
Maria G.Gomez-Lorenzo1, Mikel Valle1,2,
Joachim Frank2,3, Claudia Gruss4,
Carlos Oscar S.Sorzano1, Xiaojiang S.Chen5,
Luis Enrique Donate1,6 and
Jose Maria Carazo1,6

1Centro Nacional de BiotecnologõÂa, Campus Universidad AutoÂnoma,
28049 Madrid, Spain, 2Howard Hughes Medical Institute, Health
Research, Inc. at Wadsworth Center, Empire State Plaza, Albany,
NY 12201-0509, 3Department of Biomedical Sciences, State
University of New York at Albany, 5Department of Biochemistry and
Molecular Genetics, University of Colorado Health Science Centre,
School of Medicine, Denver, CO 80262, USA and 4University of
Konstanz, Department of Biology, 78457 Konstanz, Germany

6Corresponding authors
e-mail: debacle@cnb.uam.es or carazo@cnb.uam.es

Large T antigen is the replicative helicase of simian
virus 40. Its speci®c binding to the origin of replica-
tion and oligomerization into a double hexamer dis-
torts and unwinds dsDNA. In viral replication,
T antigen acts as a functional homolog of the eukaryo-
tic minichromosome maintenance factor MCM.
T antigen is also an oncoprotein involved in trans-
formation through interaction with p53 and pRb. We
obtained the three-dimensional structure of the full-
length T antigen double hexamer assembled at its
origin of replication by cryoelectron microscopy and
single-particle reconstruction techniques. The double
hexamer shows different degrees of bending along the
DNA axis. The two hexamers are differentiated enti-
ties rotated relative to each other. Isolated strands of
density, putatively assigned to ssDNA, protrude from
the hexamer±hexamer junction mainly at two opposite
sites. The structure of the T antigen at the origin of
replication can be understood as a snapshot of the
dynamic events leading to DNA unwinding. Based on
these results a model for the initiation of simian virus
40 DNA replication is proposed.
Keywords: cryoelectron microscopy/DNA replication/
helicases/large T antigen/SV40

Introduction

Large T antigen (Tag) of simian virus 40 (SV40) is a
multifunctional protein involved in several processes that
eventually lead to the replication of the virus inside
eukaryotic cells. Among its functions Tag has the ability to
interfere with key cellular regulatory pathways resulting in
the deregulation of the cell cycle and tumorogenesis in part
by blocking p53 and the retinoblastoma protein (pRB)
function (Simmons, 2000).

SV40 has been extensively used as a model system for
the study of replication in eukaryotes for two main
reasons. First, the origin of replication for SV40 genome,

unlike that of the eukaryotic cells, is very well character-
ized and is speci®cally recognized by Tag. Secondly, the
host cell provides all the other components necessary to
form the primosome for initiating DNA replication,
which include single-stranded DNA binding proteins
(Replication Protein A or RPA), topoisomerase I and
DNA polymerase a-primase (for a review see Simmons,
2000). Tag can be envisaged as a functional homolog of
eukaryotic MCM protein (minichromosome maintenance
factor), since both unwind duplex DNA and assemble as
double hexamers (Fletcher et al., 2003). However, there
are differences between Tag and MCM, such as those
regarding origin recruitment (Tye, 1999), which involve a
series of different proteins that assemble into different
complexes, making Tag a simpler and more accessible
model system for the study of eukaryotic DNA
replication.

In the ®rst step of replication, Tag performs key
functions: it speci®cally binds to the viral origin of
replication (ori) and then unwinds the DNA as a helicase
(Stahl et al., 1986). There are several known steps during
the process. First, Tag recognizes several 5¢-GAGGC-3¢
sequences located at the PENTA region of the ori
(Figure 1); it is not clear whether it then assembles as a
double hexamer in a cooperative process triggered by
adenosine nucleotides (Deb and Tegtmeyer, 1987) or
binds as a preformed ring (Uhlmann-Schif¯er et al., 2002).
As a result, one of the hexamers is bound to the early
palindrome (EP) site of the ori (Deb and Tegtmeyer,
1987), stimulating the binding of the second hexamer on
the adjacent AT-rich side. This ATP-dependent assembly
of Tag at the SV40 ori induces structural distortions in the
PENTA ¯anking regions. In two separate but concurrent
reactions the EP melts and the AT-rich region untwists
with no need for ATP hydrolysis (Borowiec and Hurwitz,
1988). Then, in a process coupled to ATP hydrolysis
(Goetz et al., 1988), Tag further unwinds bidirectionally
the DNA duplex with a 3¢®5¢ polarity. Thus Tag
combines in a single protein several functions that in
Escherichia coli are carried out by three different proteins
in replication, namely DnaA, DnaB and DnaC (Kornberg
and Baker, 1992).

