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Abstract

Translocation of viral double-stranded DNA (dsDNA) into the icosahedral prohead shell is
catalyzed by TerL, a motor protein that has ATPase, endonuclease, and translocase activities.
TerL, following endonucleolytic cleavage of immature viral DNA concatemer recognized by
TerS, assembles into a pentameric ring motor on the prohead’s portal vertex and uses ATP
hydrolysis energy for DNA translocation. TerL’s N-terminal ATPase is connected by a hinge to
the C-terminal endonuclease. Inchworm models propose that modest domain motions
accompanying ATP hydrolysis are amplified, through changes in electrostatic interactions, into
larger movements of the C-terminal domain bound to DNA. In phage ¢$29, four of the five TerL
subunits sequentially hydrolyze ATP, each powering translocation of 2.5 bp. After one viral
genome is encapsidated, the internal pressure signals termination of packaging and ejection of the
motor. Current focus is on the structures of packaging complexes and the dynamics of TerL during
DNA packaging, endonuclease regulation, and motor mechanics.
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INTRODUCTION

Bacteriophages probably form the largest biomass on Earth (1). Predominant among these
are the tailed phages with an icosahedral capsid (head) in which the viral genome
(chromosome) is packaged. How these viruses fill the head with DNA to near-crystalline
density and release it into a new host cell at near-perfect efficiency has fascinated
researchers for decades. Not surprisingly, more recent animal virus descendants such as the
herpesviruses retain the basic aspects of the packaging mechanism (2). Phage DNA
packaging has also been a good model to understand fundamental biological mechanisms,
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such as transduction of ATP energy into mechanical work, condensation and decondensation
of DNA, and movement of protein and DNA templates against each other.

Progress in understanding phage DNA packaging mechanisms, especially the structures of
motor components and the nature of the motor’s power stroke, has spawned numerous
reviews, including general reviews by the present authors (3, 4) and by Casjens (5). The use
of single-molecule techniques to study DNA packaging was reviewed by Chemla & Smith
(6). There are recent focused reviews on bacteriophage T4 (7, 8), $29 (9), SPP1 (10), and
giant viruses (11). Here we emphasize progress since the last round of general reviews. Due
to space limits, we refer to our previous reviews for earlier specific references (3, 4).

VIRUS ASSEMBLY: AN OVERVIEW

During infection of tailed bacteriophages and herpesviruses, an icosahedral prohead or
procapsid shell of precise dimensions is assembled (Figure 1). A dodecameric portal protein
initiates head assembly (Figure 1a), nucleating the coassembly of the major capsid protein
and scaffold proteins to form the prohead. The 12-fold symmetric portal protein is located at
a unique 5-fold vertex of the shell, creating a 12:5 symmetry mismatch that is conserved in
tailed phages and herpesviruses (Figure 1b). The scaffold is removed, in some phages by a
protease that is also part of the scaffold, followed by diffusion of cleaved peptides out of the
immature prohead, yielding the mature prohead, generally an empty, rounded, thick-walled
structure.

In parallel with prohead assembly, DNA replication and recombination create concatemeric
progeny viral DNA, i.e., covalent end-to-end polymers of virus chromosomes. The
terminase complex, consisting of large (TerL) and small (TerS) subunits, cuts the
concatemers and generates the termini of the packaged genomes (the terms terminase and
Ter are used interchangeably). Terminase recognizes a packaging signal on the concatemer
and makes an endonucleolytic cut, generating a free end to which terminase remains bound.
The DNA-bound terminase docks on the portal and assembles an oligomeric ring motor.
Terminase then initiates DNA translocation, utilizing energy from ATP hydrolysis. After
about 10-25% of the viral genome is packaged, the capsid protein undergoes a major
conformational change resulting in expansion of the shell (12) (Figure 1c). The wall of the
shell becomes thinner and the head more angular as the outer capsid dimensions increase by
~15% and the inner capsid volume by ~50%. The expanded prohead’s volume matches the
size of the viral genome. In some phages, so-called decoration proteins bind to the surface of
the expanded capsid, reinforcing the capsid structure. After encapsidating the viral genome,
terminase makes another cut, terminating packaging and dissociating from the head while
remaining bound to the newly generated concatemer end (Figure 1d). The motor-DNA
complex then docks on another prohead and sponsors encapsidation of the next genome. In
this way, the concatemer is processed, generating a series of DNA-filled heads.

