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SUMMARY

Double-stranded DNA (dsDNA) viruses such as
herpesviruses and bacteriophages infect by delivering their genetic material into cells, a task mediated
by a DNA channel called ‘‘portal protein.’’ We have
used electron cryomicroscopy to determine the
structure of bacteriophage P22 portal protein in
both the procapsid and mature capsid conformations. We find that, just as the viral capsid undergoes
major conformational changes during virus maturation, the portal protein switches conformation from
a procapsid to a mature phage state upon binding
of gp4, the factor that initiates tail assembly. This
dramatic conformational change traverses the entire
length of the DNA channel, from the outside of the
virus to the inner shell, and erects a large dome domain directly above the DNA channel that binds
dsDNA inside the capsid. We hypothesize that this
conformational change primes dsDNA for injection
and directly couples completion of virus morphogenesis to a new cycle of infection.
INTRODUCTION
The icosahedral capsid represents a formidable example of a
biological nanocage that withstands tremendous internal pressures generated by the tightly packaged viral genome (Chemla
et al., 2005; Ivanovska et al., 2004; Johnson and Chiu, 2007).
In many bacteriophages and herpesviruses, the capsid displays
extraordinary structural plasticity and undergoes dramatic conformational changes during viral maturation (Jiang et al., 2003;
Johnson and Chiu, 2007; Knopf, 2000; Mettenleiter et al.,
2006; Steven et al., 1997; Zhang et al., 2000). In the morphogenesis of the double-stranded DNA (dsDNA) bacteriophage P22,
a well-characterized member of the Podovirus family, the coat
protein (gp5), together with scaffolding (gp8), portal protein
(gp1), and injection proteins (gp7, gp17, gp20), self-assembles
to form a 600 Å spherical intermediate known as the procapsid
(Israel, 1977; Jiang et al., 2003; Johnson and Chiu, 2007;
Thuman-Commike et al., 1996; Zhang et al., 2000). The portal
protein occupies a unique vertex of the icosahedron, where it
forms a gateway through the proteinaceus capsid as well as

the attachment site for external tail accessory factors. The terminase complex (gp2, gp3) temporarily associates with portal
protein to form the ‘‘genome packaging motor,’’ a powerful
molecular machine that uses ATP to package dsDNA into the
capsid (Casjens and Huang, 1982; Jackson et al., 1982). While
the viral genome is packaged inside the virion (Casjens and
Huang, 1982; Earnshaw and Harrison, 1977; Earnshaw et al.,
1978; Jackson et al., 1982), the capsid volume increases 2-fold
through major conformational changes in coat proteins (Jiang
et al., 2003; Thuman-Commike et al., 1996; Zhang et al., 2000)
and becomes an angularized icosahedron more than 700 Å in
diameter (Chang et al., 2006). Finally, the terminase complex
dissociates from portal protein, and the ‘‘genome injection machinery’’ begins to assemble in preparation for a new cycle of
viral infection (Johnson and Chiu, 2007).
During infection, the viral genome is injected through the portal
protein channel into the host. In P22, the genome injection
machinery is a 2.8 mDa molecular machine composed of a dodecamer of gp1 (Chang et al., 2006; Lander et al., 2006) forming
the portal protein, in complex with several copies of tail accessory factors gp4, gp10, and gp26, which assemble sequentially
onto portal protein in this order (Bhardwaj et al., 2007; Strauss
and King, 1984). This is followed by the attachment of the tailspike adhesin gp9, which completes the assembly of the
genome injection machinery, rendering the virus fully infectious
(Chang et al., 2006; Johnson and Chiu, 2007; Lander et al., 2006).
Using electron cryomicroscopy, we show that portal protein
undergoes dramatic quaternary structure rearrangements
during virus maturation. We propose that, similarly to the coat
protein, the portal protein adopts a procapsid conformation
and a mature phage conformation. The mature phage conformation, which is induced by gp4 binding, enables portal protein to
bind viral DNA and likely recruits the injection proteins inside
the virion in preparation for a new cycle of viral infection.

