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ABSTRACT

The tailed double-stranded DNA (dsDNA) bacteriophage �29 packages its 19.3-kbp genome into a preassembled procapsid
structure by using a transiently assembled phage-encoded molecular motor. This process is remarkable considering that com-
paction of DNA to near-crystalline densities within the confined space of the capsid requires that the packaging motor work
against significant entropic, enthalpic, and DNA-bending energies. The motor consists of three phage-encoded compo-
nents: the dodecameric connector protein gp10, an oligomeric RNA molecule known as the prohead RNA (pRNA), and the
homomeric ring ATPase gp16. Although atomic resolution structures of the connector and different pRNA subdomains
have been determined, the mechanism of self-assembly and the resulting stoichiometry of the various motor components
on the phage capsid have been the subject of considerable controversy. Here a subnanometer asymmetric cryoelectron mi-
croscopy (cryo-EM) reconstruction of a connector-pRNA complex at a unique vertex of the procapsid conclusively demon-
strates the pentameric symmetry of the pRNA and illuminates the relative arrangement of the connector and the pRNA.
Additionally, a combination of biochemical and cryo-EM analyses of motor assembly intermediates suggests a sequence of
molecular events that constitute the pathway by which the motor assembles on the head, thereby reconciling conflicting
data regarding pRNA assembly and stoichiometry. Taken together, these data provide new insight into the assembly, struc-
ture, and mechanism of a complex molecular machine.

IMPORTANCE

Viruses consist of a protein shell, or capsid, that protects and surrounds their genetic material. Thus, genome encapsidation is a
fundamental and essential step in the life cycle of any virus. In dsDNA viruses, powerful molecular motors essentially pump the
viral DNA into a preformed protein shell. This article describes how a viral dsDNA packaging motor self-assembles on the viral
capsid and provides insight into its mechanism of action.

An essential step in the life cycle of any virus is the encapsida-
tion of the viral chromosome within the confines of a protec-

tive protein shell (capsid). In double-stranded DNA (dsDNA) vi-
ruses, such as herpesviruses, adenoviruses, and the tailed dsDNA
bacteriophages, a relatively rigid, icosahedral protein shell (the
procapsid, or prohead), is first assembled, followed by inser-
tion of a single copy of the replicated viral genome into the
head (1, 2, 3). Among the challenges encountered during ge-
nome packaging are the needs to recognize the viral genome
among the multitude of other nucleic acids in the infected cell
and to overcome the considerable entropic, enthalpic, and
DNA-bending energies that oppose the compaction of the viral
genome within the capsid (4, 5).

In order to accomplish these tasks, dsDNA viruses encode
complex molecular motors that self-assemble on the precursor
capsid and utilize energy derived from ATP hydrolysis to package
the viral genome to near-crystalline densities (2, 3). These force-
generating motors are assembled at a unique vertex of the head
that contains the dodecameric head-tail connector (portal) ring
(6, 7, 8) and serves as the binding site for the force-generating
ATPase component of the motor. To date, the ATPase component
in packaging complexes has been visualized in situ as pentameric
rings (8, 9, 10), although both hexameric and tetrameric ATPase
rings have also been suggested (11, 12). Furthermore, little is
known regarding the molecular events that guide the assembly

and disassembly of these transiently assembled motor complexes
on the viral capsid. Thus, visualization of these multicomponent
molecular machines at various stages during their assembly is crit-
ical to understanding how they self-assemble as a functional mo-
tor complex on the virus capsid.

Bacteriophage �29 is an excellent model system for exploring
motor assembly and for mechanistic studies of DNA packaging (4,
5, 13). Due to the small size, relative simplicity, and highly efficient
in vitro assembly of bacteriophage �29, a wealth of genetic, bio-
chemical, structural, and single-molecule data is available. Like
other dsDNA phages, �29 is assembled via a well-defined mor-
phogenetic pathway that includes the formation of the prohead,
the assembly of a packaging motor complex on the head, ATP-
driven translocation, and motor disassembly at the completion of
packaging (4, 14) (Fig. 1). Unlike the other well-studied dsDNA
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phages, �29 has an additional essential motor component, an oli-
gomeric ring of RNA (termed pRNA), that binds to proheads and
bridges the connector and ATPase components (8, 9, 15, 16, 17)
(Fig. 1 and 2). The formation of the RNA ring is accompanied by
intermolecular base pairing between complementary loops of ad-
jacent pRNAs. Understanding how the pRNA assembles on the
prohead via interactions with the connector and the head shell, as
well as how it provides a structural scaffold for the assembly of the
functional ATPase ring, is essential to determining how the coor-
dinated activity of these components results in the translocation of
the genomic DNA. Since the pRNA ring is thought to functionally
substitute for a protein domain(s) found in the other dsDNA
packaging motors (3), characterization of the assembly events and
complex symmetry mismatches in the �29 system will likely in-
form us as to general principles of motor assembly and function in
this broad class of molecular machines.

The assembly pathway of pRNA has been the subject of much
controversy (8, 9, 15, 17, 18, 19, 20, 21), and there are multiple and
sometimes contradictory reports regarding various aspects of mo-
tor assembly (9, 15, 17, 22, 23). For example, N-terminal residues
of the 12-fold connector, including a critical RKR motif, have been
shown to be essential for pRNA binding (24, 25). However, fitting
atomic structures of the pRNA prohead binding domain into
cryoelectron microscopy (cryo-EM) structures of proheads
showed that pRNA interacts primarily with the 5-fold capsid
rather than with the connector (9, 18, 19). Specifically, the E-loop
of pRNA (Fig. 2C and D) appears to make contact with the head
shell, and mutagenesis has confirmed that the E-loop is indeed
required for prohead binding (18). Additionally, intermolecular
base pairing between pRNA molecules had been identified as nec-
essary for binding (15, 17, 22, 23). Initially, since pRNA readily
dimerizes in solution and since mutation of the pseudoknot resi-

dues that prevents dimerization correlated with a loss of DNA
packaging, the dimer had been proposed as the functional binding
unit (15, 17, 22, 23). However, more recent studies have shown
that dimerization is not essential, as evidenced by the fact that
mutant pRNAs that are monomeric in solution yet retain wild-
type (wt) pseudoknot sequences still bind efficiently and compet-
itively to the prohead and are active in packaging (26). Thus, the
intermolecular interaction is essential only when pRNA is bound
to the prohead. Notwithstanding, the culmination of these many
events is an extraordinarily stable pRNA assembly at the connec-
tor vertex of the prohead, since the bound pRNA ring does not
readily exchange off the head (27).

