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Abstract 

Initiation of phage 029 DNA replication is activated by the viral protein p6 which forms a nucleoprotein complex 
at the replication origins, located at the linear genome ends. The complex consists of a DNA right-handed 
superhelix wrapped around a multimeric protein core. We have determined the superhelical path of the DNA in the 
complex, measuring the change in linking number induced by the protein, the surface-related helical repeat and the 
compaction of the DNA. One superhelical turn has = 63 bp (2.6 p6 dimers). Furthermore, we have determined that 
the DNA binding domain of protein p6 is located at the N-terminal region, predicted to form an amphipathic 
a-helix. We have obtained, by site-directed mutagenesis, protein p6 mutants in the polar side of the putative helix in 
which their DNA binding and replication activation properties were impaired or undetectable, in agreement with in 
oioo results. 
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1. Introduction 

Baciih wbtilis phage 029 has a linear, dou- 
ble-stranded DNA molecule of 19285 bp with a 
terminal protein (TP) covalently linked to the 5’ 
ends. Phage 029 initiates the replication of its 
genome by a protein-priming mechanism, in which 
the viral DNA polymerase interacts with a free 
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molecule of TP forming a heterodimer that rec- 
ognizes the origins of replication located at both 
DNA ends. The initiation complex, formed by the 
covalent linkage of dAMP to the TP, is further 
elongated by the phage DNA polymerase by a 
strand-displacement mechanism (for a review, see 
ref. [l]). In addition to the genes coding for TP 
(gene 3) and DNA polymerase (gene Z), viral 
genes 1, 5, 6, and 17 are also involved in 029 
DNA replication in uiuo [2,3]. In vitro studies 
have demonstrated that protein p5 is a SSB pro- 
tein [4,5], and that protein p6 binds to dsDNA 
forming a multimeric nucleoprotein complex [6], 

0301-4622/94/$07.00 8 1994 Elsevier Science B.V. AU rights reserved 
SSDI 0301-4622(94)00019-G 



184 LM. Hemwsa et al./Biophysical Chemistry 50 (1994) 183-189 

in which the DNA adopts a right-handed toroidal 
conformation winding around a protein core 171. 
The formation of this complex at the origins of 
replication is required for the in vitro activation 
of the initiation of 029 DNA replication [8,9] and 
may also explain the repression of the 029 C2 
early promoter, observed both in uiuo and in 
vitro [lO,ll]. The in vitro formation of multiple, 
scattered protein p6-DNA complexes through 
virtually the entire 029 genome, led us to pro- 
pose that protein p6 plays a structural role in the 
organization of the viral genome into a compact 
nucleoprotein complex [121. 

2. Structure of the protein p6-DNA complex 

Protein p6 forms dimers in solution as deter- 
mined by analytical centrifugation [13], and by 
glutaraldehyde crosslinking [ 141, and binds coop- 
eratively to dsDNA, but not ssDNA, as deter- 
mined by a gel retardation assay [6]. The nature 
of this interaction has been further studied by 
footprinting experiments. Since protein p6 acti- 
vates 029 DNA replication at the initiation step 
[15], and the origins of replication are located at 
the ends of the linear genome, footprinting stud- 
ies of the protein p6-DNA complex have been 
mostly carried out with 029 DNA terminal frag- 
ments. In these fragments, protein p6 produces a 
specific DNase I digestion pattern, characterized 
by strong hypersensitive bands regularly spaced 
all along the fragment ( = 270 bp) with a periodic- 
ity of 24, flanking protected regions [6]. When 
longer 029 DNA terminal fragments ( = 450-650 
bp) were used, it was observed that the complex 
was extended 250-300 bp from both genome ends 
[8]. The interaction of protein p6 with the 029 
replication origins has been further studied by 
hydroxyl radical footprinting, so the contacts of 
the protein with the DNA backbone could be 
determined with a high degree of resolution [16]. 
Protein p6 protected regions of 3-4 bp regularly 
spaced with a periodicity of 12, spanning through 
the whole fragment. The protections in both DNA 
strands were staggered 4 nucleotides toward the 
3’ end, suggesting that the protein binds to the 
DNA through the minor groove [17]. Both foot- 