RESULTS AND DISCUSSION
Procapsid Form of Dodecameric Portal Protein
Portal protein from bacteriophage P22 is significantly larger than
in most phages (1 mDa) and is therefore more similar to portals
found in the herpesvirus family (Newcomb et al., 2001). Ectopically expressed P22 portal protein is polymorphic in solution,
consisting of rings of 11- and 12-fold symmetry (Cingolani
et al., 2002; Lander et al., 2006; Orlova et al., 2003; Poliakov
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Figure 1. Electron Cryomicroscopic Analysis of 12-Fold
Symmetric Assemblies of Portal725, Portal602, and
Portal602:gp4
(A–C) Representative electron cryomicroscopy micrographs for
portal725, portal602, and portal602:gp4 complexes, respectively.
Projection averages are shown in the middle and angular distribution plots on the right.
(A) Portal725 particles form many head-to-head or head-to-tail
interactions, limiting the usefulness of this preparation for structural analysis. Note the paucity of side views.
(B) Portal602 distributes more evenly on the cryomicroscopy grid
and is therefore a far better cryomicroscopy sample than
portal725.
(C) Portal602:gp4 complexes. Side-view projection averages
show an elongated particle when compared with portal602. A
strong density above the crown domain resembling a cap is
seen. Twelve spokes are clearly visible in top view projection
averages, indicating that dramatic conformational changes in
portal protein ensue following gp4 binding.
(D) The resolutions for all reconstructions were determined
using the 0.143 (Rosenthal and Henderson, 2003) criteria and
are indicated in the plot as 24 Å for portal725, 8.5 Å for
portal602:gp4, and 8 Å for portal602. Scale bar, 30 nm. The size
length of individual projection average boxes is 20 nm.

et al., 2007). We developed a purification protocol that yields
a homogeneous preparation of dodecameric rings (Lorenzen
et al., 2008) and analyzed the structure of portal protein by electron cryomicroscopy (Figure 1). Notably, full-length portal protein
(portal725) displayed a biased orientation on cryogrids, which
was complicated by the tendency of the protein to form elongated aggregates (Figure 1A). Due to the paucity of side views
(De Rosier and Klug, 1968), only a low-resolution 3D model of
the portal725 was reconstructed from frozen hydrated particles
(see Figure S1 available online). However, a carboxy-terminal
truncation of portal protein spanning only residues 1–602, and
called ‘‘portal602,’’ behaved as an ideal specimen for cryomicroscopy (Figure 1B). Portal602 has hydrodynamics, oligomerization

properties, and biochemical binding activity identical to the full-length portal (Figure S2). Native mass
spectrometry confirms that portal602 assembles
exclusively into stable 12-mers (Lorenzen et al.,
2008). In vivo, the carboxy-terminal end of portal
protein is dispensable for oligomerization (Lorenzen
et al., 2008), assembly into the virion, and virus infectivity (Bazinet et al., 1990). A 3D reconstruction of
portal602 is shown in Figure 2. The quaternary structure of dodecameric portal602 resembles a hollow
mushroom, 155 Å in diameter and 110 Å tall with
a central pore 35 Å in diameter, large enough to
accommodate fully hydrated dsDNA. Similar overall
architecture has been reported for portal proteins
from other viruses such as herpesvirus, Phi 29,
SPP1, and T7 (Agirrezabala et al., 2005; Guasch
et al., 1998; Orlova et al., 2003; Simpson et al.,
2000; Trus et al., 2004). Three distinct domains are
identified in side view, annotated from top to bottom
as the collar, crown, and funnel domains (Figure 2A).
The ‘‘top’’ of the portal protein is the region that
resides inside the virion (Chang et al., 2006; Lander
et al., 2006), while the ‘‘bottom’’ is the region that protrudes
outwards. Directly below the collar domain, the crown domain
consists of 12 clearly defined spokes emanating from the central
DNA channel in portal725 (Figure S1), which appear truncated in
portal602 (Figures 1A, 1B, and 2C and Figure S1E). The spokes
have a periodicity of 30 and adopt a slightly anticlockwise orientation when viewed from the top (Figure S1). The funnel domain is
45 Å long, is 80 Å in diameter, and is situated directly below the
crown domain. It protrudes away from the viral capsid and forms
the only possible interface between portal protein and adaptor
proteins such as the terminase complex or the tail accessory
factor gp4 (Chang et al., 2006; Johnson and Chiu, 2007; Lander
et al., 2006).
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Figure 2. Structure of 12-Fold Symmetric Portal602 at
10 Å Resolution
Electron cryomicroscopy structure of portal602 in the procapsid form. For all figures, we define the ‘‘top’’ as the region of
portal that would reside inside the P22 virion, while the ‘‘bottom’’ is the region that would protrude outward.
(A) In side view, the portal assembly adopts a mushroom-like
conformation of about 110 Å in height, which presents three
domains, annotated from top to bottom as the collar, crown,
and funnel domains.
(B and C) Bottom and top views of dodecameric portal602 ring
reveal a central pore large enough to accommodate hydrated
dsDNA. The outer diameters of the crown and funnel domains
are approximately 155 and 80 Å, respectively. In all panels, the
density map was normalized using MAPMAN (Kleywegt and
Jones, 1996) and displayed at a contour level of 4.6s above
background corresponding to the molecular mass as calculated in SPIDER (Frank et al., 1996).

