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The connector of bacteriophage ¢29 is involved in
DNA packaging during viral morphogenesis and we
have studied its in vitro binding to DNA using either
linear or circular DNA. The protein-DNA complexes
have been analyzed by transmission electron mi-
croscopy (TEM) and by atomic force microscopy
(AFM) of samples directly deposited on mica. TEM
showed the presence of a specific binding due to the
interaction of the protein with the free ends of the
DNA. The study of these samples by AFM showed
two major types of morphologies: The interaction of
the connector with circular DNA revealed that the
strands of DNA that enter and exit the protein com-
plex form an angle with a mean value of 132°. Nev-
ertheless, when the connector was incubated with
linear DNA (and later circularized), there was an
additional bend angle of about 168°. Further mor-
phological analysis of the latter samples by AFM re-
vealed a structure of the protein-DNA complex con-
sistent with the DNA traversing the connector,
probably through the inner channel. On the other
hand, images from the samples obtained by incuba-
tion of the connector with circular DNA were con-
sistent with an interaction of the DNA with the
outer side of the connector. ©1996 Academic Press, Inc.

INTRODUCTION

The packaging of DNA into viral heads is a com-
plex process that has been studied extensively over
recent years, not only because it is pivotal for un-
derstanding the morphogenesis of complex double-
stranded DNA bacteriophages, but as a model sys-
tem to study DNA translocation by a protein com-
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plex (for recent reviews, see Casjens and Hendrix,
1988; Black, 1989; Becker and Murialdo, 1990).

Among the different aspects that have emerged
from these studies, it has become quite clear that the
connector (or portal protein) plays a key role in the
bacteriophage packaging process, as no DNA pack-
aging has ever been detected in proheads without a
connector. There is strong evidence that supports
the involvement of the connector in both the selec-
tion and translocation of DNA (reviewed by
Valpuesta and Carrascosa, 1994) as well as in the
mechanism that controls the length of the DNA to be
packaged (Casjens et al., 1992; Tavares et al., 1992).
In particular, in the case of phage ¢$29 there is ge-
netic evidence that the connector protein (p10) is
involved in the determination of the prolate head
size as well as in the DNA packaging (Camacho et
al., 1977; Guo et al., 1992). More direct, biochemical
data were provided by chemical modification of the
connectors assembled into proheads that made them
unable to package DNA (Herranz et al., 1990) and by
the use of hybryd AM¢$29 proheads, in which the con-
nectors were modified either chemically (Donate and
Carrascosa, 1991) or by mutagenesis (Donate et al.,
1992) with a concomitant loss of DNA binding and
packaging.

The structure of connectors from different bacte-
riophages is quite similar (for a review see
Valpuesta and Carrascosa, 1994): They are multi-
meric aggregates that are built up by several copies
(12 or 13) of a single protein. The connector is lo-
cated in the head-to-tail connecting region of the vi-
rion and possesses a rotational symmetry with two
clearly defined domains: a wider one (around 14 nm
in diameter), with a lobulated aspect, while the
other is narrower and cylindrical (9 nm in diameter).
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Three-dimensional reconstructions of the connectors
assembled from isolated proteins from phages $29
and T3 have shown that there is a channel that runs
along the longitudinal axis of the particle, with a
diameter around 4 nm. On the other hand, the con-
nectors extracted from viral particles that had pack-
aged their DNA showed the channel closed. Based
on these data, it has been proposed that the channel
is the actual place where the linear DNA is translo-
cated into the viral head during the packaging pro-
cess.

The basic steps in the interaction of the DNA with
the connector have been studied using defined in
vitro systems with purified components. In this way,
the region of the $29 connector that is involved in
DNA binding has been located in the first eight
amino acids of the amino-terminal region of the pro-
tein by proteolysis experiments and site-directed
mutagenesis (Donate et al., 1992). Additionally, this
region has been located in the tip of the narrow cy-
lindrical region of the connector aggregate using
low-angle X-ray diffraction experiments (Herranz et
al., 1990). This region is located opposite to the side
where the prohead attaches to the connector and
which presumably should interact first with the in-
coming DNA.