The packing density of the encapsidated DNA approaches that of a crystal (500-550 mg/
mL.), creating an internal pressure of ~20 pN, sufficient to eject much of the DNA (13-17).
DNA loss from the pressurized capsid is prevented by the portal, and by assembly of neck
proteins on the portal that seal off the capsid (Figure 1e). Addition of a tail and tail fibers
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generates an infectious virion (Figure 1f). At the start of a new infection, the DNA is ejected
into the new host cell through the channel created by the portal, neck, and tail.

Viral DNA packaging is a complex and dynamic process and must be precisely orchestrated
such that the encapsidated genome can be efficiently delivered into a new host cell. For
simplicity, we divide packaging into three blocks—initiation, translocation, and termination
—and discuss what we have learned so far and the mechanisms that we still don’t know.

PACKAGING INITIATION

Viral DNA Recognition and Processing

Many viruses, including the cohesive end—containing cos phages (e.g., A, HK97, P2), the
T7/T3-like phages, and the herpesviruses, produce specific ends through endonuclease
cutting (5). In cos phage A, complementary 12-nt-long single-stranded cohesive ends are
produced when terminase introduces nicks, staggered by 12 bp at cosN, the nicking site. The
pac phages, such as P22 and SPP1, use a headful strategy (3, 5). That is, initiation cleavage
occurs at or near a terminase recognition site called pac, followed by unidirectional DNA
translocation into the head shell. When the shell is filled with slightly more than 100% of the
viral DNA sequence (a headful), a nonspecific, double-strand DNA cleavage occurs to
terminate packaging. As a result, the first cut is near a pac sequence, and all the subsequent
cuts in the processive series will be sequence nonspecific. The T4-like phages use a
variation of the pac strategy. Here, even the first cut does not occur at a strictly specific
sequence. The resulting packaged DNA has about 3-10% terminal redundancy, depending
on the phage. The redundant ends allow concatemer generation by recombination and
replication. Differences in genome recognition notwithstanding, all these viruses employ a
common mechanism: (a) terminase cutting at a sequence, often nonspecific ( pac phages),
that is different from, but nearby, a recognition sequence; (b) translocation of one (cos
phages) or slightly more than one ( pac phages) viral genome, a length that approximates the
inner volume of the shell (headful); and (c) a second, packaging-dependent cut to terminate
translocation (3).

Major exceptions to the above strategy are viruses with terminal proteins, such as ¢29,
adenoviruses, and their relatives. These viruses use a protein-primed DNA replication
strategy, and hence concatemers are not produced. Instead, unit-length genomes with the
terminal protein attached to the DNA 5’ end are the replication product as well as the
packaging substrate. The phage ¢29 packaging ATPase, TerL, not surprisingly lacks the
endonuclease. Another unusual aspect of ¢29 is the lack of a TerS and the presence of a
174-nt pRNA that, along with TerL, assembles as a packaging motor.

The Small Terminase Subunit, TerS

Viral genome recognition and end generation require collaboration by both terminase
subunits. TerS and TerL form a hetero-oligomeric complex, the holoterminase. We have
little information on the stoichiometry and structure of the complex. TerS selects the viral
DNA concatemer from a pool that often includes host DNA. TerL makes the cut and docks
one of the newly created ends at the special portal vertex of the head to initiate DNA
packaging.
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TerS proteins generally are small, ranging from about 140 to 180 amino acids, and consist of
three domains (4): an N-terminal DNA-binding domain, a central oligomerization domain,
and a C-terminal TerL-binding domain (Figure 2). TerS has two main functions: viral DNA
recognition and TerL regulation. Atomic structures of TerS have been reported for cos
phage A (Escherichia coli); pac phages P22 (Salmonella spp.), Sf6é (Shigella spp.), and
SPP1-like phage SF6 (Bacillus subtilis); and the T4 relative 44RR (Aeromonas salmonicida)
(18-22).