Mature Capsid Form of Dodecameric Portal602
in Complex with gp4
The funnel domain of the portal protein protrudes out from the
viral capsid, leaving it as the only possible binding site for gp4
(Chang et al., 2006; Lander et al., 2006). In our cryomicroscopy
reconstructions, gp4 binds to the funnel domain of portal602 in
a one-to-one ratio (Figure S2), in full agreement with previously
published data (Olia et al., 2006). The density corresponding to
gp4 is represented by two 12-fold symmetric concentric rings,
which are consistent with a total mass of 220 kDa and correspond to 12 copies of gp4 (Figure 3A, dashed box). In the gp4bound form, portal602 undergoes dramatic conformational

changes spanning the entire length of the channel (Figure 3A).
The funnel domain increases in diameter from 85 to 110 Å while
the crown domain reconfigures, now displaying 12 well-defined
spokes (Figures 3B and 3C). The collar domain decreases its
diameter from 85 to 70 Å in the portal602:gp4 complex and
exposes 12 elongated rod-like densities pointing straight up
toward a large dome, 40 Å in diameter, that is situated directly
above the DNA channel (Figure 3A).
The density of the dome domain may originate from regions of
portal602 that are disordered in the procapsid form of portal
protein, and therefore invisible in our 3D reconstructions, but
become stabilized following gp4 binding. Although the density
Figure 3. Structure of 12-Fold Symmetric Portal602:gp4
Complex at 10 Å Resolution
Electron cryomicroscopy structure of portal602 bound to twelve
copies of gp4.
(A) (Side view) The portal602:gp4 complex is 160 Å in height. The
gp4 density is visible directly below the funnel domain and
contributes 30 Å to the total height of the complex (enlarged
box). A large dome-shaped domain is seen above the collar
domain, directly over the pore of the DNA channel.
(B and C) Bottom and top views of portal602:gp4 complex reveal
that, following gp4 binding, the central DNA channel remains
hollow but is occluded by a large dome-shaped domain at the
very top. The overall diameter of the crown domain remains
unchanged from portal602 at 155 Å but now presents 12 clearly
defined spokes. The funnel domain increases its diameter to
110 Å. As for Figure 2, the density map for portal602:gp4
complex was filtered to 10 Å, normalized using MAPMAN
(Kleywegt and Jones, 1996), and displayed at 4.1s above background corresponding to the molecular mass as calculated in
SPIDER (Frank et al., 1996).
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Figure 4. Gp4 Induces Dramatic Conformational
Changes in the Portal602 DNA Channel
(A) Comparable sliced side views of portal602 (blue) and portal602:gp4 (red) filtered to identical resolution (10 Å) and displayed at 4.6s and 4.1s above background, respectively.
Gp4 binding to the funnel domain triggers an overall
reorganization of the internal features of the DNA channel.
(B) Sliced side view of portal602 identifies the funnel domain as
the narrowest point in the DNA channel at 35 Å diameter
(asterisk). Cylindrical densities line the channel pore in a zigzag fashion (yellow highlights).
(C) Sliced side view of portal602:gp4 complex. The funnel
domain increases slightly in diameter to 40 Å but still represents the narrowest point in the DNA channel (asterisk).
Pore-lining densities no longer adopt a zig-zag orientation
but rather appear to be pointing straight toward the center
of the channel (yellow highlights).