There are several hypothesis on how the DNA in-
teracts with ¢29 connectors. Based on biochemical
experiments of prevention of degradation of either
protein or DNA upon interaction, Valpuesta et al.
(1992b) have proposed that there is an interaction of
the DNA in the outer part of the connector structure,
together with an inner binding that would take
place inside the channel of the connector. The dif-
ferent interaction of either linear or circular DNA
with the connector was supported by results ob-
tained by fluorescence studies (Urbaneja et al.,
1994). A clear decrease of the intrinsic tryptophan
fluorescence was associated to the specific binding of
linear DNA to the connector. An important conse-
quence of these studies was the evidence that this
interaction induces structural changes both in the
connector (also reflected in the destabilization of the
connector structure) and in the DNA (restraining
negative supercoiling, Valpuesta et al., 1992b), thus
making unlikely packaging models based on the ex-
istence of a rigid structural match between the DNA
and the connector oligomer (Dube et al., 1993).

Taken together, the experimental results obtained
so far strongly suggest that the binding of linear
DNA by the connector has distinctive features from
those promoted by circular DNA, namely, the induc-
tion of a conformational change in the ¢$29 connector
upon binding of linear DNA. Nevertheless, there is
no direct structural proof that the DNA is actually
interacting with the inner channel of the connector.

On the other hand, because circular DNA binds in
vitro to the ¢29 connector, it has been suggested
that the substrate for DNA packaging is supercoiled
DNA, whose interaction with the outer surface of the
connector would lead to the wrapping of this DNA
around the connector dodecamer (Turnquist et al.,
1992).

In an effort to further analyze the structural basis
of the interaction between $29 connector and linear
or circular DNA, we have studied complexes formed
in vitro by transmission electron microscopy (TEM)
and atomic force microscopy (AFM). The combina-
tion of the well-established TEM for the quantifica-
tion of the complex formation and the higher reso-
lution given by scanning probe microscopies has
been previously used to study DNA/protein com-
plexes (Miiller et al., 1994). We have chosen AFM,
instead of tunneling mycroscopy, due to its higher
resolution for imaging DNA, as no coating of the
sample is needed (Hansma et al., 1992; Rees et al.,
1993). Direct visualization of the complexes by AFM
has allowed us to obtain new structural information
that supports two clear specific interaction modes
between the DNA and the connector: one takes place
in the outside, while the other requires linear DNA
and probably takes place in the channel inside the
connector.

MATERIALS AND METHODS
Complex Formation

Phage connectors were obtained from Escherichia coli trans-
formed with a plasmid harboring the gene coding for the bacte-
riophage $29 connector protein pl0 and purified following previ-
ously published procedures (Ibafiez et al., 1984: Carrascosa et al.,
1985). The complexes of the $29 connector with linear DNA were
obtained by incubation of 350 ug/ml connector protein with 100
pg/ml DNA (plasmid pSGT41, 4500 base pairs (bp), previously
linearized by treatment with BamHI endonuclease), at a 10 to 1
approximate molar ratio. The incubation was carried out for 15
min at room temperature, in a buffer containing 50 mM Tris—
HCl, pH 7.5, 30 mM MgCl,, 60 mM NaCl, 10 mM ATP, and 50
pg/ml bovine serum albumin. Reannealing of the DNA was ob-
tained by treatment with 50 units of T4 ligase for 6 hr at room
temperature. Complexes of connectors with circular DNA were
obtained following an identical procedure, except that the plas-
mid DNA was previously circularized before interaction with the
connectors.

Proteolysis of the Connectors Complexed with DNA

After the formation of the connector/DNA complex, the DNA
was relaxed by treatment with 10 units of Topoisomerase I, in the
presence of 50 mM KCIl. Endoproteinase Glu-C from S. aureus V8
(V8 protease) was added up to 6 pug/ml and incubated at 37°C.
Samples were subjected to polyacrylamide gel electrophoresis to
check for the characterized pattern of V8-treated p10 (Donate et
al., 1992). The reaction was then stopped with 100 uM dichlo-
roisocumarin.

Purification of the Protein/ DNA Complexes

Samples containing the proteolyzed connector/DNA complexes
were further purified to remove the unbound connectors and the
by-products of the different reactions. As the isolated connectors
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interact strongly with phophocellulose (Carrascosa et al., 1985),
ion exchange columns in pipette tips were run in 50 mM Tris, pH
7.7, and 5% glycerol to separate the complexes with DNA (eluting
at 0-0.2 M NaCl) from the free connectors (eluting at 0.6 M
NaCl).