printing results imply the formation of a regular, 
multimeric nucleoprotein complex, since the 
combined patterns of DNase I digestion and hy- 
droxyl radical protection reveal the repetition of 
a single motif (protein p6 binding unit). The 
protein p6 binding unit is formed by a protein 
dimer bound to a 24 bp DNA segment, in which 
the centers of the two monomer binding sites are 
located 12 bp apart: Every monomer binding site 
is flanked by two DNase I hypersensitive sites at 
alternating strands so that, in each DNA strand, 
the hypersensitive sites have a periodicity of 24 
[17]. This strongly suggests that protein p6 binds 
to DNA as a dimer. The strong DNase I hyper- 
sensitivities can be explained in terms of strong 
DNA bends or kinks in which the DNA minor 
groove is widened at the outside of the curve, 
favoring the enzyme cleavage [181. Thus, a pro- 
tein monomer would contact and bend the DNA 
every = 12 bp, suggesting a model in which the 
DNA would wrap around a multimeric core of 
protein p6. In addition, since the helical repeat of 
the DNA wrapped on the protein surface is 12 
(see ref. [19] for topological concepts on surface- 
wrapped DNA) and therefore larger than the 
absolute helical repeat of the DNA (10.51, a 
right-handed superhelix would be generated [2O]. 
This model [171 also accounts for the positive 
supercoiling restrained by protein p6 on closed 
circular DNA, observed by gel electrophoresis 
h71. 

As a consequence of DNA wrapping, protein 
p6-DNA complexes show a considerable reduc- 
tion in length, with respect to naked DNA. By 
electron microscopy after glutaraldehyde fixation, 
it has been shown that the compaction of DNA in 
the complex is 4.2-fold using a spreading tech- 
nique [7], and 6.5-fold using an adsorption method 
WI. 

As it will be seen below, protein p6 binds with 
high-affinity to DNA fragments containing tan- 
dem repeats of a 24 bp long sequence (protein p6 
high-affinity binding unit) present in the 029 
DNA left terminus. The availability of plasmids 
containing different number of protein p6 high- 
affinity binding units, allowed us to calculate the 
change of linking number induced by a single 
protein p6 dimer, AL, = 0.1 171. 
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The values obtained for the protein p6-in- 
duced change of Wing number and the DNA 
length-reduction in the nucleoprotein complex, 
together with that of the surface-related helical 
repeat, define the DNA superhelix. Applying the 
expression of the linking number change devel- 
oped for surface-wrapped DNA molecules [21], 
we calculated that one superhelical turn has 63 
bp (2,6 protein p6 dimers) [7]. By geometrical 
calculations, considering a DNA compaction of 
4.2-fold, the parameters that define the path fol- 
lowed by the DNA in the protein p6 complex 
were obtained, namely a pitch of 5.1 nm and a 
diameter of 6.6 nm [7]. Consequently, the DNA 
appears strongly bent (66” every 12 bp) and un- 
derwound (11.5 bp/turn) [71. 

Besides protein p6-DNA, the nucleosome is 
the only nucleoprotein complex in which the ds- 
DNA path has been determined. One superheli- 
cal turn, in the nucleosome, has more bp @l), 
and is shorter (2.8 nrn pitch) and wider (8.6 nm 
diameter) [22] than in the protein p6 complex. 
However, the main differences are that it is a 
multiprotein complex of fixed size (146 bp) in 
which the DNA is negatively supercoiled. 

3. Signals in the DNA recognized by protein p6 

One of the key questions to study the forma- 
tion of the nucleoprotein complex was to deter- 
mine the DNA signals recognized by protein p6. 
Protein p6 recognition regions were mapped by 
deletion analysis, in which a set of DNA frag- 
ments containing 029 terminal sequences of dif- 
ferent lengths were tested for complex formation. 
Though the recognition regions are not unique, 
the main ones mapped between positions 62 and 
125 from the 029 DNA right end, and between 
positions 46 and 68 from the left one [8]. There- 
fore, the nucleoprotein complex does not assem- 
ble from the genome ends, since the nucleation 
sites are located further inside the genome. In 
agreement with this, the positioning of protein p6 
was not changed when the terminal 10 bp were 
deleted from a 029 DNA terminal fragment [23]. 