of the dome seems discontinuous from the portal602:gp4
complex (Figure 3A), at a lower contour level (2.9s above background), the density is continuous, suggesting that the dome is
connected to the collar domain of portal602 by flexible loops.
Overall, the binding of gp4 to the funnel domain of portal602
induces a conformational change that is transmitted over
100 Å away, from a location outside of the viral capsid to the
inner DNA-filled cavity (Chang et al., 2006; Lander et al., 2006).
The internal structure of portal602 undergoes dramatic conformational changes upon gp4 binding. As seen in a side-view slice
through the DNA channel of portal protein, the channel diameter
(‘‘vestibule’’) changes, and pore-lining densities reorient
(Figure 4). Prior to gp4 binding, the funnel domain forms the constriction site in the channel with a diameter of 35 Å (Figure 4B,
asterisk). Directly above, the vestibule opens up in the crown domain to a diameter of 70 Å and finally narrows again at the collar
to 40 Å. Pore-lining densities in portal602 are elongated, appear
rod-like in shape, and are tilted with respect to the vertical axis
of the portal protein (Figure 4B, yellow highlights). Following
gp4 binding to portal602, both the channel diameter and the orientation of the pore-lining densities change. The channel diameter widens to 40 Å at the constriction site (Figure 4C, asterisk),
80 Å at the crown domain, and 45 Å at the collar. Most dramatically, all pore-lining densities reorient perpendicularly to the vertical axis of the pore and appear to point straight inwards toward
the center of the DNA channel (Figure 4C, yellow highlights).
The Dome Is a DNA Scaffolding Domain
Incubation of portal602:gp4 with a 38-mer dsDNA oligonucleotide (130 Å in length) clearly revealed DNA bound to the

dome domain in negatively stained preparations
(Figure 5A, arrows). Portal602 did not bind DNA in
the absence of gp4 (data not shown), suggesting
that conformational changes induced by gp4 binding not only stabilize the dome domain but also
prime this molecular machinery for binding DNA.
How does the dome bind DNA? Sequence alignment of nine portal proteins identified a single
conserved motif of positively charged residues,
286
KRRR289, common to all members of the Podoviridae family of bacteriophages (Figure 5B, yellow). This region is disordered in the structure of Phi 29 portal
protein, where it was thought to form part of the collar domain
and project into the DNA channel (Guasch et al., 1998; Simpson
et al., 2001; Simpson et al., 2000). Secondary structure prediction for the P22 portal protein suggests that this motif falls in a
region (residues 277–293) with high propensity to fold into a helix,
which we will refer to as DNA-binding helix or ‘‘db helix.’’ Overall,
the db helix contains seven positively charged residues that may
be important for DNA binding (Figure 5B). A helical wheel representation of the db helix reveals diametrically opposed positively
charged and hydrophobic faces (Figures 5C and 5D). Sideby-side packing of 12 such db helices within the dome domain
would create a tunnel lined with strong positive surface charge
that could be important for binding DNA. In this scenario, the
positively charged residues are important for binding DNA and
could be used to chaperone DNA through the channel, while
the hydrophobic face could be used for helix-helix packing interactions that stabilize the dome domain.
We hypothesize that the db helix is disordered in the procapsid
conformation of portal protein but becomes structured in the
mature capsid form following gp4 binding. Polyarginine repeats
have been previously reported to have an intrinsic structural
plasticity. For instance, the arginine-rich RRE-binding element
of HIV-1 Rev protein is fully helical in complex with a 35-mer
RRE RNA aptamer I (Ye et al., 1996), whereas it adopts an
extended conformation (Ye et al., 1999) in complex with the
27-mer RRE RNA aptamer II. The transition between the two
structural forms presumably occurs upon interaction with the
acidic RNA pocket. Similarly, the IBB domain of importin a also
presents a basic stretch, 28RRRR31, which adopts a random
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Figure 5. DNA Binding to Portal602 Dome Domain
(A) Negatively stained preparation of portal602:gp4 in complex with DNA. An elongated density (100 Å) is clearly visible projecting outward from the dome domain of portal602:gp4 in the presence of DNA (arrows). Inset projection averages: portal602:gp4 on the left, DNA-bound portal602:gp4 on the right.
(B) Sequence alignment of nine related portal proteins identify a possible DNA-binding helix (db helix). A stretch of conserved positively charged residues is
identified in yellow. Surrounding glycine residues (highlighted in blue) suggest this region may be flexible.
(C and D) When folded as a helix, one face is positively charged and may be important for DNA binding, while the other face is hydrophobic and may be important
for packing interactions. Multiple sequence alignment (Altschul et al., 1990) was done in Clustal W (Thompson et al., 1994); secondary structure prediction was
performed with PREDATOR (Frishman and Argos, 1996) and helical wheel representation according to Schiffer and Edmundson (1967).