Sample Preparation for Transmission Electron
Microscopy (TEM)

The purified connector/DNA complexes were diluted in 50 mM
Tris, pH 7.5, and 20 mM MgCl, up to a DNA concentration
around 2 pug/ml. Then the samples were adsorbed to mica during
1 min and then thoroughly washed with milliQ water, using three
washes, 1 hr each. After ethanol dehydration and air drying, the
mica adsorbed samples were shadowed at a 4° angle with a layer
of platinum/carbon (7 nm thick) and further stabilized by a 10-
nm-thick carbon layer evaporated on top, at 90° with respect to
the plane of the sample, using a Balzers 400T unit. The replicas
were then released from the mica and collected with grids to allow
their analysis in a JEOL 1200 EX-II electron microscope. The
images used for statistical analysis were obtained from three dif-
ferent experiments, and from each one different grids were used
to assure the representativity of the sample. From each experi-
ment, a confidence interval test was applied using 95 and 99%
values. In every case, the results for complexes with linear and
circular DNA, respectively, showed that there was no interval
overlapping, indicating that the preparations under study were
different with a confidence, at least, of 99%.

Sample Preparation for Atomic Force Microscopy (AFM)

The purified connector/DNA complexes were diluted in the
same buffer as for TEM, but in this case up to a concentration of
DNA around 5 pg/ml. A 10-ul drop of the solution was deposited
onto a freshly cleaved mica substrate. The complexes were al-
lowed to adsorb for 1 min, rinsed with milliQ water, and then
dried in a stream of N, gas. Imaging was performed by operating
the AFM in the tapping mode with a Nanoscope III (Digital In-
struments, Inc.). This mode minimizes the lateral forces between
the biomolecule and the probe, and it also reduces the contact
time (100-500 nsec in these experiments). All images were taken
in air with silicon cantilevers of resonance frequencies about 300
kHz and using free amplitudes of about 100 nm. To measure the
angular distribution of DNA strands in the complexes, we used
two different approaches: (a) determination of the angle built up
by the incoming DNA strand and the exiting strand (« < 180°)
and (b) measurement of the angle determined by the lines joining
the center of the complex with those points where the DNA
strands exit the outside of the complex. In both cases, the profile
of the distributions and their main characteristics were identical.

RESULTS
TEM Studies on the Connector/ DNA Complex

The interaction of $29 connectors with either lin-
ear or circular DNA was studied using purified con-
nectors assembled from overexpressed pl0 and a
pSGT41 plasmid DNA. The DNA was linearized be-
fore incubation with the protein in the experiment,
while the control to study the interaction of the con-
nector with circular DNA was done by circulariza-
tion of the linear DNA before the incubation with
the protein, to ensure that both DNAs had gone
through the same experimental handling. Further-
more, as the analysis of the DNA/protein complexes
by electrophoresis showed a heterogeneous pattern
of supercoiling after circularization (not shown), the

DNA was relaxed with Topoisomerase I under con-
ditions that rendered an identical band pattern after
electrophoresis of control and experimental samples,
to avoid differences in the behavior of the complexes
due to this factor.

Samples were treated with V8 protease after the
formation of the complexes to avoid further contacts
of the connector with the DNA that could eventually
lead to secondary (nongenuine) complexes. The re-
sults in Fig. 1 show that most of the connector pro-
tein is fully cleaved, giving rise to a pattern similar
to that described previously that involves the re-
moval of the amino termini of p10, in which the DNA
binding domain of this protein is included (Donate et
al., 1992). In this way, only those interactions that
are protected by stable contacts (either by threading
of the DNA or by a long loop interaction) could be
permanently maintained.

To further avoid nonspecific contacts between pro-
teolyzed connectors and DNA, samples were exten-
sively purified by ion exchange chromatography that
retained free connectors, thus rendering clean pro-
tein/DNA complexes without free contaminants.
These samples were then shadowed and visualized
by TEM, showing images such as those found in Fig.
2. Under these purification conditions, most of the
DNAs had no protein, and those containing protein
did not show more than one oligomer in each mol-
ecule, probably due to the cleavage of the connectors
and the extensive cleaning of the samples. In the
case of the incubation of connectors with linear
DNA, of a total of 6000 circularized molecules com-
ing from four different experiments, only 166 were
found to contain a protein oligomer, building a well-
defined complex. In the control experiment, in which
the connectors were incubated with circular DNA,
only 41 of 6000 molecules were found to contain pro-
tein. The difference found between the frequencies
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Fi1G. 1. Proteolysis of ¢$29 connector protein (p10) by V8 pro-
tease. Complexes of connectors with either circular DNA (a,b) or
linear DNA that was subsequently circularized (c,d) were treated
with V8 protease. Samples before (a,c) and after (b,d) the protease
incubation were subjected to SDS—polyacrylamide gel electropho-
resis and stained with Coomassie blue. (e) A control of free con-
nectors treated with the V8 protease under the same conditions.
Arrowheads mark the position of native and digested p10. No
traces of nondigested protein were present under the conditions
used in these experiments.
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F16.2. TEM images of $29 connector/DNA complexes adsorbed to mica and shadowed with platinum/carbon. (A) Complex formed with
circular DNA. (B) Complex formed with linear DNA that was later circularized. Arrowheads point to connector complexed with DNA. Bar,
200 nm.

