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The formation of a multimeric nucleoprotein complex by
the phage ¢29 dsDNA binding protein p6 at the $29 DNA
replication origins, leads to activation of viral DNA
replication. In the present study, we have analysed
protein p6—DNA complexes formed ir vitro along the
19.3 kb ¢29 genome by electron microscopy and
micrococcal nuclease digestion, and estimated binding
parameters. Under conditions that greatly favour
protein—DNA interaction, the saturated ¢29 DNA-—
protein p6 complex appears as a rigid, rod-like,
homogeneous structure. Complex formation was analysed
also by a psoralen crosslinking procedure that did not
disrupt complexes. The whole ¢$29 genome appears,
under saturating conditions, as an irregularly spaced
array of complexes ~200—300 bp long; however, the size
of these complexes varies from ~2 kb to 130 bp. The
minimal size of the complexes, confirmed by micrococcal
nuclease digestion, probably reflects a structural
requirement for stability. The values obtained for the
affinity constant (K& =~10° M~1) and the cooperativity
parameter (o = 100) indicate that the complex is highly
dynamic. These results, together with the high abundance
of protein p6 in infected cells, lead us to propose that
protein p6—DNA complexes could have, at least at some
stages during infection, a structural role in the
organization of the ¢29 genome into a nucleoid-type,
compact nucleoprotein complex.
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Introduction

The genetic material of both prokaryotic and eukaryotic
organisms does not exist, normally, as a naked nucleic acid
molecule. Rather, it usually appears associated with very
abundant, low molecular weight, basic proteins that allow
packaging of the DNA molecule in a reduced space. In
eukaryotes, wrapping of DNA around histone octamer cores
determines the well-known structure of chromatin (van
Holde, 1989; Wolffe, 1992). In some cases, nucleosomes
act as general repressors of both transcription (Grunstein,
1990; Felsenfeld, 1992; Svare and Horz, 1993; Workman
and Buchman, 1993) and initiation of DNA replication
(Simpson, 1990; DePamphilis, 1993). In prokaryotes, the
so-called histone-like proteins, of which the most abundant
and best characterized are HU and H-NS (also called H1),
organize the DNA into a highly condensed structure and have
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functional implications through their effect on DNA topology
(Drlica and Rouviere-Yaniv, 1987; Pettijohn, 1988; Schmid,
1990). However, the structural details of such complexes
and the role of the proteins involved in their formation still
remain unclear.

The 19 285 bp linear genome of the Bacillus subtilis
bacteriophage ¢29 encodes a small (103 amino acid) early
protein, p6, that is absolutely required for ¢$29 DNA
replication in vivo and greatly stimulates initiation of ¢29
DNA replication in vitro (reviewed in Salas, 1991).
Furthermore, it has been shown that protein p6 inhibits
transcription both in vivo and in vitro from the early C2
promoter (Whiteley ez al., 1986; Barthelemy et al., 1989).
Protein p6 forms dimers in solution (Pastrana et al., 1985),
interacts with double-stranded DNA (dsDNA) (Prieto et al.,
1988) and shows a moderate specificity for the ¢29 DNA
replication origins, located at the genome ends, where it
forms a multimeric nucleoprotein complex which activates
the initiation of 29 DNA replication (Serrano et al., 1989).
The structure of the complex has been inferred by
footprinting studies that showed a repeated pattern of a 24
bp binding unit, with two contact sites flanked by two DNase
I hypersensitive sites in each DNA strand, indicating that
protein p6 binds to dsSDNA as a dimer (Serrano et al., 1990).
In addition, protein p6 induces the formation of positive
supercoils in covalently closed circular DNA (Prieto et al.,
1988). These results strongly suggest a model in which DNA
forms a right-handed solenoid wrapping around a multimeric
protein p6 core (Serrano et al., 1990). Furthermore, the
parameters defining the superhelical path described by the
DNA in the complex have been determined (Serrano et al.,
1993a). Thus, 2.6 protein p6 dimers are wrapped by 63 bp
of DNA, building up one superhelical turn in which DNA
is compacted 4.2-fold, is bent 66° every 12 bp, and is
undertwisted (11.5 bp/turn).