Here we describe a series of structural and biochemical exper-
iments designed to visualize the packaging motor vertex at high
resolution, reconcile conflicting data on pRNA stoichiometry,
and probe the sequence of molecular events that occur during
motor assembly. A subnanometer asymmetric cryo-EM recon-
struction of the connector-pRNA vertex of proheads shows pen-
tameric symmetry for the pRNA and illuminates both pRNA-con-
nector and pRNA-capsid interactions. Additionally, cryo-EM
structures of �29 proheads before and after pRNA attachment
document conformational changes in the procapsid that must oc-
cur to create the primary binding site for pRNA attachment dur-
ing motor assembly. We further demonstrate that intermolecular
base pairing between neighboring subunits in the pRNA pentamer
results in stable ring formation wherein individual subunits are
effectively locked into place. Taken together, these results not only
suggest a defined sequence of molecular events that constitute part
of the assembly pathway of a complex molecular motor but also
shed light on basic biological processes, such as molecular recog-
nition, self-assembly, and coordinated protein-protein and pro-
tein-nucleic acid interactions.

FIG 1 Assembly pathway of bacteriophage �29.
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MATERIALS AND METHODS
Production of wild-type and mutant pRNAs. �CCA, F6/F7, F6, and F7
mutant pRNAs had been constructed previously (17, 28, 29). F6/
F7�CCA, F6�CCA, and F7�CCA pRNAs were created using inverse
PCR, based on the method of Wang and Wilkinson (30), in the pRT72
plasmid system that encodes pRNA (31). Plasmid DNA was sequenced to
verify the presence of the desired mutations. Wild-type and mutant
pRNAs were produced by in vitro transcription using T7 RNA polymerase
and were purified by denaturing urea polyacrylamide gel electrophoresis
as described previously (31). The purified RNAs were refolded by heat-
ing to 80°C for 3 min and then cooled to room temperature, and 1/10
volume of 10� TM (500 mM Tris [pH 7.6], 50 mM MgCl2) was added
prior to use.

Production and purification of packaging components. Fiberless
proheads, DNA-gp3, and the packaging ATPase gp16 were produced as
described previously (29, 32). Briefly, proheads were produced by infec-
tion of Bacillus subtilis 12A (Sup�) with the sus8.5(900)-sus16(300)-
sus14(1241) �29 mutant (defective in head fibers and the packaging
ATPase) (33). Infected cells were harvested at 65 min and were concen-
trated 100-fold prior to lysis. Proheads were purified on 10-to-30% (wt/
vol) sucrose gradients in 1� TMS buffer (50 mM Tris [pH 7.8], 10 mM
MgCl2, 100 mM NaCl). The particle band was removed, and particles
were concentrated by centrifugation. A second round of sucrose gradient

purification and concentration by centrifugation was performed. The
particles were resuspended in 1� TMS. The packaging ATPase was pro-
duced in Bacillus subtilis from plasmid pSACB-gp16 and was purified by
chromatography, as described previously (29). DNA-gp3 was extracted
from CsCl-purified phage and was isolated on a CsCl gradient as de-
scribed previously (32).

Invasion of various prohead-pRNA complexes by �CCA pRNA.
RNA-free proheads were produced by digestion of pRNA from fiberless
proheads with RNase A treatment, followed by repurification of the RNA-
free particles by ultracentrifugation as described previously (29). Purified
pRNA-free proheads (2.25 � 1012) were incubated with either 120-base
pRNA, F6/F7 pRNA, or F6�F7 pRNA (in a molar ratio of 1:20) in 60 �l in
0.5� TMS for 20 min at room temperature. To remove unbound pRNA,
the particles were layered on top of 5 ml of 5% (wt/vol) sucrose in 0.5�
TMS buffer and were pelleted in a SW55 rotor at 35,000 rpm for 2.5 h at
4°C. The reconstituted proheads were resuspended in 0.5� TMS. These
purified prohead-pRNA complexes (1 � 1011) were then challenged with
pRNAs containing the lethal �CCA mutation and the desired pseudoknot
sequences (wt�CCA, F6/F7�CCA, F6�CCA, or F7�CCA pRNA; molar
ratio, 1:10) for 20 min at room temperature. These particles were then
used in the DNA packaging assay.

DNA packaging assay. The in vitro DNA packaging assay is based on a
DNase protection assay and was performed as described previously (29,

FIG 2 Structures of the �29 connector and pRNA. (A) Side view of the connector. Eleven of the 12 monomers are shown in green, and one monomer is colored
by domain, with the wide, central, and narrow domains shown in blue, red and yellow, respectively. (B) Single monomer of the connector structure, shown in
the same color scheme and orientation as in panel A, with central-domain �-helices �-1, �-3, and �-5 labeled at their N-terminal ends. (C) Secondary structural
diagram of the pRNA. The A-, D-, and E-helices are labeled, along with the CE-, D-, and E-loops and the U-rich 3-way junction (3wj; bases shown in green). (D)
Atomic structure of the prohead-binding domain of the pRNA (PDB 3R4F) (18), labeled and colored as in panel C. (Reprinted from the Proceedings of the
National Academy of Sciences of the United States of America [18] with permission of the publisher.)
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34). Briefly, reconstituted proheads (8.3 nM), DNA-gp3 molecules (4.2
nM), and gp16 molecules (166 to 208 nM) were mixed together in 0.5�
TMS buffer in 20 �l and were incubated for 5 min at room temperature.
ATP was then added to 0.5 mM to initiate packaging. After 15 min of
incubation, the mixture was treated with DNase I (final concentration, 1
�g/ml) and was incubated for 10 min to digest the unpackaged DNA. An
EDTA-proteinase K mixture was then added to the reaction mixture (final
concentrations, 25 mM and 500 �g/ml, respectively), and the mixture was
incubated for 30 min at 65°C to inactivate the DNase I and release the
protected, packaged DNA from particles. The packaged DNA was ana-
lyzed by agarose gel electrophoresis. Packaging efficiency was calculated
by densitometry using a UVP gel documentation system. Input DNA was
used as the standard to determine the percentage of DNA packaging, and
packaging efficiencies in the absence and presence of challenger �CCA
pRNA were then compared.