A computer search for nucleotide sequence 
homology between both 029 DNA terminal se- 

quences did not indicate the existence of even a 
degenerated repetition, suggesting that protein 
p6 does not recognize directly a specific se- 
quence, but rather a sequence-dependent DNA 
structural feature. Since protein p6-DNA com- 
plex formation involves strong DNA bending, we 
studied the bendability properties of 029 DNA 
terminal sequences by applying the algorithm de- 
veloped from nucleosomal DNA [24]. The main 
protein p6 recognition regions contained se- 
quences predicted to have bendable properties 
that would favor complex formation [Sl, that is to 
say, a marked facility of the DNA to be bent 
every 12 bp. The idea that protein p6 recognizes 
bendability was supported by the fact that protein 
p6 binds with higher affinity to tandem repeats of 
a bendable 24 bp sequence present in the main 
recognition region, than to a 029 DNA terminal 
fragment [7]. Furthermore, the location of the 
protein array in this concatemeric sequence, as 
deduced from the DNase I footprint pattern, is 
the same as in the 029 genomic fragment, strongly 
suggesting that this sequence acts as a nucleation 
site for protein p6-DNA complex formation [7]. 

4. Protein p6 binding to the 029 genome 

Protein p6 constitutes about 4% of the total 
mass of B. subtilh proteins at late time of phage 
029 infection. Taking into account that the 
molecular weight of protein p6, deduced from the 
nucleotide sequence, is 11873 [25], it was esti- 
mated that about 3 X lo6 protein p6 monomers 
are present per cell [23]. Assuming that the aver- 
age dimensions of a B. u&&s cell are 3.3 km of 
length and 1 km of diameter [26], the intracellu- 
lar concentration of protein p6 monomers may be 
as high as 2 mM. A protein p6 monomer binds to 
12 bp, thus, there is enough protein to completely 
cover more than 1.6 x lo3 029 DNA molecules, 
an amount that would suffice to bind all the 
intacellular viral DNA. Since the known func- 
tions of protein p6 in DNA replication and tran- 
scription could be accomplished by its interaction 
with the terminal 250-300 bp of 029 genome, the 
high intracellular level of protein p6 is intriguing, 
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and strongly suggests that protein p6 may have 
further roles. This led us to study the in vitro 
formation of protein p6 complexes with the whole 
029 genome. Under conditions that greatly favor 
protein p6-DNA interactions, and at protein p6 
saturation, 029 DNA molecules fully covered 
with protein p6 were visualized by electron mi- 
croscopy after glutaraldehyde fixation. The nucle- 
oprotein complexes appeared as rod-like, rigid 
and homogeneous structures. To analyze at higher 
resolution protein p6-029 DNA complexes we 
used electron microscopy after psoralen crosslink- 
ing [27]. Binding of protein p6 to dsDNA pre- 
vents extensive psoralen crosslinking, therefore 
under denaturing conditions, complexes are de- 
tected as ssDNA bubbles [71. Thus, this technique 
allowed us to analyze the number, size and posi- 
tion of protein p6 complexes along the 029 
genome. Again, under conditions that greatly fa- 
vor protein p6-DNA interactions, and at protein 
p6 saturation, most of the whole 029 genome 
appeared covered by an irregularly spaced array 
of complexes mostly = 200-300 bp long, al- 
though their sizes ranged from = 130 bp up to 
= 2 Kb [12]. Protein p6 multimeric complexes 
were also analyzed by micrococcal nuclease diges- 
tion, and these results confirmed those obtained 
by electron microscopy. The size of the protected 
fragments was heterogeneous, showing a minimal 
size (= 80-90 bp), suggesting that smaller com- 
plexes are not stable [12]. The conclusion reached 
from these studies is that protein p6 has the 
potential to play a structural role in 029 genome 
organization, holding the DNA in an appropriate 
conformation, and providing the adequate struc- 
tural framework for multiple processes, as it hap- 
pens with other multimeric nucleoprotein com- 
plexes [20]. 