of the complexes respectively formed with linear and AFM Studies on the Connector/ DNA Complex
circular DNA is significant up to a 99% interval,

thus suggesting that the interaction of the linear Two representative images from complexes
DNA with the connector forms complexes that are formed by interaction of protein with either linear or
not generated by interaction with circular DNA. circular DNA are shown in Fig. 3. The DNA was

Fi1G. 3. AFM images (top view representation) of DNA/connector complexes. The connector appears as rounded aggregates. In each
image, four connectors are interacting with the DNA. The differences in height between the connectors and the DNA makes it difficult
to present simultaneously both molecules with a similar contrast. (A) Complexes formed with circular DNA; scansize, 606 x 606 nm?2. (B)
Complexes formed with linear DNA (and later circularized); scansize, 595 x 595 nm?.
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visualized as a well-contrasted continuous ribbon,
while the connectors appeared as rounded aggre-
gates. The differences in height between the DNA
and the connector makes it difficult to present both
in the same image with similar contrast. The lateral
dimensions of the biomolecules obtained from AFM
images tend to be a factor 3 to 6 times larger than
the nominal one depending essentially of two fac-
tors: (a) An AFM image has always to be interpreted
as a convolution between the geometry of the object
and that of the tip (Keller and Franke, 1993), thus
strongly depending on the size and shape of the tip.
(b) The intrinsic elastic properties of different mate-
rials in one sample should be reflected in different
signals in the corrugation map. However, these limi-
tations do not affect the identification of biomol-
ecules or the determination of bend angles in pro-
tein/DNA complexes (Rees et al., 1993).

The high signal to noise ratio of AFM images
made possible to perform a qualitative analysis of
the morphology of these complexes. In the case of the
complexes made with circular DNA, the DNA
strands seem to build a bend around the connector
complex. The images suggest that the DNA seems to
partially embrace the connector with a geometry
compatible with an outer contact (Figs. 4A—4C). On
the other hand, the histogram representing the com-
plexes made with linear DNA and later circularized

shows more complex features. In addition to a mor-
phology similar to the one described above, there is
anew type, where DNA strands seem to traverse the
connector complex (fig. 4D-4F).

To investigate the relevance of the morphologies
associated to these complexes, we performed a sta-
tistical analysis on the angles formed between the
strand entering into the protein domain and the
DNA strand exiting the complex. The observed
angles for the case of the complexes formed with
circular DNA (Fig. 5A) can be fitted into a Gaussian
distribution with a mean value of 132°. This distri-
bution could be interpreted as DNA bent around the
protein domain (Figs. 4A—4C). Nevertheless, when
complexes are formed with the linear DNA and then
circularized, the angle distribution is more complex
and can be best fitted using a bimodal distribution
(Fig. 5B): There is a broad peak centered around
106°, which is consistent with a DNA bent around
the protein, while the other peak is centered around
168°. This peak is consistent with the DNA travers-
ing the connector structure (Figs. 4D—4F).

DISCUSSION

The interaction of phage connectors with DNA has
been studied in vitro using different approaches
(Herranz et al., 1986; Feiss and Anderson, 1991). In
the case of phage $29 connector, there is biochemical

Fi1G. 4. Representative AFM images of the different morphologies shown by the DNA/connector complexes. (A—C) Complexes formed

with circular DNA. (D-F) Complexes formed with linear DNA (and later circularized). Scansize, 150 nm.
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Fi1G6.5. Statistical analysis of the distribution of bend angles. The solid line represents a Gaussian fitting. (A) Histogram obtained from
images of the complexes formed by the interaction of circular DNA with the connector. The mean bend angle is 132°. (B) Histogram of the
interaction of linear DNA and connectors. Two Gaussian distributions are used to fit the data revealing mean bend angles of 106° and
168°, respectively. The comparison of both histograms suggests that there is a specific complex where the DNA goes through the connector
channel (bend angle of 170°). This morphology only appears when the connector interacts with linear DNA.