Production of pRNA-naïve proheads from the cloned gene con-
struct expressed in Escherichia coli. �29 prohead particles were assem-
bled in E. coli from the pAR7-8-8.5-10 plasmid (35), which encodes the
prohead genes, and were isolated and purified as described previously (36)
with the following modifications. Briefly, 2 h postinduction, cells were
concentrated 100� for lysis, and the prohead particles were then isolated
in 10-to-30% (wt/vol) linear sucrose density gradients containing TMS
buffer in the SW55 rotor at 35,000 rpm for 2 h. The prohead band was
removed and particles pelleted in the SW55 rotor at 35,000 rpm for 2 h at
4°C. The pellet was resuspended in TMS buffer and was purified through
a second round of sucrose gradients and concentration by ultracentrifu-
gation. The purified particles were resuspended in TMS buffer.

Cryo-EM of E. coli proheads with pRNA. For the sample of proheads
before pRNA binding, pRNA-naïve proheads obtained from overexpres-
sion of the pAR7-8-8.5-10 plasmid in E. coli (35) were directly applied to
grids prior to plunge freezing. For the sample of prohead particles after
pRNA binding, pRNA-naïve particles were incubated with recombinantly
expressed 120-base pRNA (molar ratio, 1:10; prepared as described
above) for 10 min. In both cases, prohead particles were flash-frozen on
holey carbon grids in liquid ethane using the FEI Vitrobot. Images were
recorded at a magnification of �78,000 using a 300-kV FEI TF30 trans-
mission electron microscope equipped with a Gatan 4k by 4k charge-
coupled device (CCD) camera, with electron dose levels of approximately
25 e�/Å2. Micrographs were binned to give an effective pixel size of 3.01 Å.
Defocus ranges of 1.2 to 3.5 �m were used for collection of data on E. coli
proheads before and after incubation with pRNA. Model-based recon-
structions were performed with SPIDER (37) based on a modified �29
map from the Electron Microscopy Data Bank (EMDB 1419) (19). The
numbers of particles incorporated into the reconstructions of E. coli pro-
heads before and after incubation with pRNA were 10,004, and 10,142,
respectively. The resolutions of these reconstructions were determined by
the Fourier shell correlation (FSC) method using a correlation coefficient
of 0.5 between two independent half-data sets as the cutoff criterion (Ta-
ble 1).

Asymmetric reconstruction of the connector-pRNA complex. The
asymmetric reconstruction of the connector-pRNA complex was calcu-
lated by computationally extracting the density corresponding to the con-
nector-pRNA complex from cryo-EM images of �29 proheads (20, 38)

and then using these modified images for subclassification and image
reconstruction. To subtract the capsid density from the cryo-EM micro-
graphs of the proheads, images of proheads were initially used to calculate
a 3-dimensional (3D) reconstruction of the entire prohead to a resolution
of 	10 Å. The data used for this reconstruction were the same data used to
calculate a previously published 12.5-Å structure of the prohead (19); the
improved resolution was obtained primarily by unbinning the data, re-
sulting in a 2.12-Å pixel size, and improving the fitted parameters of the
contrast transfer function. Next, the previously determined molecular
envelopes of the connector and pRNA (9) were combined and were used
to make a 3D mask encompassing both components. Voxel values within
this mask were then replaced with zeros except at mask edges, where a
smooth Gaussian falloff was imposed to minimize masking artifacts.
Thus, the residual density after masking included only the density corre-
sponding to the capsid. This capsid-only density was projected in the
known orientations of each 2D experimental image and was then trans-
lated by the known translational parameters using bilinear interpolation
for nonintegral shifts. After scaling for density magnitude, each capsid-
only projection was subtracted from the corresponding cryo-EM image of
the prohead such that the remaining density in the resulting “difference
image” corresponded to only the pRNA and the connector. In order to
minimize the effect of residual capsid density remaining from scaling
errors after subtraction, the 3D mask encompassing the pRNA and the
connector described above was inverted (i.e., voxels inside and outside the
mask were set to values of one and zero, respectively) and was then pro-
jected onto the “difference images,” again using the known orientation
and translation corresponding to each image. Next, all pixels outside the
area circumscribed by the projected mask were set to zero except at the
mask edges, where a soft Gaussian falloff was imposed to minimize mask-
ing artifacts. Note that prior to mask projection, the mask was circularly
symmetrized around the long axis of the motor to remove any features
that might bias the alignment of the masked images. The difference images
were then recentered based on the center-of-mass of the projected mask
by using bilinear interpolation for nonintegral shifts, and the box size was
reduced to encompass only the residual motor density. Subsequent sub-
classification was thus restricted to masked areas corresponding to the
motor and a small portion of the capsid at the motor vertex. In this way,
the contribution of the capsid during classification was minimized and the
contribution of the motor maximized, and the reduced box size greatly
reduced the computational expense. For subclassification, we used our
previously published approach, which is now commonly used to calculate
asymmetric reconstructions of viruses (20, 38, 39). These methods take
advantage of the dominant pseudosymmetry of virus particles (typically
5-fold or icosahedral) to save computational effort by significantly reduc-
ing the orientational search space and by making use of realistic restraints
with regard to the relative orientation of the motor and the capsid. All
image-processing steps were performed using either freely available soft-
ware (37, 40, 41) or software developed in the Morais laboratory (20, 38;
also unpublished data). Although the resolution of the resulting recon-
struction is better than 8.5 Å by the FSC method, this number may par-
tially reflect masking and/or subtraction artifacts. Based on the appear-
ance of the map, and the more reliably determined FSC-based resolution
of the entire prohead reconstruction prior to subtraction and masking, we
have interpreted the map as if it were at a resolution of 	10 Å (Table 1).