5. Biological significance of protein p6 restrain- 
ing of positive supercoiling 

Besides the strongly distorted conformation of 
the DNA and its compactness, the most striking 
feature of protein p6-DNA complex is perhaps 
the handedness (right-handed or positive) of the 

superhelix, specially since most of supercoiled 
DNAs, either plectonemic or toroidal, found in 
nature are negative. 

There are, however, some exceptions in ex- 
tremely thermophilic archaebacteria; for in- 
stance, in Sulfolobus acidocaldatius, a reverse gy- 
rase that introduces positive supercoiling on DNA 
has been described [281 and positively supercoiled 
plasmids have been isolated [29], and in Methan- 
otermus fervidus, the histone-related protein HMf 
forms complexes in vitro in which the DNA is 
constrained in positive toroidal supercoils [30]. In 
these cases, positive supercoiling has been pro- 
posed to give a higher DNA stability against 
thermal denaturation. 

The biological significance of the protein p6- 
restraining of positive supercoiling could be the 
discrimination between viral and bacterial DNAs, 
provided that intracellular protein p6 binds to 
029 but not to host DNA. The bendable proper- 
ties characterized as DNA signals recognized by 
protein p6 do not seem to be exclusive of 029 
DNA sequences, and protein p6 binds to other 
DNAs as well, when they are covalently closed 
circles in the presence of topoisomerase I [6], or 
nicked circles [71. DNA topological constraints, 
therefore, may provide the specificity for protein 
p6 binding. Protein p6 binding should be strongly 
impaired in negatively supercoiled DNAs, since 
the restraining of positive supercoils would in- 
crease the negative superhelicity of the rest of the 
molecule, and this would be an energetically un- 
favorable process. In support of this hypothesis, 
protein p6 binds exclusively to high-affinity sites 
cloned in pUC19 DNA, provided that it is cova- 
lently closed, and it binds all along the molecule, 
even when no high-affinity sites are present, when 
the plasmid is linearized [7]. It is likely that host 
DNA has a higher negative superhelicity than the 
linear 029 DNA in vivo, thus, protein p6 could 
bind preferentially to the viral genome. 

6. DNA binding domain of protein p6 

To characterize functional domains in protein 
p6, deletion mutants were obtained 19,311. When 
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five N-terminal amino acids were deleted, the 
protein showed a reduced DNA binding affinity, 
and no activity was detected when the deletion 
was extended to 13 amino acids [31]. This result 
suggested that the N-terminal region of protein 
p6 was involved in DNA binding. Secondary 
structure predictions showed that this region had 
a strong tendency to form an amphipatic u-helix. 
Based on the fact that the distance between two 
adjacent amino acids in an a-helix would allow 
them to interact with two contiguous phosphate 
groups in B DNA, a model for the interaction of 
a a-helix with the DNA minor groove was pro- 
posed [32]. It was, therefore, tempting to specu- 
late that protein p6 interacted with the DNA 
minor groove by hydrogen bonding and/or elec- 
trostatic interactions between amino acids of the 
polar side of the cr-helix and the phosphate 
groups. This hypothesis was tested designing pro- 
tein p6 mutants in which basic or polar amino 
acids of the polar side of the predicted a-helix 
were replaced by alanine residues, to preserve 
the secondary structure of the protein 1331. In 
addition, polar residues were substituted by 
lysines to study the effect of the increase of 
positive charge. Ten protein p6 mutants were 
constructed, purified and assayed for DNA bind- 
ing and activation of 029 DNA initiation of repli- 
cation in vitro. The DNA binding activity closely 
matched the activation of 029 DNA initiation of 
replication in all the cases studied, and they did 
not increase with the positive charge. Both activi- 
ties, DNA binding and replication stimulation 
were impaired to different extent depending on 
the particular mutation, except in mutant p6N14A 
that showed wild-type activity. Mutant p6R6A 
was completely inactive, indicating that arginine 
at position six plays a crucial role in DNA bind- 
ing [14]. 