evidence that the connector is better protected from
proteolysis by incubation with double-stranded
DNA than with other types of DNA (single-stranded
or circular). The connector also protects a fragment
around 60 bp of DNA from DNase digestion when it
is incubated with linear, double-stranded DNA, and
this binding restrains negative supercoiling as mea-
sured by circularization assays (Valpuesta et al.,
1992b). These data have been interpreted as indica-
tive of an interaction of the DNA with the inner
channel of the connector. On the other hand, an al-
ternative model based on STEM measurements has
been suggested (Turnquist et al., 1992), in which
supercoiled DNA interacts with the outer surface of
the connector. To try to further clarify these conflict-
ing models, we have studied the interaction of the
$»29 connector with either linear or circular DNA,
using two imaging techniques: the well-established
TEM, which allows a quantification of the complexes
formed with each type of DNA, and the new AFM,
which provides direct images of the protein/DNA
complexes with a high signal to noise ratio, thus
allowing us to draw their low-resolution morphol-
ogy.

To analyze the diferential interaction of the con-
nector with either linear or circular DNA, an experi-
ment was designed as shown in Fig. 6 (left side):
Plasmid DNA was linearized by a restriction endo-
nuclease and then allowed to interact with purified
connectors. Several interacting possibilities are sug-
gested in the figure: (a) Interaction involving the
outer surface of the DNA binding domain (outer
binding in Valpuesta et al., 1992); (b) wrapping
around the outer surface (similar to the coiling in
the connector surface proposed by Turnquist et al.,
1992), and (c) threading along the inner channel (in-

ner binding in Valpuesta et al., 1992). After circu-
larization of the DNA with ligase, those weak inter-
actions (represented by single, nonspecific contacts
or those that are only transient) were removed using
extensive washing of the samples and the removal of
the DNA binding domain of the connector by prote-
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Topolisomerase 1
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N .. proteclyzed connectors by
Y’ phosphocellulose column/

Samples for
TEM and AFM

S

F16. 6. Outline of the experiments carried out to produce com-
plexes of $29 connectors with either linear DNA (left) or circular
DNA (right). An interpretation of the results is also drawn in the
figure. Dashed areas in the connector represent the proposed lo-
cation of the amino-terminal domain of p10 that is released upon
V8 proteolysis (Herranz et al., 1990 ; Donate et al., 1992). Dashed
lines in the DNA represent out of scale length.
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olysis. The removal of the DNA binding domain of
the connector inhibits completely the packaging of
the DNA into proheads, thus preventing the binding
of DNA in vitro by the proteolyzed connectors (Do-
nate et al., 1992). Therefore, after this treatment,
only those stable interactions involving strong con-
tacting areas (derived from the wrapped DNA) and
those derived from the threading of the DNA along
the internal channel would survive as a protein/
DNA complex. As a control (Fig. 6, right side), the
linear DNA was circularized first and then allowed
to interact with the purified connectors. The rest of
the experiment was performed in parallel with the
other sample, including a relaxation of the circular
DNA to avoid any interference due to differential
supercoiling in the two types of samples. This way,
the difference between the two samples should be
related to the specific interaction of the connector
with the free ends in the linear DNA (i.e., the
threading of the DNA along the inner channel in
Fig. 4). The results obtained by TEM showed four
times more complexes in the case of the connectors
interacting with linear DNA than with circular
DNA, thus indicating that the presence of open ends
in the DNA allows a type of interaction with the
connector that is not present in the case of circular
DNA.

As the images from TEM of platinum/carbon-
shadowed DNA/protein complexes are not clear
enough to define their structure (even to a moderate
resolution), mostly due to the uneven corrugation
given by the layer of platinum/carbon needed to con-
trast the sample, we studied the connector/DNA
complexes by AFM. This technique has been used to
produce images of nucleic acids and their complexes
with proteins with a high signal to noise ratio and
without any coating material (Hansma et al., 1992;
Rees et al., 1993). AFM images from connector/DNA
complexes allow to define the overall geometry of the
DNA interacting with the protein domain. Com-
plexes prepared with circular DNA show morpholo-
gies that support the bending of the DNA around the
connector. The mean bend angle of 132° could be
derived from either a half-turn interaction (as in
Figs. 4B and 4C) or one turn and a half (Fig. 4A). On
the other hand, the complexes prepared with linear
DNA show a more complex aspect with, at least, two
different morphologies: One has a broad distribution
with a mean bend angle around 106°, with an aspect
very similar to that found for the complexes ob-
tained with circular DNA. The difference between
this mean bend angle and that found for complexes
obtained with circular DNA (132°) could thus prob-
ably be related to the different bending behavior of
circular closed DNA with respect to linear DNA. The
second morphology shows an angle between the