A wide range of techniques has been used for the
structural characterization of several aspects of Tag. These
include scanning transmission microscopy (Mastrangelo
et al., 1989), transmission electron microscopy (Wessel
et al., 1992; San Martin et al., 1997; Valle et al., 2000;
VanLoock et al., 2002) and atomic force microscopy
(Mastrangelo et al., 1994). Atomic coordinates for several
Tag domains are available: the DNA origin binding
domain (Luo et al., 1996), the J domain (Kim et al., 2001)
and the structure of a single hexamer of the Tag helicase
domain (Li et al., 2003). The last of these, a DNA-
free structure, has revealed the structural basis for
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hexamerization and has also given important clues to a
possible mechanism for ori disruption and DNA
unwinding.

Our group has focused on the structural characterization
of Tag double hexamers assembled on the SV40 ori, a
complex formed in the ®rst step of viral replication, using
electron microscopy and image processing techniques. Our
previous 2D structural studies (Valle et al., 2000) showed
important features of this nucleoprotein complex, such as
its overall shape and size, and provided the ®rst mapping of
its functional domains. Here we present the ®rst 3D
structure of the full-length Tag double hexamer binding the
SV40 ori in the presence of ADP, determined using
cryoelectron microscopy (cryo-EM) and single-particle
reconstruction techniques. The 3D map shows an extre-
mely ¯exible double-hexamer structure, with a prominent
curvature along the DNA axis. The two Tag hexamers
within the complex are not structurally identical, suggest-
ing a DNA-induced conformational change. The ®tting of
the atomic coordinates of the Tag helicase domain (Li
et al., 2003) into the 3D cryo-EM density map ascertained
that the C-terminal domains are rotated relative to each
other in the complex. Most interestingly, strands of
density, attributable to single stranded DNA (ssDNA),
exit mainly from two opposite sites at the interface of the
hexamers and possibly make contact with the distal
C-terminal domains. Taking into account our results and
the biochemical data available, an integrated model for the
initiation of viral DNA replication is proposed.

Results and discussion

Average structure of the Tag double hexamer on
the SV40 origin of replication
The functional complexes formed by Tag double hexa-
mers assembled on the SV40 ori in the presence of ADP
were imaged as frozen-hydrated specimens in a cryo-
electron microscope. A representative ®eld is shown in
Figure 2A. An average density map of the Tag±ori
complex at 27.5 AÊ resolution (see Supplementary
®gure S1A available at The EMBO Journal Online),
which includes 13 860 particle images, was calculated
(Figure 2B±E) as described in Materials and methods.

The distinctive characteristics of this initial recon-
structed volume con®rmed our previous 2D analysis
performed on negatively stained specimens (Valle et al.,
2000). Clearly, the Tag±ori complex is a bilobed structure
made up of two hexamers arranged in a head-to-head
orientation. Our previous assignment of the N-terminal
and C-terminal domains, based on monoclonal antibody

labeling (Valle et al., 2000), can be directly transferred to
the reconstructed volume (Figure 2B). Thus each lobule, a
single hexamer, consists of two different parts: a larger and
distal one with a clear inner cavity, which corresponds to
the C-terminal domain, and a smaller one in the region
where both hexamers interact with each other, which
corresponds to the N-terminal domain. The C-terminal
domain interacts with p53 and DNA polymerase
a-primase and has the ATPase and helicase domains,
while the N-terminal domain contains the RPA binding
domain and the DNA origin binding domain that
recognizes and binds to the pentanucleotides of the
SV40 ori (Simmons, 2000).

The structures of the C-terminal domains in the double
hexamer are not completely identical, despite the fact that
both hexamers are made up of six copies of the same
polypeptide. This could indicate that either the structure of
this region might be dependent on the DNA sequence with
which it is interacting or that it possesses intrinsic
structural ¯exibility, as was observed in X-ray studies of
this domain (Li et al., 2003).