It has been estimated that 1.5 X 106 protein p6 dimers
are present per cell at late times of infection (M.Serrano,
C.Gutiérrez, R.Freire, A.Bravo, M.Salas and J.M.
Hermoso, submitted). Assuming that the average length and
diameter of a B.subtilis cell are 3.3 and 1 um, respectively
(Luria, 1960), the intracellular concentration of protein p6
dimers may be as high as 1 mM. This led us to analyse
whether and how protein p6 is able to form multimeric
complexes in vitro with the whole $29 genome. Thus, in
this paper we have studied ¢29 DNA —protein p6 complex
formation using nuclease digestion and electron microscopy
after psoralen crosslinking. The results obtained indicated
that, under conditions which highly favour binding of protein
p6 to DNA, multiple complexes appear scattered, covering
most of the whole ¢29 genome. We propose that the effect
of protein p6 on $29 DNA replication and transcription may
be due to a more general role in genome organization and,
thus, protein p6 might behave as a phage counterpart of
histone-like proteins.
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Fig. 1. $29 DNA —protein p6 complexes. Protein p6 (12.6 uM,
dimers) was incubated with ¢$29 DNA (0.5—2 ng) and samples fixed
with glutaraldehyde and adsorbed directly to mica as described in
Materials and methods. One complexed and one free DNA molecule
from the same grid are shown. Bar corresponds to 500 bp.

Results

Electron microscopy of saturated $29 DNA - protein
p6 complexes after glutaraldehyde fixation

Phage ¢29 DNA molecules fully covered with protein p6
were visualized after adsorption to mica and compared with
protein-free molecules (Figure 1). In the absence of the
fixation treatment, only uncomplexed DNA molecules were
found. The nucleoprotein filaments appeared as rod-like,
rigid structures with a rather homogeneous morphology
throughout their length, suggesting a lack of a higher-order
structure of the nucleoprotein complex. The DNA molecules
analysed appeared either naked or fully saturated with protein
p6, the latter being ~10% of the total molecules. This is
likely as a consequence of the instability of the complex
under the crosslinking conditions with glutaraldehyde. The
complexes were ~6.5-fold shorter than the naked DNA
molecules. A 4.2-fold reduction in length was obtained
previously for pUC19 DNA (Serrano et al., 1993a) using
a spreading technique in which the complexes appeared more
stretched than in the direct adsorption method used here.

Analysis of $29 DNA — protein p6 complexes by
electron microscopy after psoralen crosslinking
To analyse at a higher resolution DNA regions involved in
¢29 DNA —protein p6 complex formation, we used a
psoralen crosslinking procedure. It is known that treatment
of chromatin with psoralen, followed by short-wave (366
nm) UV light irradiation, produces specific interstrand cross-
links in nucleosome-free DNA regions. Psoralen-crosslinked
DNA, in contrast to uncrosslinked DNA, appears in electron
micrographs as dsDNA under denaturing conditions. This
technique has allowed the unambiguous distinction between
nucleosome-containing and nucleosome-free DNA regions
and has been applied to the analysis of chromatin from
different sources (Cech et al., 1977; Sogo et al., 1986;
Gruss et al., 1990).

Recently, we have shown that binding of protein p6 to
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dsDNA prevents it from extensive psoralen crosslinking
(Serrano et al., 1993a). Therefore, we incubated ¢$29 DNA
with different amounts of protein p6, irradiated the samples
in the presence of psoralen, and spread the purified DNA
for electron microscopy under denaturing conditions. Three
examples are shown in Figure 2. As expected, in the absence
of protein p6, $29 DNA molecules appeared as dsDNA since
the multiple crosslinks introduced by psoralen prevented
them from denaturation (Figure 2A). Occasionally, very
small single-stranded DNA (ssDNA) bubbles were also
present as a result of psoralen crosslinking failure (see
quantitative study below). When protein p6 was bound to
$29 DNA at concentrations 20-fold lower than saturation,
DNA molecules appeared largely as dsDNA with small
ssDNA bubbles, scattered over the entire molecule length
(Figure 2B and C). At saturating protein p6 concentrations,
the DNA molecule has interacted with protein p6 over most
of its length, and both the size and, to a lesser extent, the
number of ssDNA bubbles (Figure 2D and E, long arrows)
increased and the proportion of dsSDNA regions (Figure 2D
and E, short arrows) decreased. It is worth noting that,
frequently, ssDNA bubbles appeared separated by a
crosslinked region (Figure 2D and E, arrowheads) whose
length was below the resolution limit of our measurements.
The boundary between two consecutive ssDNA bubbles was
of this type in ~55% of the cases and they may well
represent crosslinking events within the protein p6 complex,
as will be discussed later (see also DNase I footprints in
Figure 4). Therefore, in the quantitative analysis described
below we have considered, instead of individual ssDNA
bubbles, ssDNA tracts flanked by well-defined dsDNA
regions, irrespective of the fact that they were formed by
single ssDNA bubbles or by an array of contiguous ssDNA
bubbles.