RESULTS AND DISCUSSION
Asymmetric reconstruction of the connector-pRNA vertex. Al-
though several high-resolution asymmetric reconstructions of
mature, tailed phage particles have been reported (39, 42, 43, 44,
45, 46), to date it has not been possible to image motor complexes
bound to proheads at a resolution sufficient to visualize the cor-
rect symmetries of all the various components. For tailed particles,
the relatively large mass of the tail provides sufficient signal to fully
resolve the inherent 5– 6 symmetry mismatch between the capsid
and the tail. In contrast, phage packaging motors are typically

TABLE 1 Final resolution and symmetry imposed for cryo-EM
reconstructions

Particle/component analyzed
Symmetry
imposed

Final
resolution (Å)

Connector-pRNA complex C1 10
Proheads produced in E. coli prior to addition

of exogenously produced pRNA
C5 13

Proheads produced in E. coli after addition of
exogenously produced pRNA

C5 15
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much smaller than phage tails, and thus, resolving any symmetry
mismatches present in the motor during image processing is chal-
lenging. For example, asymmetric reconstructions of �29 and T4
have shown pentamers of the pRNA (�29) or packaging ATPase
(T4) (10, 20). However, in neither case was the resolution of the
reconstructions sufficient to resolve the 12-fold symmetry of the
connector. As a result, there is some question as to whether pos-
sible symmetry mismatches in the motor were fully resolved.
Hence, the ability to reconstruct the known dodecameric struc-
ture of the connector would provide a definitive internal control
demonstrating that an image-processing procedure was able to
faithfully reconstruct symmetry mismatches associated with ds-
DNA packaging motors and to determine if a preferred orienta-
tion/alignment between mismatched components existed.

To properly resolve the symmetry mismatches in dsDNA pack-
aging motors, it is necessary to detect signals from components
whose mass is less than 5% of the relatively massive 5-fold head
shell (see reference 20 for a comprehensive discussion of chal-
lenges associated with reconstructing symmetry mismatches). To
minimize the contribution of capsid density and simultaneously
maximize the contribution of the motor, we have first subtracted
the density corresponding to the capsid shell from cryo-EM im-
ages of �29 proheads and then masked out any residual capsid
density not accounted for by the subtraction. The resulting differ-

ence images were then analyzed and aligned by virtue of the re-
maining motor components, with minimum bias from the mas-
sive head, yielding a subnanometer resolution reconstruction of
the connector-pRNA complex as it exists on the prohead (Fig. 3).
The resulting structures of the connector and pRNA are described
below.

Connector structure. The dodecameric symmetry of the con-
nector is clearly visible in the asymmetric reconstruction of the
difference images (Fig. 3A and B). In addition to resolving indi-
vidual subunits within the dodecamer, we can also clearly identify
distinct domains within monomers, as well as some secondary
structural elements, including the long �-helices that traverse the
middle region of the connector (Fig. 3D). Fitting an X-ray crystal
structure of the connector (8) into its corresponding EM density
indicates good overall agreement between the two structures (Fig.
3). Visual inspection shows that the density corresponding to the
wide end of the connector agrees particularly well with the crystal
structure, whereas the central domain region exhibited less agree-
ment. However, clearly visible �-helical density corresponding to
helix �-5 (8) (residues 208 to 226) (Fig. 2B and 3) in the recon-
struction indicated how the crystal structure could easily be
adapted to cryo-EM density. Although the density corresponding
to helix �-3 (residues 130 to 156) (Fig. 2B and 3) can be identified,
it is not as clearly �-helical in character as that for helix �-5, pos-

FIG 3 Asymmetric reconstruction of the connector-pRNA vertex. (A through C) Top (A), bottom (B), and side (C) views of the asymmetric reconstruction of
connector-pRNA complex are shown. Densities corresponding to the capsid, connector, and pRNA are rendered in gray, green, and magenta, respectively. The
fitted X-ray structure of the connector is shown in yellow. A model of the pRNA based on fitting the X-ray structure of the prohead-binding domain of the pRNA
(18), the NMR structure of the CCA bulge (29), and an ideal RNA helix as the A-helix was also fitted; the five subunits are colored red, green, blue, yellow, and
purple. (D) Reconstruction of the connector-pRNA vertex rendered at a higher contour level (	4 standard deviations above the mean), where it is possible to
recognize �-helices in the central region of the connector. Central domain �-helices �-1, �-3, and �-5 labeled in one magenta colored connector subunit. (E) A
rendering of the density corresponding to the connector at a lower contour level superimposed on the rendering of the complex presented in panel D shows extra
density corresponding to the crown region of the connector (blue). (F) Density corresponding to the pRNA rendered at a very high contour level (magenta),
indicating that pRNA bases involved in the intermolecular Watson-Crick base pairing are highly ordered in the reconstruction. The arrow indicates an RNA
superhelix that spans two pRNA subunits, and the contributing E-, D-, and A-helical elements are labeled.
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sibly suggesting that this helix is less well-ordered. Further, the
absence of any clear density for the N-terminal helix �-1 (residues
13 to 38) (Fig. 2B and 3) indicates that this helix may be mobile,
disordered in situ, or differently ordered in individual connecter
monomers such that its density is degraded upon interparticle
averaging. The observed structural differences between the crystal
structure of the connector and the EM density derived from pro-
head-embedded connectors suggests that interactions with the
capsid and the pRNA may modulate the structure of the connec-
tor. We also observed density corresponding to the segments of
the connector that were not resolved in the crystal structure: the
C-terminal domain (residues 287 to 309) (Fig. 3E) that protrudes
into the prohead cavity and the channel-loop structures (residues
229 to 246) that project into the lumen of the connector. Similar
features were present in the crystal structures of the connectors of
phages SPP1 and P22 (6, 7). Taken together, visualization of all of
these known structural elements validates our method for success-
fully determining the structure and symmetry of this complex
motor assemblage at a high resolution.