The transition from the N-terminal to the C-terminal
domains in each hexamer goes through a low-density
region (Figure 2B and C). According to the recently
reported structure of the C-terminal region of Tag (Li et al.,
2003), this connection corresponds to amino acids 255±
266 in the sequence of the protein, a putative ¯exible
linker between the origin binding and helicase domains of
Tag. In our map, this connection is clearly seen in one of
the hexamers (e.g. hexamer 1 in Figure 2B) while it is lost
in the other (e.g. hexamer 2 in Figure 2B). It seems that
through this ¯exible linker the N-terminal and C-terminal
domains of the Tag hexamer achieve nearly complete
structural independence, perhaps re¯ecting the assumed
functional separation between ori binding and melting/
untwisting of the ¯anking regions based on the observation
that mutation of the Tag ori binding domain does not
disrupt origin melting (Chen et al., 1997) and that the
C-terminal domain has helicase activity (Li et al., 2003).

Strikingly, at the interface between the hexamers, in the
connecting region between the N-terminal domains, clear
strands of density protrude away (labeled with asterisks in
Figure 2B). These are seen mainly at two opposite points
(data not shown).

During the image processing procedure no symmetry
was imposed. The analysis of the rotational power spectra
of sections taken along the longitudinal axis of the
C-terminal domain of each hexamer (data not shown)
revealed a preferential 2-fold symmetry, with some small
areas of 3-fold symmetry. No pure 6-fold symmetry was

Fig. 1. DNA probe used in this study that includes the minimal SV40 origin of replication (ori) marked with striped bars. The three main regions of
the ori, outlined as open bars, are PENTA, with the four 5¢-GAGGC-3¢ sequences shown as arrows, the AT-rich region (AT) and the early palindrome
region (EP).
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found in the complex, underlining the unsuitability of
imposing 6-fold symmetry during the reconstruction pro-
cess (VanLoock et al., 2002). The existence of a prefer-
ential 2-fold symmetry and a minor 3-fold symmetry in the
C-terminal domains of the complex would indicate that at
least at this level the Tag polypeptide would arrange as a
trimer of dimers. Interestingly, Li and coworkers (Li et al.,
2003) noted in their X-ray crystallography studies of the
DNA-free helicase domain that three dimers come together
around the crystallographic 3-fold axis to form a hexamer.

Fitting of the helicase domain in the cryo-EM map
The high-resolution structures of several Tag domains are
known, including the solution structure of the DNA origin
binding domain as a monomer (Luo et al., 1996), the J
domain crystallized as a monomer in complex with a
portion of the Rb protein (Kim et al., 2001) and the X-ray
structure of the hexamer formed by six C-terminal
(helicase) domains (Li et al., 2003). During the ®tting,
we found that it is only possible to ®t the hexameric
helicase domain into our structure with high con®dence
because the N-terminal regions, where the DNA origin
binding and J domains are localized, are not completely
de®ned in our 3D map, and there are no restrictions in
shape that could shed light to the way in which these
domains are arranged in the complex.

The atomic coordinates of the hexamer formed by the
Tag helicase domain (Li et al., 2003), residues 266±627,
were ®tted into the C-terminal domains of the double-
hexamer electron density map (Figure 3A). The overall
agreement in shape between each C-terminal domain and
the ®tted atomic coordinates is high, as revealed by the
cross-correlation values of 0.83 and 0.89 in hexamer 1 and
hexamer 2, respectively. Moreover, the measure of
resolution using the C-terminal domain of hexamer 2
and the ®tted atomic coordinates in this hexamer also
re¯ect this concordance (see Supplementary ®gure S1B for
more details). Figure 3B and C presents a close-up of the
®tting performed on hexamer 2, which has a higher cross-
correlation value for the ®tting. The central cavities
observed in the map correspond well to the cavity
described in the X-ray structure and localize in the same
region (Figure 3B and C). The N-terminal end of the X-ray
structure points to the mass at the center of the double
hexamer where Tag N-terminal domains are located.
Owing to the differences in resolution it is not possible to
observe the six lateral exit holes described in the X-ray
structure and therefore a comparison between these two
structures at this level is not feasible.

Relative rotation of the C-terminal domains
The ®tted atomic coordinates of Tag helicase domains
clearly showed a relative rotation (Figure 3D). The
measurement of such rotation gave an angle of 12° (data
not shown). In the cryo-EM map, when slices correspond-
ing to the cavity regions from both hexamers were
compared, a relative rotation of around 10°±15° between
the two C-terminal domains was also found (data not
shown). Since the resolution of the cryo-EM map does not
allow a straightforward interpretation of this rotation, the
following two scenarios are possible: (i) each hexamer
binds the ori in an interlocked way, i.e. the N-terminal
domains are not in register, or (ii) the N-terminal domains
are in register and so the rotation comes from the
C-terminal domain and/or the linker region. In the ®rst
case, the phase difference between the hexamers is
probably due to the recognition of the pair of pentanucleo-
tides in the center of the ori. The initial binding of Tag to
ori is preferentially supported by the interaction with
pentanucleotide pairs 1±3 or 2±4 (Joo et al., 1998). The
pentanucleotides in each pair are situated in the same face
of the double-stranded DNA (dsDNA), but with a phase
shift of ~72° (considering 10 bp per turn or 36° per
nucleotide). Taking into account the fact that the six