A quantitative analysis of both dsDNA and ssDNA regions
was carried out at different protein p6 concentrations. The
case corresponding to saturating protein p6 concentration is
shown, as an example, in Figure 3A and B. The size
distribution of the dsDNA regions was relatively narrow with
a modal size of 60 bp (Figure 3A). The few ssDNA bubbles
found in the absence of protein p6 had a modal size of 26
bp (Figure 3B, unfilled bars). In the presence of protein p6,
as shown in Figure 3B (shaded bars), the size distribution
of ssDNA tracts, indicative of protein p6—DNA complexes,
significantly changed. Three aspects should be noted in such
a size distribution. First, although there is a predominant
ssDNA tract size of 200—300 bp (modal size of 260 bp),
protein p6—DNA complexes have a wide range of sizes from
~130 bp up to 2 kb, which results in a large standard
deviation of the size distribution. Second, there is no apparent
indication of a bi- or trimodal nature of the ssDNA size
distribution that could suggest the occurrence of repeated
complexes of similar size, as is the case in eukaryotic
chromatin. Third, the minimal ssDNA tract size found was
130 bp, significantly greater than the ssDNA bubbles found
in the absence of protein p6. At different protein p6
concentrations, the sSDNA size distributions (not shown)
were clearly as asymmetrical as that shown in Figure 3B.
The variation of the modal ssDNA size with the
concentration of protein p6 is shown in Figure 3C. At low
protein p6 concentration, the modal size was 65 bp while
at the highest concentration used, the mode was 260 bp.

To determine what, if any, was the effect of psoralen
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Fig. 2. Electron microscopy of psoralen crosslinked DNA —protein p6 complexes. $29 DNA (1 pg) was incubated in the absence (A) or in the
presence of protein p6 (2.1 uM (B) or 42 uM (D) dimers], and treated with psoralen, and the DNA was purified and prepared for electron
microscopy as described in Materials and methods. Drawings of the molecules of interest shown in B and D appear in C and E, respectively. Short
and long arrows point to dsSDNA regions and ssDNA bubbles, respectively. Note that, very frequently, contiguous ssDNA bubbles (arrowheads) are

present. Bars in A, B and D correspond to 500 bp.

crosslinking on the protein p6—DNA complex, we
monitored complex stability by DNase I footprinting. Protein
p6 bound to a DNA fragment containing the right $29 DNA
replication origin gives a characteristic pattern of
hypersensitive bands every 24 bp (Prieto ez al., 1988; see
also Figure 4, lane a). When protein p6—DNA complexes

were subjected to psoralen crosslinking, the characteristic
protein p6 footprint pattern was observed together with some
discrete bands of retarded mobility (Figure 4, lane b). The
presence of discrete bands instead of the smear obtained with
protein-free DNA (Figure 4, lane f), indicates the existence
of DNA fragments crosslinked at a few, preferred sites. To
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Fig. 3. DNA size distribution of dsDNA regions (A) and ssDNA
tracts (B) in 29 DNA molecules. Experimental conditions were as
described for Figure 2D. Panel B shows the ssDNA tract size
distributions found in $29 DNA molecules incubated in the absence
(unfilled bars) or presence (shaded bars) of protein p6 (42 uM,
dimers). (C) Effect of protein p6 concentration on the size of ssDNA
regions. Modal ssSDNA values were calculated as L + {[A;/(A; +
Ay)]-c} where L is the lower limit of the modal class, A; and A, are
the differences of the modal class frequency with the anterior and
posterior classes, respectively, and c is the size interval of the modal
class.