pRNA structure. The structure of each of the individual pRNA
monomers in the pRNA ring is consistent with previously ob-
tained structural results from X-ray crystallography and nuclear
magnetic resonance (NMR) (18, 47, 48, 49), and their quaternary
organization agrees with previous cryo-EM results (8, 9, 19, 20).
Importantly, despite the absence of any imposed symmetry, the
pRNA visualized in the reconstruction is clearly pentameric (Fig.
3B), in agreement with our earlier structural results (8, 9, 19, 20).
Previously, it had been argued that 5-fold symmetry could be un-
intentionally imposed by virtue of the influence of the massive
5-fold head shell on particle alignment (21). Here this effect is
mitigated by subtraction of the head shell density from individual
cryo-EM images, and the dodecameric connector provides an in-
ternal control to verify that symmetry mismatches have been re-
solved in cryo-EM reconstructions of �29 proheads. In particular,
the ability to resolve 12 connector monomers, as well as secondary
structural elements within these monomers, demonstrates that
even relatively small, nonpentameric components are properly
aligned and averaged in the asymmetric prohead reconstruction.
Therefore, arguments that 5-fold symmetry could be imposed un-
intentionally due to the influence of the massive 5-fold head shell
on particle alignment are now rendered invalid.

In addition to conclusively demonstrating the oligomeric state
of the pRNA, our improved map of the pRNA allowed us to eval-
uate previous models proposed for the pRNA oligomer. Several
structural models of the oligomeric pRNA have been put forth.
Early models were based almost entirely on computational mod-
eling using restraints obtained from genetic, biochemical, and
biophysical experiments (17, 50). Later models included addi-
tional low-resolution structural information from cryo-EM struc-
tures of �29 proheads (8, 19). More recently, X-ray and NMR
structures of various pRNA fragments have inspired a new gener-
ation of models (18, 47, 49). Some of these models rely on fitting
known high-resolution structures of pRNA fragments into low-
resolution, 5-fold averaged cryo-EM structures of proheads (18,
47), whereas others have simply replaced part of a previous com-
putational model of the oligomer with the corresponding experi-
mentally determined pRNA fragments (49).

Comparison of these models to our pRNA density indicated
that a model proposed previously by Harjes et al. (47), incorpo-
rating X-ray, NMR, and low-resolution 5-fold averaged cryo-EM

information, agreed best with the current structural results. This
model was originally obtained by fitting structures of the prohead-
binding/oligomerization domain (bases 25 to 95; obtained via X-
ray crystallography) (18) (PDB 3R4F) (Fig. 2C and D), the CCA
bulge (bases 12 to 24 and 96 to 105; obtained via NMR) (47) (PDB
2LQZ) (Fig. 2C), and the distal portion of the A-helix (bases 1 to
11 and 106 to 117; obtained via modeling of the A-helix as an ideal
RNA helix) (Fig. 2C) into a 12.5-Å resolution 5-fold-symmetric
cryo-EM reconstruction of the �29 prohead. It should be noted
that in a recent crystal structure of the pRNA three-way junction
(3WJ) (49) (PDB 4KZ2), the relative orientations of the RNA
helices within a monomer do not agree with our map. This may be
due to the absence of the base-pairing CE- and D-loops in this
construct, and the resulting lack of biologically relevant intermo-
lecular interactions.

To optimize the fit and account for deviations from 5-fold
symmetry present in the asymmetric reconstruction, the five
monomers of the pRNA model were first fitted separately, fol-
lowed by adjustment of the relative orientations of the three struc-
tural components described above (Fig. 3B, C, and F). The result-
ing model of the pRNA is consistent with several previously
reported structural features, including the following: (i) bases 22
to 84 form a pentameric, ring-like structure that binds to the pro-
head (18); (ii) five pRNA A-helices (bases 1 to 28 and 92 to 120)
extend as spokes from this central ring (9); (iii) the orientation of
the A-helix is influenced by the CCA bulge (bases 18 to 20) (29,
47); (iv) intermolecular Watson-Crick base pairing between the
C-E loop of one monomer (bases 45 to 48) and the D-loop of
another (bases 82 to 85) mediates ring formation (15, 17, 18); (v)
the E-loop of the pRNA (bases 53 to 58) makes extensive contact
with the head shell (18, 47); and (vi) multiple helical elements
from adjacent pRNA monomers stack to form an RNA superhelix
that spans two pRNA subunits (18) (Fig. 3F).

Additional insight into the organization and relative flexibility
of various structural elements of the pRNA can be obtained by
analyzing the cryo-EM density magnitude at various points in the
map (Fig. 3C and F). The density corresponding to the central
U-rich junction (Fig. 2C and D) (bases 28 to 30, 71 to 75, 91, and
92) that joins three helical elements (3WJ) is relatively weak (den-
sity magnitude, 
2 standard deviations above the mean), consis-
tent with the high-temperature factors reported for this region in
the crystal structure of the prohead-binding domain of the pRNA
(18). Hence, despite its central location within a pRNA monomer,
the U-rich junction is likely somewhat flexible. In contrast, some
of the strongest density in the map corresponds to the RNA su-
perhelix (Fig. 2D and 3F) that is comprised of helical elements
from adjacent pRNA monomers via costacking of the A- and D-
helices from one subunit (bases 1 to 28 and 92 to 100 and bases 75
to 80 and 86 to 91, respectively) with the E-helix from an adjacent
subunit (bases 49 to 52 and 59 to 62) (18), indicating that although
two distinct pRNA subunits contribute to this structural feature, it
is highly ordered. Within the RNA superhelix, the density corre-
sponding to the intermolecular base pairing between the CE- and
D-loops is especially strong (density magnitude, �4 standard de-
viations above the mean) (Fig. 3F). Taken together, these obser-
vations suggest that the basic “structural” unit of the pRNA (i.e.,
the RNA superhelix) may be different from the topological unit
(i.e., the pRNA monomer), an arrangement that could mediate
coordination and communication between adjacent subunits in
the motor, possibly via intermolecular base pairing. Furthermore,
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the density corresponding to the E-loop that binds to the capsid
shell is also high, suggesting that this is a strong, well-ordered
interaction that anchors the pRNA on the prohead.