TerS molecules assemble into gear-shaped oligomers of radially arrayed monomers. The
number of subunits per oligomer varies from phage to phage over a range of 8 to 12. The N
terminus is a small, globular, DNA-binding domain (DBD). Thus far there is genetic
evidence only in cos phages A and 21 that the DBD, a winged helix-turn-helix motif,
specifically binds DNA (18). DBDs are tethered to the central cone-shaped oligomerization
domain, which is made of two long a-helices forming an antiparallel coiled coil. A TerL
specificity domain (the neck), which includes a parallel p-barrel motif, extends from the core
and interacts with TerL’s N-terminal ATPase domain. Swapping of TerS neck domains—for
example, between A and 21, Sf6 and P22, or T4 and RB49 (18, 23, 24)—swaps TerL
specificity.

There is controversy about whether the TerS-DNA complex involves wrapping (21, 25) or
threading through the central channel (19) (Figure 2). The tethered DBDs extend out from
the core. This arrangement may provide positional plasticity for the DNA to wrap around in
a nucleosome-like complex. DNA footprinting (A, SPP1) and cyclization (SPP1) studies of
TerS-DNA complexes are consistent with the wrapping model (26, 27). With respect to the
alternative model, threading, in Sf6 TerS the core channel at the narrowest point is only 17
A wide, too narrow to accommodate the 23-A-wide dsDNA (Figure 2) (20). However, the
stoichiometry and architecture of TerS oligomers assembled in the presence of TerL and
other viral components might be different, and the channel might be wider. A TerS-DNA
cocrystal structure is needed to resolve the structure of the viral genome recognition
complex.

The Headful Nuclease, TerL

TerLs are large 49-81-kDa packaging motor proteins with two globular domains joined by a
hinge (28). The N-terminal domain contains the ATPase center that powers DNA
translocation, which is discussed in detail below.

The C-terminal domain is the endonuclease that processes concatemeric DNA into genome-
sized DNA molecules. The atomic structures of this domain from a number of viruses (29—
35) show that it has the RNase H fold (36) that is also present in resolvases and integrases
(Figure 3). The C-terminal domain includes a DNA-binding groove lined with basic amino
acid residues that presumably interact with the DNA backbone phosphates. The position of
the endonuclease-bound DNA can be modeled based on the known DNA-RNA hybrid—
RNase H cocrystal structure (36). There is a deep valley at one end of this groove into which
three acidic residues are arranged in a catalytic triad. These and a fourth conserved residue
(Asp) coordinate two Mg2* (or Mn2*) ions, forming the nuclease catalytic center (Figure 4).
As in RNase H, one of the Mg2* ions probably stabilizes the transition state and the other
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Mg?2* ion generates the OH™ nucleophile for phosphodiester bond cleavage (29, 35, 37).
Mutations at any of the catalytic residues of phage T4 TerL results in loss of DNA cleavage
activity, but the packaging activity remains intact. Consequently, the mutant proteins cannot
package circular DNA but can package the DNA if it is linearized (29). In SPP1, however,
changing some of these residues leads to loss of both nuclease and DNA packaging
activities (38).

TerL’s endonuclease activity must be tightly controlled such that the concatemer is cut only
when packaging is initiated and terminated. It must remain inactive or inaccessible during
translocation. Otherwise, partially packaged particles that are noninfectious will be
produced. Several factors, such as TerS, the nucleotide status of the ATPase domain, and
mobile elements in the linker, regulate the endonuclease (30, 32, 39, 40). However, more
detailed structural and biochemical data are needed to understand how the switch from
nuclease to translocation, and vice versa, operates.

Recently, a significant departure from the two-subunit terminase paradigm was found in
phage HK97 and related phages. A third component, an HNH nuclease, is also required. The
HK97 holoterminase alone cleaves cos DNA very poorly but cuts efficiently in the presence
of the HNH nuclease (41). Similarly, the helper phage—dependent Staphylococcus
pathogenicity island SaPIbov5 requires HNH-encoding helper phages for cos-dependent
packaging (42). Mutants in the HNH’s putative nuclease catalytic site are unable to sponsor
cos cleavage. Sequence analyses further suggest that many cos-cutting terminases encode
HNH proteins. Herpes simplex virus (HSV) and human cytomegalovirus (HCMV) produce
TerLs that form heterotrimers with two other proteins (43, 44). These viruses thus may have
also evolved a tripartite terminase system.