coiled conformation in solution (Cingolani et al., 2000) as well as
in the autoinhibited structure of importin a (Kobe, 1999) but
becomes folded into a helix upon binding to the acidic surface
of the receptor importin b (Cingolani et al., 1999).
Virus Morphogenesis and Initiation of Infection
The 17 Å electron cryomicroscopy reconstruction of the mature
P22 virion (Chang et al., 2006; Lander et al., 2006) shows a large
DNA-filled icosahedral capsid (Figure 6A, gray), of which a unique
5-fold vertex is occupied by the genome injection machinery
(Figure 6A, green). Four donut-like densities were identified
directly above the portal protein and were postulated to be injection proteins (Lander et al., 2006). We extracted the density for
the genome injection machinery together with the four densities
and fit our portal602:gp4 reconstruction (filtered to 17 Å resolution
to facilitate the following comparison) into the full-length portal
protein reconstruction from the mature virion (Lander et al.,
2006) (Figures 6B and 6C). An overlay of the two reconstructions
matches well: the dome domain seen in the portal602:gp4

reconstruction clearly exists in the mature virion, and the
C-terminal residues lacking in portal602 clearly localize to these
exterior spokes (Figure 6C, arrows). Although the dome forms
a hollow donut surrounding genomic dsDNA in the mature virion
(Lander et al., 2006), the very same region of the dome is solid in
our portal602:gp4 reconstruction (Figure 3).
In addition to binding DNA, the dome domain may be important in recruiting the injection proteins. This is supported by the
cryomicroscopy reconstruction of the mature phage P22, in
which three additional rings of density are visible above the
dome domain, which are likely the injection proteins gp7,
gp16, and gp20 (Lander et al., 2006). It is possible that, as genome packaging nears completion and the procapsid undergoes
conformational changes to the mature capsid form, the terminase complex is displaced by gp4. The binding-induced oligomerization of gp4 (Olia et al., 2006) onto the funnel domain of
the portal ring would initiate a global conformational switch in the
portal protein that erects the dome domain directly above the
DNA channel. This domain may function as a clamp to grasp
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Figure 6. Mapping Portal602:gp4 in the
Mature P22 Virion
(A) Electron cryomicroscopy reconstruction of the
mature P22 virion (MSD #1220). The capsid and
the mature genome injection machinery are colored gray and green, respectively. For clarity, the
DNA density has been removed from within the
capsid.
(B) Scaled comparison of the genome injection
machinery from mature P22 (green) and our portal602:gp4 complex filtered to the same resolution
to facilitate this comparison (red).
(C) Superposition of the two density maps reveals
that the density above the portal protein in the mature phage corresponds to the dome domain seen
in our reconstruction. The missing density of portal602 is in the spokes (arrows). Additional rings of
density above the dome domain may represent
the injection proteins (Israel, 1977; Lander et al.,
2006).