Connector-pRNA interactions. Twelve interactions between
the narrow end of the connector and the inner lumen of the pen-
tameric pRNA that can only be visualized in an asymmetric recon-
struction are present in the map of the pRNA-connector complex
(Fig. 3B and C). Because of the 5–12 symmetry mismatch between
these two components, these interactions are necessarily non-
equivalent. Hence, although the interactions are somewhat weak
overall, some appear stronger than others, as indicated by their
increased relative density magnitudes. Although the resolution of
the present reconstruction is not sufficient to identify individual
bases or amino acid side chains, the fitted structures of the con-
nector and the pRNA model suggest which residues from the con-
nector interact with particular bases in the pRNA (Fig. 3A). Due to
the 5–12 symmetry mismatch, distances between residues in any
particular connector subunit and bases from the nearest pRNA
subunits will differ. Nevertheless, connector residues 167 to 179
are invariably closest in space to bases 50 through 56 (correspond-
ing to the E-helix) from one pRNA and bases 83 and 84 from the
neighboring pRNA, and density connecting the connector and
pRNA at these two regions is apparent. These bases either are part
of, or flank, the intermolecular pseudoknot. Additionally, the
ability to simultaneously align both connectors and pRNAs when
one is averaging over thousands of particles indicates that the rel-
ative orientations of these two components are fixed and that thus,
the connector has a preferred orientation and is not free to rotate,
in agreement with the findings of biochemical and single-particle
experiments (51, 52). If this were not the case, it would be impos-
sible to simultaneously align both components unless different
angular orientations were applied to subimage areas correspond-
ing to connectors and pRNAs during image reconstruction (see
reference 20 for further discussion).

Assembly of pRNA on procapsids. In addition to pRNA sym-
metry, the related question of how pRNA assembles on the head
has also been controversial. On the one hand, as stated above, it
has been shown that pRNA binds to the N-terminal RKR residues
of the connector, suggesting that the pRNA interacts primarily
with the connector. On the other hand, structural data show that
the pRNA interacts extensively with the capsid, suggesting that the
capsid provides the primary binding site for pRNA. Additionally,
it has been shown that pRNA remains bound to particles in which
connectors have been displaced, again suggesting that the pRNA
interacts primarily with the capsid rather than the connector.
Thus, there must be other essential pRNA-protein interactions on
the head that stabilize the functional quaternary structure of the
pRNA on the prohead.

An initial clue regarding a plausible pRNA assembly pathway
that reconciles these conflicting data came from the pseudoatomic
structure of the prohead obtained by fitting homologues of �29
structural components into cryo-EM reconstructions of proheads
(19). This structure clearly showed that the pRNA makes extensive
contacts with the capsid that would be sterically impossible if a
subdomain of the head shell protein (the C-terminal Ig-like do-
main) surrounding the pRNA were not rotated 	180° from its
expected position (9, 18, 19) (Fig. 4A), suggesting that this rota-
tion would be an essential event in motor assembly. Hence, an
assembly scenario compatible with all available data is one where
the pRNA initially recognizes and binds to the RKR residues at the

N terminus of the connector, followed by rotation of the Ig-like
C-terminal domains in capsid proteins surrounding the pRNA
(19), which would uncover the tight binding site for the pRNA
E-loop on the capsid. Once bound to the procapsid, adjacent
pRNA subunits would then be properly positioned to form inter-
molecular base pairs that close the pentameric ring and essentially
lock the pRNA on the prohead.

Cryo-EM reconstructions of proheads before and after
pRNA binding. To test whether the conformational changes in
the pRNA assembly scenario proposed above occur, we first de-
termined cryo-EM structures of proheads assembled in the ab-
sence of pRNA. These particles are produced in an E. coli overex-
pression system that codes only for the protein components of the
prohead; such particles have been shown previously to have full
biological activity when mixed with in vitro-transcribed pRNA
and recombinantly expressed ATPase (35). Since these particles
are pRNA naïve, it was predicted that they would not have under-
gone the conformational change necessary for binding pRNA, and
hence the C-terminal Ig-like domain would not have rotated from
the conformation observed throughout the rest of the head shell.
This is indeed the case. A 	13-Å-resolution reconstruction of
these pRNA-naïve particles shows that all the C-terminal Ig-like
domains in capsomers circumscribing the connector vertex do
indeed sit at capsomeric vertices, like the other 230 capsid proteins
in the head (Fig. 4B, left). To test the prediction that pRNA bind-
ing induces rotation of the Ig-like domain, we then calculated a
	15-Å-resolution reconstruction of the same RNA-naïve parti-
cles after incubation with in vitro-transcribed pRNA. The result-
ing map showed that, as predicted, after pRNA addition, the
Ig-like domain rotates 	180° from its original position to accom-
modate pRNA binding and now occupies the position seen in
prohead-pRNA complexes assembled in vivo (Fig. 4B, center and
right). This result demonstrates how the prohead structure is
modulated to facilitate pRNA binding and validates an essential
contact between the E-loop of pRNA and the capsid shell. It also
dictates that any model of assembly must include a role for the
shell, in addition to the previously characterized connector inter-
action.