Fig. 2. Tag double hexamer on the SV40 origin of replication.
(A) General ®eld of one of the untilted micrographs used in this study,
with some of the selected particles outlined. (B and C) Side views of
the Tag±ori complex in a semitransparent display. Annotations indicate
each of the two hexamers and their corresponding C-terminal (C) and
N-terminal (N) domains. Masses protruding from the hexamer±hexamer
junction are marked with white asterisks. Hexamers 1 and 2 have been
arbitrarily assigned. (D and E) Oblique views showing a close-up of
the two C-terminal domains. In all cases 125% of the expected protein
mass is shown.

3D snapshot of Tag±ori complexes
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monomers of Tag are indistinguishable, a rotation of 72°
would be equivalent to an apparent relative rotation of 12°
between the hexamers. In the second case, the N-terminal
domains would bind in register, and so the rotation of the
C-terminal domains might either be the result of opposed
torsions in the ¯exible linkers or a genuine relative rotation
of the distal parts of the C-terminal domains with respect
to the proximal parts.

Flexibility of the Tag±ori complex
The cryo-EM map described in Figure 2B±E reached only
a moderate resolution despite the high number of CTF-
corrected images used. Furthermore, the Tag±ori complex
was known to display an intrinsic variability in its degree
of bending and its total length along the main particle axis
(Valle et al., 2000). These facts led us to consider possible
sources of structural heterogeneity within the sample, such
as different structural conformations or intrinsic ¯exibility
of the nucleoprotein complex. The way to ascertain this
issue is to calculate volumes from different types of
particles (bent or straight) using the random conical tilt
(RCT) scheme (Radermacher et al., 1987). This technique
allows de novo computation of a volume without any prior
knowledge of its structure. If these two types of particles,
bent or straight, give two different RCT reconstructions,
then it conclusively indicates that there is intrinsic
structural heterogeneity in the sample. If, on the other
hand, the two RCT volumes look the same, then the bent
and straight particles are merely different views of the
same structure.

Thus two RCT reconstructions were calculated using
pairs of images recorded at 0° and 50° tilt. The appearance
of the particles in the 0° images (bent or straight) was used
as the basis for the classi®cation, while the particle
projections in the 50° images were used to calculate the
reconstructions (see Supplementary ®gure S2 for details).
Set 1 comprised those untilted images that showed straight
particles, whereas Set 2 comprised those that showed bent
particles. The reconstruction calculated from Set 1 is
straight when visualized from any point of view, and all
projection images generated from this reconstruction show
a straight structure. In contrast, the volume calculated from
Set 2 shows a bent structure when viewed from adequate
angles, and is also bent in some of its projections. This is a
conclusive proof for the presence of structural hetero-
geneity. Therefore the total population of particles, which
was used to generate the average volume, clearly consists
of various subpopulations in different states of bending.

To analyze these variations in three dimensions, a
classi®cation approach was followed based on the
KerDenSOM algorithm (Pascual-Montano et al., 2001)
with a subgroup, the side views, of the total particle
population used to calculate the reconstruction shown in
Figure 2 (see Materials and methods). A total of some
4200 side views (i.e. particles lying ¯at on the grid) were
initially considered and fed to the KerDenSOM algorithm.
The corresponding output map is shown in Figure 4A,
where different degrees of bending along the longitudinal
axis of the double hexamer can be observed. No mask
(rectangular or any kind) was applied to the particles in the
calculation of this map. The algorithm looks for hetero-
geneities within the particle's perimeter, including the
whole of the particle plus as little as possible of the
background so as to avoid a classi®cation based on
spurious features that might be present in the background
of the entire image (see Materials and methods). In order
to de®ne homogeneous `classes' by grouping images
corresponding to similar code vectors from the output map
of the KenDerSOM algorithm, the cross-correlation
coef®cient among neighboring code vectors was com-
puted, grouping only those images corresponding to code
vectors which were strongly correlated (see Materials and