The Holoterminase

Cleavage must occur on both strands of the DNA molecule, requiring a 2-fold rotationally
symmetric TerL dimer. In addition, for cos phages, the 12-bp cohesive ends must be
separated to generate free ends. It is widely accepted that a TerS-TerL holoterminase
complex coordinates this whole process. In fact, in the absence of TerS or its recognition
site, TerL loses specificity and behaves as a nonspecific endonuclease, even in the case of
phage A, in which its TerL otherwise makes precise cuts at the cosN sequence (43). The
stoichiometry and structure of the terminase complex is unknown. The holoterminase might
be an unstable and dynamic complex, as was thought in the case of phage T4, in which TerS
(gp16) regulates TerL (gpl7) activities but a TerS: TerL complex could not be isolated.
However, TerS:TerL complexes could be purified from phages A and P22 (19, 45). The A
complex is a tetramer of TerS,:TerL, heterotrimers: [TerS,:TerL1]4. Tetramers are highly
active for cos cleavage as well as for DNA packaging and do not require the E. coli
integration host factor (IHF). IHF’s assistance otherwise is needed, both in vivo and in vitro,
to generate maximal terminase activity (45). These observations suggest that [TerS,:TerL4]4
might be the functional holoterminase complex. Structural information on a holoterminase
complex, preferably bound to DNA, is needed to further understand the end-generation
mechanism.
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DNA End Insertion

After cutting, the terminase complex must dock one of the newly generated ends to the
prohead portal in order to initiate DNA translocation. Considerable changes in the
holoterminase likely occur during this transition. An alternative view, that the initiation
complex might sponsor DNA translocation (46), may not be plausible. For cutting, the TerL
molecules must be in a 2-fold rotationally symmetric orientation in order to make contact
with the same chemical elements of the antiparallel DNA strands. In contrast, for
translocation, a parallel arrangement of TerL monomers in an oligomeric ring configuration
appears to be essential. Indeed, the ¢p29 packaging motor tracks along—i.e., makes periodic
contact with—one of the strands, the 5'—3’ strand (in the direction of packaging), during
translocation (47, 48). Thus, the holoterminase complex used for cutting must be remodeled
for DNA translocation (and again for packaging termination; see below).

Although the details are not known, TerL must remain bound to the end and assemble on the
portal before the end slips out of the complex. Indeed, genetic studies with pac phage P1 and
cos phage A show that one of the ends, the pac-containing (P1) or cosB-containing () end,
is protected and used for initiating the processive packaging series, whereas the other end is
unprotected and susceptible to RecBC exonuclease cleavage (49-51). It seems likely that
additional free TerL molecules assemble on the DNA-holoterminase-portal complex to
assemble an oligomeric packaging motor. However, much remains to be understood about
this dynamic transition from cutting to packaging.

In vitro studies show that end insertion is an efficient, but promiscuous, process. It can occur
by multiple pathways. For instance, in vitro DNA packaging does not require a concatemer
substrate or DNA cutting. Packaging can occur from a free end of a short oligonucleotide
and in some cases (e.g., T4) without even requiring TerS. Packaging can also occur by first
assembling the TerL subunits on the portal and then capturing the end, or alternatively,
terminase can first assemble on the DNA end and then dock on the portal. Surprisingly, the
T4 prohead portal can capture a DNA end even in the absence of TerL; and when TerL is
provided, the motor assembles around the bound DNA and, after ATP is added, translocates
the DNA (52). These observations suggest that the structure of the phage packaging machine
may have evolved to efficiently perform this seemingly difficult task of inserting the 23-A-
diameter DNA end into the ~30-35-A-diameter portal channel. In vivo, however, where the
relative concentrations of the packaging components are low and competing interactions are
numerous, a dynamically active holoterminase complex is essential to seamlessly perform
this transition.