Genetic and biochemical analysis of pRNA assembly. In ad-
dition to the head-shell contact, intermolecular base pairing be-
tween adjacent molecules in the pRNA ring have been shown to be
essential for pRNA-prohead assembly (15, 17). Although the
pRNA ring is normally composed of identical pRNA molecules
paired via the intermolecular interaction, it has also been shown
that functional rings can be assembled from combinations of two
different mutant pRNAs engineered to have complementary
pseudoknots (15, 17, 23). Specifically, the CE- and D-loops in-
volved in the intermolecular interaction (Fig. 2C) can be mutated
such that an individual RNA molecule is no longer self-comple-
mentary, thereby preventing ring formation, and hence cannot
support DNA packaging. However, when this molecule is mixed
with a second, complementary mutant pRNA, DNA packaging
activity is restored. This experimental design allows for an order-
ing of pRNA on the head alternating between the two mutant
pRNAs (Fig. 5A). Given the pentameric symmetry of pRNA, this
would result in four base-paired interfaces and a single mis-
matched interface, thus providing an opportunity to further
probe the role of the intermolecular interaction. It has been re-
ported that prohead-pRNA complexes challenged with an excess
of free RNA do not readily exchange RNA (31). We hypothesized
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that the intermolecular interaction confers this stability, prevent-
ing exchange of RNAs by creating a closed, fully base paired pRNA
ring. To test this, RNA-free proheads were incubated with an ex-
cess of either (i) wild-type pRNA, (ii) the mutant F6/F7, in which
both pseudoknot loops are mutated, but the mutant sequences are
self-complementary, thereby permitting ring closure, or (iii) the
ordered dimer pair F6�F7 pRNAs, in which each mutant RNA
has one wild-type loop and one mutated loop (the mutated loops
are complementary) (17) (Fig. 5A). These proheads were then
challenged with pRNAs of various pseudoknot sequence that also
contained an additional mutation that is lethal for DNA packaging
(i.e., deletion of the essential CCA bulge [(�CCA] of the A-helix
[Fig. 3C] [27, 29]). The various particles were then assayed for the
ability to support DNA packaging in the in vitro DNA-packaging
system. Previously, it has been shown that incorporation of even a
single pRNA mutant impacts DNA packaging (53). Here, incor-
poration of a �CCA- pRNA into the ring would result in the loss of

DNA-packaging activity, thus acting as a reporter for the ability of
the ring to be invaded via an open, non-base-paired interface.

Proheads with wild-type pRNA bound had similar packaging
activities even when challenged with the lethal �CCA pRNA,
demonstrating that no pRNA exchange occurs (Fig. 5B, second
and third lanes). Similarly, the double mutant F6/F7, which cre-
ates a closed ring from mutant sequences, also retained high pack-
aging activity in the presence of the lethal �CCA pRNA, indicating
there is no pRNA exchange (Fig. 5B, fourth and fifth lanes). In
contrast, with the ordered dimer pair F6�F7 pRNA, which would
leave a mismatched intersubunit interface, addition of F6- or F7-
�CCA pRNA decreased packaging by 	25% to 50% from that for
the unchallenged sample, indicating that there was exchange of
bound pRNA with the free �CCA pRNA (Fig. 5B, seventh and
eighth lanes versus sixth lane). This effect was specific to proheads
with the assembled ordered dimer pair F6�F7 rings; addition of
the challenger RNA F6- or F7-�CCA to proheads with assembled

FIG 4 Cryo-EM reconstructions of proheads produced in E. coli before and after the addition of in vitro-transcribed pRNA. (A) Pseudoatomic structure of the
prohead. Pentameric subunits are colored blue, and quasiequivalent alternating subunits in hexamers are shown in red and green. (Reprinted from Molecular Cell
[19] with permission of the publisher.) (Inset) Zoomed-in view of the connector-pRNA vertex looking from the bottom of the head at a slightly skewed angle.
The connector is shown in yellow and the pRNA in magenta. One of the five hexamers circumscribing the vertex is also shown, with HK97 domains colored green,
observed positions of Ig-like domains shown in blue, and the “expected” positions of Ig-like domains shown in cyan, demonstrating that if the domain had not
moved, it would have clashed with pRNA. The approximately 180° degree rotation is indicated by the arrow connecting two circled Ig-like domains. (B) (Left)
Cryo-EM reconstruction of a pRNA-naïve E. coli-produced prohead, with Ig-like domains colored blue. The Ig-like domain that rotates upon the addition of
pRNA is circled. (Center) Reconstruction of E. coli-produced proheads after incubation with in vitro-transcribed pRNA. Ig-like domains are colored blue. The
rotated Ig-like domain is circled. (Right) Superposition of structures of proheads before (yellow) and after (green) the addition of in vitro-transcribed pRNA. The
approximately 180° rotation is indicated by the arrow connecting two circled Ig-like domains. The pRNA is shown in magenta.
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wild-type or double mutant F6/F7 rings did not impact DNA
packaging efficiency (data not shown). Thus, the self-complemen-
tary wt and F6/F7 pRNAs that would yield a closed ring are unaf-
fected by the addition of �CCA-pRNA, while for the dimer pair

F6�F7 pRNA, the lack of ring closure due to the mismatched
interface creates an opportunity for RNA exchange. Of note, if the
pRNA were organized as a hexamer on the prohead (or any even-
numbered oligomer), the dimer pair F6�F7 would create a closed
ring and thus would be expected to display packaging behavior
similar to that of the self-complementary wt and F6/F7 rings,
which can create closed rings for any given symmetry. This is
clearly not the case. Thus, the reduction in packaging observed
with F6�F7 is consistent only with the pentameric ring contain-
ing a mismatched interface. Taken together, these results strongly
support a pentameric RNA ring on the head and assign function to
the intermolecular interaction as the event causing ring closure
that “locks” the pRNA on the head. They also suggest that a single
mismatched interface can be tolerated in DNA packaging. It has
been shown recently that there is functional asymmetry in �29
motor operation (54). During each motor cycle in packaging, only
four of the ATPase subunits couple ATP hydrolysis to DNA trans-
location, while the fifth ATPase subunit is thought to function as a
regulatory subunit that serves to align the DNA and motor in each
cycle. This inherent asymmetry in motor operation may explain
how the motor can accommodate some types of asymmetry in the
other motor components, in this case, a single mismatched inter-
face in the pentameric pRNA ring.