Fig. 3. Fitting of the C-terminal helicase domain into the average
volume. (A) The crystal structure of Tag hexameric helicase domain
(shown in terms of its secondary structure elements, cylinder for
a-helix and arrow for b-strand) was ®tted into the cryo-EM map of the
double hexamer (green wire-mesh). (B and C) Side view and top view
of the close-up for the ®tting on hexamer 2, where an outer section of
the EM map has been removed for clearer visualization of the inner
cavity. (D) The atomic coordinates of Tag helicase domain ®tted into
hexamer 1 (in red) and hexamer 2 (in blue) without the cryo-EM map
to depict the relative rotation of around 12° among the C-terminal
domains. In all cases the Tag±ori complex is shown in translucent
wire-mesh representations accounting for 125% of the expected mass.
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methods). Four different classes were obtained in this way
(containing varying numbers of particles, with 352 in the
least populated and 961 in the highest populated). The
average images of the selected classes are presented in
Figure 4B. Separate reconstructions were calculated for
each of the four groups using the previously assigned
alignment parameters with regard to the average volume
(Figure 2B). These preliminary volumes were then used in
a 3D multireference alignment performed on a subset of
7615 particles that had values of the angle q between 70°
and 110° (particles that lay ¯at on the grid with a rocking
of 620°). This resulted in four newly de®ned groups, with
populations ranging from 2580 to 1410 particles. New
separate reconstructions were calculated and then used as
reference for a complete angular search followed by an
angular re®nement procedure (see Materials and methods).
The reconstructions had improved resolution and good
angular coverage (see Supplementary ®gures S1A and S3).

These four reconstructions show structures with
different lengths as well as different degrees of bending
along their main longitudinal axis (Figure 5A and B). The
C-terminal domain of each hexamer within the volume had
its own rotational symmetry axis. The angle between these
two axes within a double hexamer varies, ranging from
150° to 173° (Figure 5C).

The four reconstructions represent the Tag double
hexamer assembled at the SV40 ori. They portray the

macromolecular assembly responsible for the initiation of
DNA replication as an extremely ¯exible and structurally
heterogeneous complex. In fact, the ori DNA undergoes
extensive remodeling (untwisting of the AT region and
melting of the EP region) upon Tag binding prior to the
initiation of replication (Borowiec and Hurwitz, 1988).
Therefore it is not surprising that the protein complex
would be able to accommodate and sustain changes that
occur in ori DNA through its great ¯exibility and capacity
to bend.

The four structures calculated in this study have been
obtained such that the specimens that contribute to them
are in approximately the same structural conformation.
However, at the level of resolution of this study, it is
impossible to rule out some degree of heterogeneity within
each class. Indeed, the most likely situation is that the
bending of Tag occurs along a path with more or less
continuous curvature, so that the volumes shown
(Figure 5A) would then correspond to four `snapshots'
taken along a rather continuous variable trend.

ssDNA around the Tag±ori complex
Preliminary studies carried out in our laboratory indicated
the possibility of the presence of ssDNA outside the Tag±
ori complex. In an attempt to calculate a 3D reconstruction
of a complex that was free of any loose ssDNA, the Tag±
ori samples were treated, prior to the vitri®cation step,

Fig. 4. 2D classi®cation of Tag±ori side views using a KerDenSOM algorithm. (A) Self-organizing map of Tag±ori side views. The four groups used
to reconstruct the four different volumes are outlined in different colors. (B) 2D averages of the images coming for the groups outlined in (A). Note
that in the case of the most bent and medium bent groups two views are shown. The color code is the same as in Figure 5.

3D snapshot of Tag±ori complexes
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with Mung Bean nuclease, an enzyme that speci®cally
degrades ssDNA. However, this treatment resulted in the
complete disassembly of the dodecameric complex, as no
double hexamers were observed in the electron micro-
scope in the nuclease-treated samples. This observation
strongly suggests that ssDNA is important in the main-
tenance of the structural integrity of the nucleoprotein
complex, and also that this ssDNA is positioned some-
where outside the double hexamer since it was accessible
to the nucleolytic enzyme. In our ®ve reconstructions (i.e.
the one from the total pool and the individual ones, for
each of the four classes de®ned), where the complex has
not been treated with nucleases, several low-density
masses were observed projecting away from the junction
between the two hexamers in the Tag±ori complex
(Figures 2B and C and 5A). These masses are not artifacts
due to a poor orientation sampling in Fourier space

because the angular coverage is extremely good in the
average reconstruction and more than adequate in the class
reconstructions (see Supplementary data for more details).
We interpret these density protrusions as exiting ssDNA at
the interface between the two hexamers. The rest of the
nucleic acid would not be visible further away from the
hexamer owing to its natural ¯exibility. It is worth noting
that when the volume is contoured at a lower density
value, protrusions seem to appear from the distal part of
the C-terminal domain, although, at this resolution, we
refrain from considering it as a proven fact, but rather treat
it as a possibility to be further investigated and con®rmed.