the dsDNA that still lines the channel and to recruit the injection
proteins from within the virion, as seen in the mature phage
cryoreconstruction (Lander et al., 2006). The arginine-rich stretch
of the dome domain folds upon binding to the acidic DNA, forming a highly positively charged surface in the dome, used to prime
DNA in preparation for a new round of viral infection.
Closing Remarks
Using electron cryomicroscopy, we have characterized a dramatic conformational change in the large portal protein of bacteriophage P22. Free portal602, in its procapsid conformation,
adopts a quaternary structure significantly different from that
seen in the mature virion. We demonstrate that the conformational switch from the procapsid form to a mature phage conformation is specifically triggered by the assembly of tail factor gp4.
When DNA packaging is complete, the terminase is disassembled from portal protein, likely via direct competition with
the tail accessory factor gp4, which oligomerizes upon binding

to the portal ring (Olia et al., 2006). This
binding event, which marks the beginning
of the tail assembly, leads to a dramatic
reorganization of the DNA channel into
its mature phage conformation, in which
a dome-shaped domain is stabilized
directly above the DNA channel. This
domain functions as a DNA-binding scaffold, possibly used to clamp onto the viral
genome and recruit the injection proteins
at the portal protein vertex from inside the
virion.
Our work provides an important snapshot of how the end of virus morphogenesis may be coupled to a new round of
infection. In the context of the mature
phage reconstruction (Chang et al.,
2006; Lander et al., 2006), the gp4-induced conformational switch in portal
protein may serve to recruit both viral DNA and the injection proteins in preparation for a new round of viral infection. Future studies must delve into the properties of the dome domain and its
association with viral DNA and injection proteins. Similarly, investigation into maturation events in portal proteins from members of the herpesvirus family is critical for understanding how
these viruses specifically release their genome into the cell
nucleus upon interaction with the nuclear pore complex.
EXPERIMENTAL PROCEDURES
Expression, Purification, and Assembly of Dodecameric Portal
Protein Complexes
The gene-encoding phage P22 portal protein (gp1) was cloned in a pET-21b
vector. The C-terminal histidine tag was removed by site-directed mutagenesis by introducing a stop codon immediately after residue 725. C-terminally
truncated portal protein (1–602) was generated by introducing an amber
stop codon at position 603. Both untagged portal protein constructs were
expressed in E. coli strain BL21 cells for 4–5 hr at 30 C and purified from the
soluble fraction using 30% ammonium sulfate. Precipitated portal monomer
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was dialyzed and concentrated to 200 mg/ml using a Millipore 100 kDa
concentrator. To enrich the sample for fully assembled dodecameric portal
rings, 0.5 M EDTA was added to a final concentration of 60 mM, and portal protein samples were incubated at 37 C for 2–3 hr. The heat shock resulted in massive precipitation, which was pelleted by centrifuging at 100,000 3 g for 35 min.
The resulting supernatant, which contained only fully oligomerized dodecameric
portal protein (Lorenzen et al., 2008), was further purified on a Sephacyl S-300
gel filtration column equilibrated with phosphate-buffered saline. Recombinant
gp4 was expressed in E. coli strain BL21 cells and purified as described before
(Olia et al., 2006). The complex portal602:gp4 was formed by adding a 3-fold molar excess of gp4 to dodecameric portal protein followed by purification of the
complex on a Sephacyl 300 gel filtration column. Native gel electrophoresis
on agarose gel was performed according to established procedures (Olia
et al., 2006). For DNA binding, portal602 or portal602:gp4 complexes were incubated with a 38 bp segment of DNA (sequence ACGGTTTCCCCGAAATTG
ACGGATTTCCCCGAAATGGC). Preparations were negatively stained according to established protocols (Ohi et al., 2004) and viewed on a transmission electron microscope operated at 100 kv (Morgagni, FEI, Hillsboro, Oregon). Images