Triggering Translocation

Although the end of a DNA molecule is inserted into the motor channel, it may still be in a
dynamic state of dissociation and reassociation unless stabilized by translocating several
base pairs of DNA into the capsid. In T4, lowering the motor’s rate of ATP hydrolysis either
by lowering the ATP concentration or by mutating the ATP-binding site severely impaired
packaging initiation (52). Thus, a rapid succession of ATPase firing, analogous to the
cranking of an automobile engine, might be essential at the start of DNA packaging to
overcome the dissociation of DNA from the motor. This would push the DNA past the
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~100-A-long (~30-bp) translocation channel into the capsid, making release no longer a
significant barrier for translocation. The ATPase-stimulatory property of TerS might be
essential at this step, considering that TerS is probably still associated with the TerL-DNA
complex (holoterminase) during this transition.

DNA TRANSLOCATION

Anatomy of the Packaging Machine

The packaging machine consists of two essential components, the motor and the portal. As
mentioned above, TerL assembles on the portal as an oligomeric motor, generates energy,
and uses this energy to translocate DNA. The portal assists the motor and provides a channel
through which DNA is transported into the capsid. Although the motor-portal complex
functions in association with the capsid, the capsid as such is unlikely to be directly involved
in the translocation mechanism. The TerS subunit is also required—probably to regulate
motor function, but not in the mechanics of translocation because DNA can be efficiently
packaged in vitro in the absence of TerS (53).

The motor—It is now clear that TerL is the motor protein that hydrolyzes ATP and
translocates DNA into the capsid. As mentioned above, TerL consists of an N-terminal
ATPase/motor domain and a C-terminal nuclease/translocase domain, as well as a hinge
connecting the two domains (28) (Figure 4a,b). The T4 ATPase domain has two
subdomains, a larger catalytic subdomain (Nsubl) and a smaller regulatory subdomain
(Nsubll). Extensive mutagenesis and biochemical studies combined with bioinformatics
analyses, in particular of phage T4 TerL (gp17), elucidated the functional motifs present in
the TerL domains (3, 4). Atomic structures of T4 TerL provided structural context for the
catalytic residues identified in these motifs (35). Subsequent atomic structures of the C
domain from phages SPP1 and P22, HCMV, and HSV1 and the full-length structure of
phage Sf6 TerL established that the fold and the overall structure of the ATPase and
nuclease domains are well conserved in different TerL proteins despite having very low
sequence similarity (30-34).

Significant differences in the full-length structures of T4 and Sf6 TerL proteins are of note
(Figure 4c). The 465 amino acid Sf6 TerL is smaller than the 610 amino acid T4 TerL (31,
35). This difference is due in part to the lack of a separate subdomain Il (Nsubll) in Sf6
TerL. However, Sf6é TerL has a larger hinge, which might carry out the regulatory function
of T4 TerL’s Nsubll, as follows: ATP binds in the crevice formed by the ATPase domain
and the hinge in Sf6 TerL, whereas in T4 TerL, the crevice is between Nsubl and Nsubll
(Figure 4a,b). In Sf6 TerL, the arginine finger that triggers ATP hydrolysis alternates
between coordinating the 3 and v phosphates of ATP and forming charge-charge interaction
with a Glu residue in the hinge, whereas in T4 TerL, the interaction is with an equivalent
residue in the Nsubll domain. Thus, the differences in the TerL structures might reflect
adaptations by different phages while preserving the basic functional and mechanistic
features.