Loops of ssDNA have also been observed in Tag
helicase assays using a plasmid containing SV40 ori DNA
as a substrate, monitored by electron microscopy (Wessel
et al., 1992; Seinsoth et al., 2003). In these studies the two
loops of ssDNA appear to emerge from, and return to, the

Fig. 5. Flexibility and structural heterogeneity of the Tag±ori complex. (A) The four volumes reconstructed after 3D multireference alignment and
angular re®nement. The rotational symmetry axis for each C-terminal domain is also shown. (B) A 90° view when rotating along the main longitudinal
axis. (C) Angles formed by the two rotational symmetry axes within each complex. The volumes are displayed showing 100% of the expected protein
mass.
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helicase and they were described as `rabbit-ear-containing
structures'. Although helicase activity is not possible in
our samples, since they were prepared in the presence of
ADP, these observations lend further support to our
interpretation of the protruding masses as ssDNA.

An integrated model for the initiation of DNA
replication
It is very well established that, during the initiation of
SV40 DNA replication, the ori region undergoes extensive
Tag-dependent structural remodeling, a process that is not
yet fully understood and for which data are sometimes
contradictory. This process renders the DNA accessible to
the rest of the proteins of the replication machinery.

Our results on the 3D structural analysis of the Tag±ori
complex and the known biochemical and other structural
data are integrated in a model for the initiation of SV40
DNA replication (Figure 6). Tag initiates SV40 DNA
replication by speci®c recognition and binding to the four
pentanucleotides in the presence of adenosine nucleotides,
either as a preformed hexamer (Uhlmann-Schif¯er et al.,
2002) (a ring-opening mechanism would then be needed)
or as a succession of monomers (Simmons, 2000)
(Figure 6A). The result is a double hexamer assembled
on the origin of replication arranged in a head-to-head
orientation (Figure 6B). In this way the N-terminal (ori
binding) domains of each hexamer would cover the
appropriate pairs of pentanucleotides, while the
C-terminal (helicase) domains would cover the ¯anking
EP and AT-rich regions. Upon double-hexamer formation,
the EP region would melt and the AT region would
undergo local untwisting (Borowiec and Hurwitz, 1988),
events thought to precede strand separation in the
pentanucleotide region (Figure 6C). The initial alteration
of the ¯anking regions could be mediated by the intrinsic
dynamic properties observed in the C-terminal domains of
Tag (Li et al., 2003; this work) and facilitated by the
capacity of the complex to adopt varying degrees of
bending along the DNA axis. At this point the two
hexamers would have already adopted different conform-
ations to perform the task of disrupting the DNA (indicated
by the coloring scheme in Figure 6). It is also possible that
the inner chambers within each C-terminal domain might
change their shape and size to accommodate the emerging
modi®cations in the DNA structure. The putative cap-
ability of the C-terminal domains to rotate might also help
to destabilize the DNA ¯anking regions. At this stage, the
pentanucleotides would remain as dsDNA. The next step
or steps would lead to the structure shown in this work, in
which masses attributable to ssDNA are observed exiting
the interhexamer junction mainly at two opposite sites, in
the absence of ATP hydrolysis. This would imply
(Figure 6D) that at least part of the core ori must have
changed from dsDNA to ssDNA, since the mass assigned
to ssDNA emerges from the N-terminal domains interface
where the pentanucleotides (the speci®c binding sites) are
located. Probably, the angle between the two hexamers
changes as the ori remodeling proceeds.

It is not known how the ori achieves unwinding. Perhaps
the remodeling of the ¯anking regions induces a re-
arrangement of the N-terminal domains that results in a
change in the binding mode from dsDNA to ssDNA. As a
result, the N-terminal domain (which might have changed

its conformation, as indicated by the different coloring in
Figure 6D) encircles a piece of ssDNA, while the other
DNA strand is displaced from the hexamer. This con-
sideration would imply that at least one of the adjacent
¯anking regions, likely the EP region, must have pre-
viously progressed in its remodeling to the form of fully
ssDNA. The corresponding C-terminal domain would then
also encircle one piece of ssDNA through sugar±phos-
phate contacts (SenGupta and Borowiec, 1994), probably
via the positively charged residues present in the
C-terminal chamber (Li et al., 2003). As a result, the
other DNA strand is displaced from the hexameric channel
at the C-terminal level through an as yet unknown
mechanism. The six side-holes observed in the wall of
the chamber within the helicase domain (Li et al., 2003)
might provide exiting points for the ssDNA from the
C-terminal domain. The extensive structural ¯exibility of
the Tag±ori complex as well as the possible ability of the
C-terminal domains to rotate in the absence of energy
would, again, be vital for the promotion and maintenance
of this sequence of movements.