determine whether psoralen treatment disrupts protein
p6—DNA complexes, crosslinks were reversed by
irradiation with 254 nm light (Sogo et al., 1984). As shown
in Figure 4, lanes c and d, the amount of retarded material
was greatly reduced by this treatment, as was the case with
protein-free DNA (Figure 4, lanes g and h). Moreover, the
intensity of the characteristic hypersensitive bands increased
and no extra bands appeared (Figure 4, lanes ¢ and d) as
compared with the control protein p6 footprint (Figure 4,
lane a). This implies that DNase I digested both crosslinked
and uncrosslinked complexes at the same sites.
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Fig. 4. DNase I footprint of ¢29 DNA right replication origin. The
273 bp HindII L fragment (~2 ng) from the right $29 DNA end,
labelled at the 3’-ends with [a-32P]JdATP and Klenow DNA
polymerase I, was incubated without (lanes e—h) or with (lanes a—d)
protein p6 (2.1 uM, dimers). Psoralen crosslinking was performed by
irradiation at 366 nm as indicated. Psoralen crosslinks were reversed
by irradiation at 254 nm for the indicated times (lanes c, d, g and h).
After psoralen crosslinking and reversion, DNase I footprinting was
carried out as described in Materials and methods.

Analysis of 329 DNA — protein p6 complexes by
micrococcal nuclease digestion

Digestion with nucleases, e.g. micrococcal nuclease, has
been widely used to study nucleoprotein complexes as it gives
useful information about structural details, such as
periodicities or higher-order structures (Noll and Kornberg,
1977; Chrysogelos and Griffith, 1982; Broyles and Pettijohn,
1986). Thus, protein p6 complexes similar to those shown
previously (Figure 2D) were obtained with uniformly
labelled ¢$29 DNA, and digested with micrococcal nuclease.
As expected, naked DNA was rapidly degraded by the
nuclease treatment while in the presence of protein p6 DNA
was greatly protected from degradation, even at incubation
times longer than those used for naked DNA (Figure 5). In
the presence of protein p6, the maximum size of digested
products was reduced as the time increased, remaining fairly
constant (~ 300 bp) between 10 and 22 min of digestion.
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Fig. 5. Micrococcal nuclease digestion pattern of protein p6—DNA
complexes. Uniformly labelled ¢29 DNA (~ 16 ng) was incubated in
the absence or presence of protein p6 (17.6 uM, dimers), digested
with micrococcal nuclease for the indicated times, and analysed as
described in Materials and methods. DNA size markers in bp are
shown by arrows.

Interestingly, the minimum size remained essentially
unchanged (~80—90 bp). The absence of protected
fragments shorter than this size suggests that complexes
below this size are unstable, in good agreement with the
psoralen crosslinking results. These experiments showed
neither a discrete size of protected DNA nor the presence
of oligomers of a predominant DNA fragment size, strongly
suggesting the formation of complexes of heterogeneous
sizes, in agreement with electron microscopic observations
after psoralen crosslinking.

Estimation of protein p6 binding parameters: intrinsic
binding constant (K) and cooperativity parameter (w)
A more detailed picture of the protein p6—DNA complex
would include the knowledge of thermodynamic parameters
directing complex formation. The intrinsic binding constant
(K) and the cooperativity parameter (w) can be determined
provided that we know (i) the DNA saturation fraction (6),
that is the fraction of the DNA molecule involved in complex
formation, calculated as the fraction of ssDNA with respect
to the total DNA in the psoralen crosslinking experiments
shown before, and (ii) the binding site size (n), that is, the
number of base pairs occupied by a protein p6 dimer in the
complex, which is 24 for the protein p6 dimer (Serrano
et al., 1990). As described in Materials and methods, both
the free and bound protein p6 concentrations can be
calculated, and then K and w can be estimated graphically.
We calculated the saturation fraction when a constant
amount of $29 DNA was challenged with different amounts
of protein p6, under conditions in which, as shown in
previous sections, protein p6 binding is highly favoured. As
expected, in the absence of protein p6, psoralen crosslinking
was virtually complete, rendering a negligible background
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Fig. 6. Estimation of DNA saturation fraction, the effective (K,g) and
the intrinsic (K) binding constants of protein p6 to DNA, and its
cooperativity parameter (w). (A) DNA saturation values (6) were
calculated for $29 DNA molecules incubated at different
concentrations of protein p6 by determining the fraction of ssDNA
with respect to the total $29 DNA length. (B) Graphical estimation of
binding parameters was carried out as described in Materials and
methods.