The power generator—The N-terminal domains of TerLs contain a conserved ATPase
catalytic center (54), which provides the energy for DNA packaging (Figure 4d,e). The N-
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terminal domain of T4 and Sf6 TerLs has a RecA-type ATP-binding pocket, a six-stranded
parallel B-sheet with interspersed a-helices (known as the Rossmann fold) that orient the
residues of the catalytic motifs—Walker A, Walker B, catalytic carboxylate, coupling motif
(C motif), and Q motif—into the pocket (3, 4) (Figure 4e). The TerL Walker A [G/A/S-
XXXGK(T/S)] is one residue shorter than the canonical Walker A [GXXXXGK(T/S)]. The
Walker A forms a phosphate-binding loop in which the Lys e-amino group coordinates the 3
and y phosphates of ATP and the Thr/Ser hydroxyl with the Mg-ATP complex. The Walker
B motif is a B-strand of four hydrophobic amino acids terminated by an Asp residue that
coordinates the Mg2* of the Mg-ATP complex. The Asp-Mg?* positions the  and v
phosphates of ATP for nucleophilic attack by the OH™ nucleophile generated through
splitting of a bound water molecule by the catalytic carboxylate, a Glu residue present next
to the Walker B Asp. In addition, a hydrophobic or nonpolar amino acid next to Glu might
also be essential (55). In phage A gpA, mutations in or near the Walker B and the C motif
reduce packaging velocity (56). These residues may be part of a velocity controller that
controls the rate of ATP hydrolysis and, in turn, motor velocity. The C motif (aka motif 111
in helicases), a conserved amino acid triplet with Thr or Ser often present at the third
position, couples ATP hydrolysis to DNA movement. TerL also contains an adenine-binding
motif 10-25 residues upstream of the Walker A, later named the Q motif because GlIn is a
key residue (57, 58). These catalytic signatures form a network of interactions with ATP and
fire ATP hydrolysis upon receiving appropriate cues from the packaging machine.
Perturbations, even a loss of a single hydrogen bond or a change in the length of a side chain
by a single carbon, could lead to lethality. For instance, Asp255Glu (Walker B) or
Thr287Ala (C motif) in T4 gp17 results in near-complete loss of ATP hydrolysis and DNA
packaging (59). The A gpA mutant Tyr46Phe fails to package the full-length genome
because of increased DNA slipping and lowered force generation (60). Finally, ATP
hydrolysis is triggered by an arginine finger that fires ATP hydrolysis. The arginine finger of
phage terminases is located as part of the Walker A motif and fires the ATPase of the same
motor subunit (cis), but not that of the adjacent subunit (trans) as was found in ring-type
helicases.

The DNA translocator—As described above, the structures of the TerL C-terminal
domain contain a conserved nuclease catalytic center with a clearly delineated DNA-binding
groove (Figures 2 and 4f,g). Mutational and structural evidence suggests that this domain is
also responsible for DNA translocation (28, 31, 35). However, the DNA groove that does
the translocation has not been established. In phage SPP1, some of the mutations in the
nuclease center that failed to cut DNA also failed to package DNA, implying that the
nuclease groove may also be involved in DNA translocation (38). The structural
organization of Sf6 TerL is consistent with this hypothesis (31). If so, the nuclease activity
must be turned off during translocation, and the groove function must switch from DNA
cutting to DNA bind-release (see below), which probably requires significant reorganization
of the groove. A second shallow DNA groove was predicted on the opposite side of the T4
C domain based on the structural data (35). The cryoelectron microscopy (cryo-EM)
structure of the T4 prohead-motor complex places this groove in the DNA translocation
channel in line with the portal channel, leading to the proposal that an alternative groove
might be dedicated for DNA translocation. Mutations at one of the proposed residues of this
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groove (Arg406) resulted in loss of DNA translocation (35). However, this second groove
has not been found in other TerL C domain structures. Further genetic, biochemical, and
structural studies of TerL-DNA complexes are needed to resolve this question.

The portal—Although there is no significant amino acid sequence similarity, the overall
shape, structure, and stoichiometry of portals are well conserved in phages and
herpesviruses (4). Atomic structures of the dodecameric portal assembly have been
determined from three different phage families; Podoviridae (¢p29, P22), Siphoviridae
(SPP1), and Myoviridae (T4) (Figure 5) (61-65). These show a common core structure. The
cone-shaped structure consists of “crown” and “wing” domains at the wide end, positioned
in the prohead interior, and a central “stem,” also called the core, with 24 long a-helices (2
per subunit) that bundle into a palisade and are slanted at a 30—40° angle relative to the
central axis. A “stalk” or “clip” domain, which includes an af structure and the associated
loops that protrude outside the prohead, forms the terminase docking site. Phage P22’s
portal has a fifth domain attached to the crown (64), an ~120 amino acid long glutamine-rich
a-helical barrel (66). Portal domains are connected with linkers or hinges at the most
constricted regions of the portal channel. The length of the channel is 75-110 A and the
radius is 35-65 A, sufficiently wide to accommodate the dsDNA.

