.3198-3202 

12642-12646 

A.  78,5416-5420 

3292-3297 

Commun. 90,123-129 

J. Biochem., in press 

6478-6484 

Chem. 252,8740-8746 

278,365-367 

5287-5293 

Chem. 255,9746-9752 

 at M
A

X
-PL

A
N

C
K

-IN
ST

IT
U

T
 FU

E
R

 IN
FE

K
T

IO
N

SB
IO

L
O

G
IE

 on A
pril 24, 2020

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


K Geider, I Bäumel and T F Meyer
Intermediate stages in enzymatic replication of bacteriophage fd duplex DNA.

1982, 257:6488-6493.J. Biol. Chem. 

  
 http://www.jbc.org/content/257/11/6488Access the most updated version of this article at 

 Alerts: 

  
 When a correction for this article is posted•  

 When this article is cited•  

 to choose from all of JBC's e-mail alertsClick here

  
 http://www.jbc.org/content/257/11/6488.full.html#ref-list-1

This article cites 0 references, 0 of which can be accessed free at

 at M
A

X
-PL

A
N

C
K

-IN
ST

IT
U

T
 FU

E
R

 IN
FE

K
T

IO
N

SB
IO

L
O

G
IE

 on A
pril 24, 2020

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/content/257/11/6488
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;257/11/6488&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/257/11/6488
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=257/11/6488&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/257/11/6488
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/257/11/6488.full.html#ref-list-1
http://www.jbc.org/