(@ = 0.03 £ 0.01). Figure 6A shows that the saturation
values at increasing concentrations of protein p6 followed
a profile similar to that observed for the ssDNA tract sizes
(Figure 3C). At low protein concentrations, when bubble
size was slightly larger than in the protein-free controls, small
saturation values were obtained (f = 0.09). This value
approached full saturation (§ = 0.96) at the highest protein
p6 concentration used.

To estimate binding parameters, we used the procedure
developed by Schwartz and Watanabe (1983), based on the
model of McGhee and von Hippel (1974) for the binding
of large ligands, e.g. protein p6, to a linear polymer, e.g.
$29 DNA. Figure 6B shows the results of such an analysis
which allowed us to estimate the value of the effective
binding constant of protein p6 to dsDNA (K. = 105 M~1)
under binding conditions which highly favoured binding to
dsDNA. This value represents the product of the intrinsic
binding constant (K = 10°> M~!) and the unitless
cooperativity parameter (w = 100). Compared with other

273



C.Gutiérrez et al.

DNA binding proteins, this is not a specially high value of
K, while the value obtained for w indicates a moderate
binding cooperativity. However, it should be pointed out that
these binding parameters might not necessarily be those
corresponding to the DNA sequences present at the ¢29
DNA replication origins (Serrano et al., 1993a).

Discussion

Protein p6 — DNA complexes along the 29 genome
Multimeric nucleoprotein complexes adopt a variety of
structures according to the way that proteins associate with
the dsDNA molecule (Serrano et al., 1993b). In addition,
continuous nucleoprotein complexes, in which protein
subunits associate with ssDNA to form long, multimeric
complexes, are typically exemplified by proteins such as T4
gp32 (Delius et al., 1972) and Rec A (Radding, 1991). In
other cases, homo- or hetero-oligomers of proteins associate
with DNA in clusters. The occurrence of such discrete
entities separated by regions of protein-free DNA
characterizes discontinuous nucleoprotein complexes. This
is the case for eukaryotic chromatin, formed by an ordered
array of nucleosomes (van Holde, 1989) and Escherichia
coli single-strand binding protein (SSB) bound to ssDNA
(Chrysogelos and Griffith, 1982), where a repeating unit of
a constant size appears separated by a protein-free DNA
region.

Phage ¢29 protein p6 activates the initiation of $29 DNA
replication through the formation of a nucleoprotein complex
at the replication origins (Serrano et al., 1989, 1990).
Complex formation was studied mainly by footprinting,
where only DNA fragments of a limited size could be used.
To address the question of whether complexes were formed
along the ¢29 genome at locations other than the replication
origins, we have visualized the entire $29 DNA molecule
by electron microscopy. Thus, when protein p6 —$29 DNA
complexes fixed with glutaraldehyde under saturating protein
p6 concentrations were analysed, the entire DNA molecule
appeared as a continuous complex.