strands around 168°. In fact, this value is probably
an underestimation, as values over 180° have been
accumulated under this figure in the representation.
Then, an almost straight DNA path could be char-
acteristic of this type of complex, consistent with the
DNA traversing the connector (Figs. 4D—4F). As the
complexes were treated with proteases to remove
the DNA binding domain of the connector, this in-
teraction should be mainly due to a threading of the
DNA inside the channel of the connector that was
later stabilized by the circularization of the DNA.

The results obtained so far by TEM and AFM of
the complexes built up by $29 connectors and DNA
are consistent with two types of stable interactions:
One is probably due to an outer contact of the DNA
with the surface of the connector. The other suggests
a threading of the DNA along the inner channel of
the connector, and it only appears with linear DNA.
This latter structure is probably quite relevant in
vivo because mature $29 DNA is linear and double-
stranded. Furthermore, it has been described that
the source of DNA to be packaged both in vivo and in
vitro in the case of ¢29 is the linear DNA. Circular
DNA has never been successfully used as a sub-
strate for DNA packaging in this system (Bjornsti et
al., 1983; Guo et al., 1991; Donate and Carrascosa,
1991).

Our data support a model in which the interaction
between the connector and a linear DNA (similar to
the one used as a substrate for viral DNA packaging)
gives rise to a specific complex with the DNA tra-
versing the channel that runs along the connector
structure. This interpretation is consistent with the
protection of DNA fragments around 60 bp from di-
gestion by nucleases in the DNA/$29 connector com-
plexes (Valpuesta et al., 1992), as well as in the
acidic hydrolysis of T4, T7, and ¢$29 viral particles,
in which a DNA fragment around 40 bp is also pro-
tected (Zachary and Black, 1992). Additional infor-
mation comes from data showing that the interac-
tion of linear DNA with the connector promotes a
conformational change in the DNA that restrains
negative supercoiling (Valpuesta et al., 1992b), thus
making unlikely those packaging models based on a
rigid geometry fit between DNA and the connector
aggregate (Dube et al., 1993). Also supporting this
model are the results obtained by fluorescence stud-
ies of the connector/DNA interaction (Urbaneja et
al., 1994). The interaction of linear DNA with the
$29 connector leads to a decrease in its intrinsic
tryptophan fluorescence. This decrease is not ob-
served either when the DNA is incubated with con-
nectors lacking the DNA binding domain or when
the DNA is circular. In addition, interaction of the
connectors with linear DNA (but not with circular
DNA) lowers the denaturant agent concentration re-
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quired to denature the connector structure. Taken
together, these results strongly suggest that the
binding of linear DNA by the connector has distinc-
tive features than those promoted by circular DNA,
namely, the induction of a conformational change
both in the DNA and in the $29 connector upon
binding of linear DNA.

As stated above, the DNA that is a substrate for
the packaging reaction in ¢$29, both in vivo and in
vitro, has been shown to be linear and double-
stranded (Bjornsti et al., 1983; Guo et al., 1991; Do-
nate and Carrascosa, 1991). Thus, besides those fea-
tures described above, the interaction of this type of
DNA with the connector channel would also account
for the main structural change that has been ob-
served in this particle: while the channel is fully
open in the connector before assembly in the phage
head (Carazo et al., 1986; Donate et al., 1988;
Valpuesta et al., 1992a), it is closed in the connectors
already assembled that have packaged DNA inside
the viral heads (Carazo et al., 1985; Donate et al.,
1988). The opening and closing of the channel would
be coupled in some way to the possibility of DNA
translocation (open state) and the stabilization of
the DNA inside the viral head (closed state)
(Carrascosa et al., 1990).

The complete structural characterization of the
DNA/connector complex would demand higher-
resolution studies, either by improved AFM methods
(even in an aqueous environment) or by TEM. To
this end, production of two-dimensional aggregates
of connector/DNA complexes are under way that
would allow us to use image processing techniques
to obtain much higher structural details relevant to
the protein/DNA interaction.
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