We have developed an in vivo functional assay 
for protein p6 based on the ability of protein 
pdproducing B. sub& su- cells to support 
growth of a 029 sus 6 mutant phage. This truns- 
complementation assay has been used to study 
the effect on in vivo viral DNA synthesis of 
missense mutations introduced into the protein 
p6 N-terminal region. The two mutant proteins 
studied, p6K2A and p6R6A, showed a viral DNA 

synthesis strongly impaired and undetectable, re- 
spectively, in full agreement with the in vim 
results [341. 

7. Activation by protein p6 of initiation of 029 
DNA replication 

A fundamental step in the initiation of replica- 
tion is the melting of a sequence precisely located 
near the replication origins. Formation of multi- 
merit nucleoprotein complexes at replication ori- 
gins that induce strand separation in AT-rich 
adjacent regions have been described in a variety 
of prokalyotic systems 1351. In eukaryotics, the 
binding of T-antigen to the SV40 origin of repli- 
cation also leads to the melting of approximately 
8 bp, located in a pyrimidine-rich region [36]. The 
role of protein p6 in the activation of 029 DNA 
initiation of replication could be to facilitate the 
required DNA unpairing. It is likely that the 
strong distortion of the DNA structure in the 
protein p6-DNA complex could favor this pro- 
cess. In fact, as mentioned above, the DNA en- 
gaged in the protein p6-DNA complex is under- 
wound, and this could constitute a destabilizing 
factor decreasing the energy required for strand 
separation. In agreement with this hypothesis, 
protein p6 stimulation of the initiation reaction 
was much greater at 0-lO”C, when the strand- 
separation process is disfavored, than at 30°C 
[371. 

The nucleation site for complex formation that, 
as mentioned above, is not located at the very 
genome ends, defines the phase in which the 
protein moiety is arranged. As deduced from 
hydroxyl radical footprinting, the contact site of 
the terminal monomer of protein p6 is centered 
11 bp away from each 029 DNA end. An addi- 
tional question is whether complex formation is 
enough for activation of replication, or a precise 
positioning of protein p6 with respect to the 
origins of replication is further required. To an- 
swer this question, 4 bp were inserted between 
the nucleation site and the minimal origin of 
replication [381 in the right 029 DNA terminal 
fragment. When this fragment was used as tem- 
plate in the initiation reaction, no activation by 
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protein p6 was observed, while in a 24 bp inser- 
tion mutant, therefore with the original phase 
restored, the initiation of replication was acti- 
vated to the same extent as that of the wild-type 
fragment [171. These results indicate that the 
activation of initiation, not only requires the for- 
mation of the nucleoprotein complex, but a pre- 
cise positioning of protein p6 with respect to the 
replication origin, strongly suggesting that the 
proteins involved in initiation, namely 029 DNA 
polymerase and TP, either directly interact with 
protein p6, or recognize a precisely located DNA 
conformational change induced by protein p6. 

The mechanism of activation of initiation of 
029 DNA replication could involve the following 
steps: (1) protein p6 recognition of a signal in the 
DNA, from which the complex is assembled with 
a specific disposition of the protein array, strongly 
distorting the DNA conformation, (2) stereospe- 
cific interaction of TP-DNA polymerase with the 
protein p6-029 DNA complex, (3) local and 
transient melting of a DNA sequence, at or near 
the replication origin. The presence, at a specific 
site, of a sequence with low helical stability could 
be an additional element required for activation 
[20]. In agreement with this, protein p6 did not 
activate the formation of the initiation complex, 
using as template a 029 DNA right terminal 
fragment with a deletion of 24 bp (protein p6 
binding unit) between the nucleation site and the 
minimal replication origin, suggesting that this 
region is also required for activation [231. 
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