To improve the resolution, we have used a psoralen
crosslinking technique (Sogo and Thoma, 1989). Since
protein p6 binding protects DNA very efficiently from
psoralen crosslinking, complexes are visualized as ssDNA
bubbles under denaturing conditions. A qualitative analysis
of $29 DNA molecules incubated with protein p6 showed
multiple ssDNA bubbles, scattered along the $29 genome
even at low protein p6 concentrations, suggesting that binding
is nucleated from many DNA sites. Although this pattern
may seem reminiscent of the ssDNA bubbles observed in
eukaryotic chromatin (Cech et al., 1977; Sogo et al., 1984)
or in SV40 minichromosomes (Sogo et al., 1986; Gruss
et al., 1990), protein p6—DNA complexes clearly differ
from eukaryotic nucleosomes. In addition to the already
known structural differences between nucleosomes
(Richmond et al., 1984; Hayes et al., 1990; Arents et al.,
1991) and protein p6—DNA complexes (Serrano et al.,
1990, 1993a), the present study has shown further
differences. The quantitative analysis of electron micrographs
indicated that the length distribution of ssDNA regions is
very wide, in agreement with micrococcal nuclease
experiments. Furthermore, no ladder of modal bubble sizes
was observed in the electron microscopic analysis, and nor
was a ladder of protected DNA fragments seen in the
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micrococcal nuclease digestion experiments, indicating a lack
of a repeating pattern of homogeneously sized complexes.

The presence of multiple, heterogeneous complexes
scattered along the ¢29 genome must be related both to the
conditions used, which highly favour protein p6 binding, and
to the nature of the signals recognized by protein p6. Protein
p6 binding depends on the structural ability of a set of
sequences to follow the right-handed superhelical path
imposed by the bound protein p6 core. Therefore, the signals
sensed by protein p6 must be present in DNA sequences with
a tendency to be bent (or kinked) every 12 bp. The ability
of a particular sequence to meet this requirement, which
could be fulfilled by multiple sequences throughout the ¢29
genome, would determine both the formation of a nucleation
site and the propagation of the complex.

These observations lead us to conclude that, in general
terms, protein p6—DNA complex positioning may share
some of the basic principles that govern eukaryotic chromatin
formation. Indeed, the same algorithm developed to predict
histone octamer positioning on a given DNA sequence
(Satchwell ez al., 1986) allowed us to predict protein p6 high-
affinity binding sequences (Serrano ef al., 1989, 1993a).
Thus, it is known that in cases such as the sea urchin 5S
rRNA gene, histone octamers have some preference for
interaction with certain DNA sequences, thus leading to the
formation of well positioned, highly stable nucleosomes; in
other cases, histone octamers may also interact more
randomly with DNA, leading to the formation of
nucleosomes which are not in the same positions in all DNA
molecules (reviewed in Thoma, 1992).

Functional implications of 29 DNA — protein p6
complexes

It is generally accepted that histone-like proteins, the major
components of bacterial nucleoid, are involved in genome
organization and packaging. In addition, histone-like
protein—DNA complexes affect processes depending on
which DNA sequences are involved in complex formation.
For example, HU protein has a stimulatory effect on the
initiation of DNA replication in vitro at the E. coli replication
origin (Dixon and Kornberg, 1984), can either stimulate or
inhibit transcription depending on the template or the
conditions used (Drlica and Rouviere-Yaniv, 1987), and
stimulates site-specific recombination (Haykinson and
Johnson, 1993) and transposition (Craigie et al., 1985).
H-NS (H1), the other main prokaryotic histone-like protein,
also influences recombination, transposition and gene
expression (Higgins et al., 1990). Although no sequence
homology has been found between phage ¢29 protein p6
and histone-like proteins, they share some properties such
as being small and abundant proteins that compact DNA and
show little sequence specificity for DNA binding.