Our integrated model proposes that the C-terminal
(helicase) domains on each end of the Tag double hexamer

Fig. 6. Model of the initiation of SV40 DNA replication. See text for
details.
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and the N-terminal (origin binding) domains are able to
distort at least half of the SV40 ori (and possibly all of it)
to produce fully ssDNA during the initiation of replication.
The ssDNA loop(s) generated would be released through
the sides of the C-terminal domains and the interface
between the N-terminal domains, explaining the so-called
`rabbit-ear-containing structures' observed in the electron
microscope by Wessel and coworkers (Wessel et al.,1992)
as intermediates during DNA helicase reactions. The
bubble of ssDNA outside the Tag±ori complex is then
available for the access of other components of the
replication machinery and the complex is ready for the
next stage: the beginning of the helicase activity and
the subsequent opening of the DNA in an ATP-fueled
process (Figure 6E).

During DNA unwinding, the two hexamers could
become separate entities that migrate in the 3¢®5¢
direction. Or, as suggested in Figure 6E, the complex
would remain as a double hexamer with the ssDNA
threaded through it, implying that the helicase cannot
move along the DNA. Instead, the DNA would be
translocated through the complex, which is consistent
with the observation that replisomes are bound to the
nuclear scaffold at replication centers (Cook, 1999;
Falaschi, 2000). Also consistent with this notion, it has
been reported that the double hexamers form a stable
ternary complex with nucleolin and topoisomerase I
(Seinsoth et al., 2003) and that the ternary complex has
a `helicase-swivelase' activity thought to be essential for
DNA replication.

The reconstructed volume of the double hexamer of Tag
on the SV40 ori presented here is the ®rst 3D structure
described for this macromolecular complex. Other struc-
tural studies of the Tag on DNA have been reported
(VanLoock et al., 2002), but using a synthetic DNA probe
that has no sequence or structure analogy to SV40 ori and
thus of unknown physiological relevance. The results
presented here show a highly ¯exible Tag double hexamer
that is able to promote and accommodate all the structural
rearrangements that the ori must undergo prior to replic-
ation. Our structure provides new evidence for displaced
ssDNA exiting the complex from the inte-hexamer
junction formed by the N-terminal domains at a very
early time during the initiation of SV40 DNA replication.
We suggest that these structures represent a gallery of 3D
snapshot of the earliest stages in SV40 DNA replication.

Materials and methods

Formation of Tag±DNA complexes
Tag was puri®ed as described (Simanis and Lane, 1985). The DNA probe
containing the complete SV40 ori (Figure 1) was obtained by PCR
ampli®cation with the primers Oligo-NcoI (5¢-CCA-TGG-CTG-ACT-
AAT-TTT-TTT-TAT-TTA-TGC-AG-3¢) and Oligo-HindIII (5¢-AAG-
CTT-TCT-CAC-TAC-TTC-TGG-AAT-AGC-3¢), using pOR1 as a tem-
plate (DeLucia et al., 1986). A solution of 922 nM Tag and 39 nM DNA
was incubated in the presence of 3 mM ADP, in 20 mM Tris±HCl pH 7.5,
50 mM NaCl, 5 mM KCl and 2 mM MgCl2 buffer for 1 h at 37°C, and
then dialyzed against the incubation buffer.

Cryoelectron microscopy
The sample was vitri®ed on a carbon-coated copper grid that was
previously glow-discharged. Micrographs were taken under low-dose
conditions on a Tecnai F20 ®eld emission gun at 200 kV, at a
magni®cation of 64 2003. Images taken at 50°, 10° and 0° tilt, with

defocus ranging from 1.2 to 4.5 mm, were used for the ®nal
reconstruction. Micrographs were digitized on a SCAI ¯atbed scanner
(Zeiss, Germany) with a sampling window corresponding to 3.27 AÊ per
pixel on the object scale. The image processing was performed using
Xmipp (Marabini et al., 1996) and SPIDER (Frank et al., 1996) software
packages.