Conclusion. The oligomerization state of the pRNA on the
prohead has been a source of considerable controversy, and exten-
sive cases for both hexameric and pentameric pRNAs have been
made. Most recently, a model of a hexameric pRNA was built by
incorporating the X-ray crystal structure of a monomeric frag-
ment (3WJ) of the prohead-binding domain of the pRNA into a
previous computational model of a hexameric pRNA that was
based on constraints from genetic, biochemical, and biophysical
data (49, 50). As noted above, the crystallization construct this
model used did not include the CE- and D-loops, which are nec-
essary for the essential intermolecular base pairing and ring for-
mation. Indeed, the structure had only a monomer in the asym-
metric unit, and application of crystallographic I4 space group
symmetry builds only a tetramer. Hence, the X-ray data presented
by Zhang et al. (49) do not provide evidence for a hexameric
pRNA. Further, the model fit takes into account only interactions
with an isolated connector, which we have shown to be relatively
weak, whereas the clearly demonstrated extensive interactions be-
tween pRNA and the capsid are not taken into account.

The density corresponding to the pRNA in the asymmetric
reconstruction of the connector-pRNA vertex presented here is
clearly pentameric. Given the ability to resolve the known symme-
try of the connector, this result is incompatible with a hexameric
pRNA on the prohead. Furthermore, the excellent fit of the X-ray
structure of the prohead-binding/oligomerization domain of the
pRNA (18) and the NMR structure of the CCA bulge (47) to the
cryo-EM structure demonstrates that several independent meth-
ods give rise to essentially identical structures. It is difficult to
account for such a result if the structures are not truly similar,
suggesting that the observed cryo-EM density corresponding to
the pRNA reflects its true structure and organization on the pro-
head. This fitting also indicates that although the pRNA is close to
the connector, it makes much more extensive contacts with the
5-fold symmetric head than with the 12-fold symmetric connec-
tor. Here we also show a domain in the capsid protein undergoing
a conformational change necessary to accommodate binding of
the pRNA E-loop. This result explains a previous observation that

FIG 5 Effect of a mismatched interface in the pRNA ring on pRNA assembly
and DNA packaging. (A) Schematic illustrating pentameric pRNA ring forma-
tion. The wt and the double mutant F6/F7 generate closed pRNA rings, while
the dimer pair F6�F7 generates a single mismatched interface. The open sym-
bol end represents the CE-loop of pRNA, and the closed symbol end represents
the D-loop. The loop sequences (CE-45– 48 and D-82– 85 loops) for the pRNAs
are as follows: for the wt, AACC and GGUU, respectively; for F6/F7, GCGA
and UCGC, respectively; for F6, GCGA and GGUU, respectively; and for F7,
AACC and UCGC, respectively) (17). (B) Effect on DNA packaging using
assembled pRNA-prohead complexes challenged with pRNA containing the
lethal �CCA mutation. The initial RNA is the pRNA form used to reconstitute
RNA-free proheads. The challenge RNA (�CCA mutation-containing pRNA
in corresponding pseudoknot sequence backgrounds) is then added to the
prohead-pRNA complexes, and after incubation, the mixture is assessed in the
in vitro DNA-packaging assay (see Materials and Methods). After the assay is
completed, unpackaged DNA is digested by the addition of DNase I. The
packaged, protected DNA is then extracted and analyzed by agarose gel elec-
trophoresis (34) and the effect on DNA packaging assessed (see Materials and
Methods). Vertical lines above lanes indicate nonchallenged samples. (C) His-
togram showing packaging efficiency in the presence of the challenge pRNA
containing the �CCA mutation compared to that for the nonchallenged sam-
ple (taken as 100%). For wt pRNA challenged with wt-�CCA, the packaging
efficiency was 97.6% � 3.9% (compare the second and third lanes); for the
F6/F7 double mutant challenged with F6/F7-�CCA, it was 103.6% � 2.7%
(compare the fourth and fifth lanes); and for the dimer pair F6 �F7, it was
73.0% � 5.0% for F6-�CCA challenge (compare the sixth and seventh lanes)
and 47.0% � 5.9% for F7-�CCA challenge (compare the sixth and eight
lanes). n  3 experiments; standard deviations are reported, and a single rep-
resentative gel is shown.
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pRNA can bind to proheads even when connectors have been
dislodged from the unique vertex (9), indicating that the pRNA’s
final binding site is primarily on the 5-fold symmetric capsid
rather than on the 12/6-fold symmetric connector. Additionally,
the genetic and biochemical experiments described above to
probe ring closure are consistent with only an odd-numbered
pRNA ring.

The availability of a well-defined packaging system that allows
the generation and manipulation of various motor assembly in-
termediates, combined with the ability to visualize such interme-
diates, provides a powerful means of dissecting a complex molec-
ular machine. The data presented here suggest a coordinated
assembly pathway for the pentameric pRNA on �29 procapsids
wherein (i) the pRNA initially recognizes and interacts with the N
terminus of the connector; (ii) rotation of the Ig-like domain in
capsid proteins circumscribing the connector pRNA vertex un-
covers a tight binding site for the E-loop of the pRNA to attach to
the prohead; and (iii) formation of intermolecular pseudoknots
between adjacent subunits closes the pRNA ring and locks the
pRNA on the prohead, possibly providing a route of communica-
tion between ATPase subunits in the motor.

The ability to visualize a packaging motor at a high resolution
opens a new critical avenue of investigation, applicable for any of
the dsDNA phages, since it complements recent structural and
single-molecule advances. Recently, several atomic structures of
various motor components have been generated, and single-mol-
ecule studies probing the dynamics of packaging have shown
highly coordinated motor action and a division of labor among
motor subunits, as both translocating and regulatory subunits are
suggested (5, 54). Visualization of the motor in various stages of
assembly and, importantly, the motor in action will document the
relationship between motor components and the movement of
protein subdomains in DNA translocation that will provide key
information for the continued development of mechanistic mod-
els of DNA packaging.
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