It has been estimated that the intracellular concentration
of protein p6 dimers is 1 mM under conditions in which
1.8 X 103 phages per infected cell are produced (Serrano
et al., submitted). This amount of protein would be enough
to cover the intracellular viral DNA. Thus, it is conceivable
that such a type of nucleoprotein complex could also be
formed in vivo. Therefore, we propose that protein p6 has
the potential to serve a structural role in 29 genome
organization, holding the DNA in an appropriate
conformation and providing the adequate structural
framework for multiple processes (see Figure 7), as happens
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with other multimeric nucleoprotein complexes (Serrano
et al., 1993b). Activation of ¢29 DNA initiation of
replication depends on complex formation at the replication
origins located at the genome ends (Serrano et al., 1989).
Complex formation at the right DNA end may also explain
the repression of ¢$29 C2 early promoter, observed both in
vivo and in vitro (Whiteley et al., 1986; Barthelemy e al.,
1989), as the location of protein p6 in the complex would
prevent C2 promoter recognition by RNA polymerase.
Complexes present at other regions throughout the genome
cculd have further implications; thus, it is conceivable that
protein p6, acting as a viral counterpart of other prokaryotic
proteins which participate in genome organization, may
displace host proteins, e.g. HBsu (Micka et al., 1991), from
the ¢29 genome. A rapid increase in the free protein p6
concentration at early times after infection could ensure the
replacement of cellular DNA binding proteins by the viral
one. A similar situation has been proposed during adenovirus
infection in which adenovirus DNA binding protein may
displace nucleosomes from the viral DNA (Stuiver et al.,
1992). Mechanisms for replacing E. coli SSB protein bound
to ssDNA by the phage M13 gene 5 protein (Alma et al.,
1983) or for sequestering the E.coli histone-like H-NS
protein by the phage T7 gene 5.5 protein (Liu and
Richardson, 1993) have been described. Once the ¢29
genome is covered by protein p6, the highly dynamic nature
of protein p6—DNA complexes would facilitate the
continuous assembly and disassembly which must occur
during DNA replication and transcription of a nucleoprotein
template.

In summary, we have studied the in vitro assembly of the
¢29 genome with viral protein p6 into a compact
nucleoprotein complex and determined its main binding
parameters. We propose that the effects of protein p6 in
DNA replication and transcription could be the consequence
of a structural role of protein p6 in organizing the ¢29
genome into a nucleoid-type, compact nucleoprotein
complex.

Materials and methods

DNA, proteins and chemicals
Proteinase K-treated $29 DNA was prepared as described by Inciarte et al.
(1976). Protein p6 was purified by J.M.L4zaro essentially as described by
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Pastrana et al. (1985). Proteinase K, micrococcal nuclease, E.coli DNA
polymerase I and unlabelled deoxynucleotides were from Boehringer
Mannheim, restriction endonucleases from New England Biolabs,
4,5',8-trimethylpsoralen from Sigma and [a-32P]JdATP (400 Ci/mmol)
from Amersham International. Reagents and materials for electron
microscopy were from Balzers except benzyldimethylalkylammonium
chloride (BAC) which was from Bayer.

Electron microscopy of protein — DNA complexes and psoralen-
crosslinked DNA

To analyse 29 DNA —protein p6 complexes, 29 DNA was incubated
with protein p6 at room temperature for 15 min in 20 ul of a solution
containing 10 mM triethanolamine-HCl, pH 7.5 and 2 mM magnesium
acetate. Then, glutaraldehyde was added to a final concentration of
0.6—0.8%. After 5 min at room temperature, samples were directly adsorbed
to freshly cleaved mica and replicas obtained as previously described (Sogo
et al., 1987). Electron micrographs were taken at 80 kV, routinely at a
magnification of 20 000X .

The psoralen crosslinking treatment to analyse the interaction between
¢29 DNA molecules and protein p6 by electron microscopy was as described
by Sogo and Thoma (1989) with some modifications (Serrano et al., 1993a).
Briefly, 29 DNA was incubated, in a final volume of 20 gl, with different
amounts of protein p6, as indicated, in a buffer containing 10 mM Tris—HCI,
pH 7.5 and 50 mM NaCl at 0°C for 15 min. After binding, 0.05 vols of
4,5’ ,8-trimethylpsoralen (200 ug/ml in 100% ethanol) were added and the
samples maintained on ice for 5 min in the dark. Then, the samples were
irradiated with 366 nm UV light for 30 min, as described by Sogo and Thoma
(1989). This irradiation time was sufficient to produce essentially complete
crosslinking of the DNA molecules in the absence of protein p6. After
psoralen crosslinking, the samples were digested with proteinase K (500
pg/ml) for 2 h at 56°C and extracted with phenol, and the DNA was
precipitated with ethanol. Denaturation and spreading of the psoralen-
crosslinked DNA for electron microscopy were carried out according to
the BAC technique as described by Sogo et al. (1987). Electron micrographs
were taken at 80 kV, routinely at a magnification of 30 000 x. Contour
length measurements were carried out on photographic prints using a
Summagraphic-type digitizer tablet.