were recorded using a 2k 3 2k Gatan charge coupled device camera. Projection
averages for both portal602:gp4 and DNA-bound portal602:gp4 were calculated
in Spider (Frank et al., 1996).
Electron Cryomicroscopy and Data Processing
Full-length portal protein (portal725), portal602, and portal602:gp4 complexes
were prepared for electron cryomicroscopy as follows. A 2 ml drop of sample
at 10 mg/ml was applied to a Quantifoil holey carbon grid (Quantifoil, Germany), blotted with filter paper, and immediately frozen in liquid ethane using
a Vitrobot (FEI, Hillsboro, Oregon). Grids were mounted onto a Gatan highresolution cryo holder and inserted into an FEI Tecnai F20 microscope equipped with a field emission gun and operated at 200 kv. Images of the vitrified
specimen were recorded under low-dose conditions at a nominal magnification of 50,0003 and defocus values ranging from 2.5 to 5 mm. All micrographs
were visually examined using an optical diffractometer to select only drift-free
images with no significant astigmatism. The film was digitized with a Nikon
Super Cool Scan 9000 using a step size of 6.9 mm corresponding to 1.27 Å/
pixel. Digitized micrographs were binned twice, yielding a pixel size of 2.54 Å.
Approximately 20,000 individual particles were selected for portal602, and
36,000 for portal602:gp4 using WEB, and processed in SPIDER to generate
an initial low-resolution 3D density map following established protocols (Frank
et al., 1996). Image refinement using FREALIGN version 7.00 (Grigorieff, 2007)
was performed as described previously (Fotin et al., 2004). Briefly, the contrast
transfer function (CTF) parameters were determined for each micrograph
using the program CTFTILT (Mindell and Grigorieff, 2003), and only those images where the CTF parameters could be accurately determined were used for
further refinement. CTFTILT was used to calculate the defocus, astigmatism
angle, position of tilt angle and tilt axis, and x and y coordinates for each individual particle from every usable micrograph. Search and refine protocols
were used in FREALIGN (Grigorieff, 2007) and were limited initially to a resolution range of 500–40 Å. Euler angles and x, y shifts for each individual particle
relative to the initial search model were determined and further refined in consecutive rounds of refinement in FREALIGN (Grigorieff, 2007). The nominal
resolution of the final reconstruction was estimated from the spatial frequency
at which the FSC fell to 0.143 (Rosenthal and Henderson, 2003) was 8 Å for
portal602 and 8.5 Å for portal602:gp4 complex (Figure 1D). Both density maps
were filtered to 10 Å resolution to facilitate the comparison, and a negative B
factor of 1000 Å2 was applied to the final reconstructions to restore highresolution contrast. Density maps were normalized in MAPMAN version 7.8
(Kleywegt and Jones, 1996). The Contour sigma threshold was determined
in Spider (Frank et al., 1996) and was 4.6s above background for portal602
(760 kDa) and 4.1s above background for portal602:gp4 (1.1 mDa). Density
maps were visualized in UCSF Chimera (Pettersen et al., 2004) and all figures
prepared using the above sigma levels. Portal725 was reconstructed to 24 Å
resolution and could not be further refined because of the lack of side views
(De Rosier and Klug, 1968) (Figure 1A). Portal602 and portal602:gp4 were rotationally and translationally aligned in UCSF Chimera (Pettersen et al., 2004)
until density features common to both lined up (Figure S3). Figure S4 shows
the electron cryomicroscopy reconstructions for both portal602 and

portal602:gp4, filtered to 12.5 and 12 Å, respectively, and corresponding to
the spatial frequency at which the FSC fell to 0.5 (Stewart et al., 1999)
(Figure S4). All features described in this manuscript are clearly visible using
both 0.143 (Rosenthal and Henderson, 2003) and 0.5 (Stewart et al., 1999)
FSC criteria.
Supplemental Data
Supplemental Data include four figures and can be found with this article online
at http://www.molecule.org/cgi/content/full/29/3/376/DC1/.
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