Initial reconstruction using the random conical tilt scheme
A preliminary reconstruction was obtained using the random conical tilt
(RCT) scheme (Radermacher et al., 1987). Pairs of images were collected
at 50° and 0°. The 0° images were analyzed with a novel neural-network-
based self-organizing map algorithm termed KerDenSOM. This algo-
rithm is able to produce a sampling of the probability density function of
the image particle population in a quantitative and de®ned manner
(Pascual-Montano et al., 2001). In this way, a homogeneous population of
around 500 particles was selected. This group was then translationally
aligned by cross-correlation using a low-pass ®ltered disk with a diameter
close to the longitude of the particle, and rotationally aligned by cross-
correlation with a low-pass ®ltered average image obtained with a
reference-free alignment algorithm (Marco et al., 1996). This procedure
yielded the in-plane rotation angle. The translational alignment of the 50°
tilted images was done by cross-correlation between the untilted partner
and the tilted-specimen image stretched by a factor of 1/cos qt (where qt is
the tilt angle) in the direction perpendicular to the tilt axis. The tilted-
specimen projections, thus aligned, were used to calculate a 3D volume
using ART with blobs (Marabini et al., 1998) with an imposed 6-fold
symmetry to improve the signal-to-noise ratio.

Three-dimensional reconstructions of Tag/ori complexes
A total of 14 140 particles from micrographs recorded at 50° (944), 10°
(1839) and 0° (11 357) tilt were translationally aligned using Radon
transforms (Radermacher, 1994), with the preliminary RCT reconstruc-
tion low-pass ®ltered to 40 AÊ used as a reference. An initial search for
projection orientations was done using Radon transforms in increments of
12° for the three Eulerian angles over the complete angular range. At the
end of each search, the volume was updated and the process was started
again. Six of these rounds were performed. Since the images were taken at
several defoci, a correction of the contrast transfer function (CTF) was
performed (Radermacher et al., 2001). The astigmatism and defocus of
each micrograph was calculated, and the CTF was corrected by ¯ipping
the sign of the Fourier components. A new reconstruction was calculated
using the corrected images, and was then used as a starting reference for a
®nal set of re®nement steps. The angular increment and the search
intervals in the three angles was gradually decreased until more than 95%
of the images had stable values of angles and the increments reached 1°.
The angular coverage is shown in Supplementary ®gure S3A. Some
particles were discarded during the re®nement procedure, so that 13 860
particles were ®nally used.

The ®nal 3D reconstruction was calculated using ART with blobs
(Marabini et al., 1998), using a l value of 0.01 and a radius of 47 pixels,
and then ®ltered to the estimated ®nal resolution. No symmetry was
applied. The resolution was estimated by randomly splitting the dataset in
two groups, calculating separate volumes and comparing them in Fourier
space. The resolution was based on a 0.5 cut-off for the Fourier shell
correlation curve (Saxton and Baumeister, 1982), with a ®nal value of
27.5 AÊ (see Supplementary ®gure S1A). The threshold values containing
the different percentages of the predicted molecular mass were calculated
assuming a value of 1.33 g/cm3 as the average density of a protein (Squire
and Himmel, 1979).

Study of the structural heterogeneity
In order to sort out the total particle image population into more
homogeneous structural classes the following procedure was used. First,
all the side views used to calculate the Tag±ori reconstruction were
selected (a side view was de®ned as a view coming from a projection
direction such that the largest dimension of the particle, its 'axis', made
an angle between 80° and 100° with the electron beam). Secondly, these
selected particles were subjected to a KerDenSOM variability analysis.
Thirdly, four groups were de®ned in the output map on the basis of the
degree of bending and the total length of the side views. The numbers of
particles in each group were 961, 904, 688 and 352, respectively. Finally,
separate reconstructions were calculated for each of the groups using the
previously assigned alignment parameters. These four reconstructions
were used as reference volumes for a 3D multireference alignment using a
dataset of 7614 particles which q angles were between 70° and 110°. In
this procedure, each of these particles was confronted with the four
volumes in a complete angular search, and then the decision as to which
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volume they best belonged to was made according to the size of the best
cross-correlation coef®cient. After regrouping the particles into new four
subsets, an angular re®nement procedure was done to allow each particle
to ®nd its best position in the new volume. The distribution of f angles
(the rotation angle around the main longitudinal axis of the particle) in
each volume after all the cycles of angular alignment provides a good
indication of the achieved angular coverage (see Supplementary
®gure S3B±E). The four volumes shown in Figure 5 were calculated
using ART with blobs and l = 0.062. Each volume had a different number
of particles: 2579 for the volume with highest curvature, 2048 for the one
with medium curvature, 1411 for the straight and long, and 1576 for the
straight and short. The resolution (calculated as previously described) was
30.5 AÊ for the straight and longest volume and 29.5 AÊ for the others
(Supplementary ®gure S1A).

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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