DNase | footprinting of protein p6 — DNA complexes

DNase I footprinting (Galas and Schmitz, 1978) was carried out using the
273 bp HindIII L terminal fragment of $29 DNA, which contains the ¢$29
DNA right replication origin, labelled at the 3’-end with [a-32P]dATP and
the Klenow fragment of E.coli DNA polymerase 1. The labelled DNA
fragment was incubated without or with protein p6 in the presence of a
large excess (500 ng) of unlabelled ¢$29 DNA in a reaction mixture (20
ul) containing 50 mM Tris—HCI, pH 7.5, 5 mM MgCl, and 2 mM
(NH,),S0;. After incubation at 0°C for 10 min, samples were psoralen
crosslinked, when indicated, by irradiation at 366 nm UV light, during 30
min at 0°C, as described above. Then, digestion with DNase I (200 ng)
was carried out for 2 min at 0°C, and the reactions stopped by adding EDTA
up to 50 mM. When indicated, psoralen crosslinks were reverted by
irradiation at 254 nm UV light for the indicated times. Finally, samples
were extracted with phenol, the DNA precipitated with ethanol in the
presence of 0.3 M sodium acetate, and subjected to denaturing electrophoresis
in 6% polyacrylamide gels. After electrophoresis, gels were dried and
autoradiographed.

Micrococcal nuclease digestion

¢29 DNA was labelled by nick-translation with DNA polymerase I and
[a-32P]JdATP. DNA was incubated for 5 min on ice with protein p6 in a
solution containing 50 mM Tris—HCI, pH 7.5, 50 mM NaCl, 10 mM
MgCl, and 20 mM (NH,),S0,. After addition of CaCl, to 2 mM and 25
U of micrococcal nuclease to a final volume of 10 ul, the samples were
incubated at 25°C. At the indicated times, aliquots were taken and the
reaction was stopped by addition of EDTA to a final concentration of 10
mM and electrophoresed through 8% polyacrylamide gels in Tris —borate
buffer. HindIll and Hhal digests of $29 DNA were run in parallel as
molecular weight markers. Densitometric scans of autoradiographies were
carried out using a Molecular Dynamics 300A instrument.

Estimation of binding parameters: effective binding constant
(Ko¢) and cooperativity parameter (w)

If we assume that protein p6—DNA complex formation satisfies the requisites
to apply the model of McGhee and von Hippel (1974) for protein—DNA
interaction, the graphical procedure applied to the interaction of protamines
with DNA (Watanabe and Schwartz, 1983) can be used for the estimation
of K. and w. Briefly, the saturation fraction data (§) obtained in the
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electron microscopic analysis as the fraction of ssDNA with respect to the
total DNA, were expressed as a binding function in terms of the effective
binding constant (K.¢) and the concentration of free protein p6 dimers
(p6g), as indicated below. The p6y values for each experimental situation
were calculated from the mass conservation equation, p6g = pby p6g,
where p6p is the total dimer concentration in the assay and p6g is the
concentration of p6 dimers bound to DNA. To calculate the term p6g, we
used the expression p6g = 6(BP/n), where 6 is the experimentally
determined saturation value, BP is the molar concentration of DNA in the
assay, expressed in bp, and n is the protein p6 dimer binding site size, that
is, the number of bp covered by a protein p6 dimer (n = 24, Serrano ez al.,
1990). Thus, as described previously (Schwartz and Watanabe, 1983), the
value of 6 is related to K¢ and p6g by the following expression:

Y = (K p6p — 1) V(w/)

where Y is a function of § [Y = (26 — 1)/</8(1 — 8)]. Although the plot
of Y versus p6g is a straight line, it becomes more curved for values of
V/(w/n) smaller than ~7. However, they still provide a convenient evaluation
of K ¢ and w. Thus, the intercept with the p6g axis (at Y = 0) gives K¢
as 1/p6g while the intercept with the Y axis (at p6p = 0) gives w = n-Y2.
The intrinsic binding constant (K) of protein p6 to DNA may, then, be
estimated since K ¢ = Kw.
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