Genetic and biochemical studies suggest that the portal, in addition to providing a channel
for DNA transport, is actively engaged in the packaging process (63, 67-69). However, a
widely considered model that involves rotation of the portal to translocate DNA has been
ruled out (70, 71). Certain mutations in channel helices or cross-linking of the helices results
in loss of DNA packaging activity (72). The 15-20 amino acid long tunnel loops, which
connect the stem and wing domains, protrude into the channel and likely interact with the
DNA. These loops are disordered and are not seen in the electron density of two of the three
X-ray structures, and the density is weak in the cryo-EM structure of the T4 portal,
suggesting conformational flexibility. Deletion of the loop does not affect DNA packaging
per se, but the motor cannot complete the packaging of the viral genome. The last packaged
DNA leaks out in these mutants, and the motor tries repeatedly to repackage the leaked
DNA (63, 73). The phage particles produced have shorter genomes and are noninfectious.
These observations suggest that the tunnel loops might restrain the packaged genome. In
addition, these loops might also restrain the packaged DNA during translocation, which
could explain the unidirectional translocation observed when the portal was employed as a
passive nanopore (74). Finally, certain portal mutations cause underpackaging or
overpackaging of DNA, or affect the efficiency of termination, implying that the portal
senses the internal pressure and signals the motor to terminate packaging when the head is
full (68, 69, 75, 76). The portal thus seems to act as a communicator and regulator of the
packaging motor.

Motor stoichiometry—TerL assembles on the portal into an oligomeric motor. Cryo-EM
structures of prohead-motor complexes from phages ¢29 and T4 show a ring of extra density
attached to the protruding clip domain of the dodecameric portal (Figure 6a,b, panel i) (35,
48, 77). This density corresponds to a pentamer of gp17 in T4 (Figure 6a, panels ii and iii)
and a pentamer of the pPRNA-gp16 complex in $29 (Figure 6b, panels ii and iii) (77). In T4,
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the X-ray structures of the individual gp17 domains could be fitted into the density, with the
N-terminal ATPase domain facing the portal and the C-terminal nuclease/translocase
domain forming the bottom portion of the ring. Negative-stain electron microscopy
structures of the phage T7 TerL and portal-TerL complex also showed a pentameric TerL
ring stacked under a dodecameric portal. Fitting of TerL structural models generated using
the T4 atomic structures gave the same domain orientation relative to the portal as the T4
motor (78).

Alternative stoichiometries have been reported for phage A TerL (gpA) and $29 pRNA, as
follows (45, 79). Negative-stain electron microscopy and analytical ultracentrifugation
studies of an active A holoterminase complex showed a tetramer of protomers:
[TerSy:TerLq]4. Probability analysis of wild-type gpA and a packaging-deficient gpA
mutant assembling into active or inactive complexes suggested a motor stoichiometry of
four or five TerL subunits (46). In the case of ¢$29, a hexameric stoichiometry was deduced
by counting the number of steps needed to completely photobleach fluorescently labeled
pRNA bound to proheads. On the other hand, the recent sub-nanometer asymmetric cryo-
EM reconstruction of the ¢29 prohead-pRNA complex performed without imposing any
symmetry has verified the pentamer stoichiometry of the ¢29 packaging motor (48).

From mechanistic considerations, the stoichiometry of the motor might have to be the same
in all phages, given that the dodecameric portal stoichiometry and 10.5-bp helical pitch of
DNA are fixed. Although there is consensus for a pentameric packaging motor, more high-
resolution cryo-EM structures and single-molecule fluorescence experiments that allow
direct counting of motor subunits in the actively packaging machines are needed to
definitively establish motor stoichiometry.

Portal-motor interface—Portal structures established that the loops of the clip domain
that protrude at the bottom of the portal assembly are positioned to interact with the
packaging motor. Indeed, genetic and biochemical studies mapped the motor-binding site in
the T4 and SPP1 portals to residues present in these loops (63, 80). Furthermore, a peptide
corresponding to these residues of the T4 portal bound gp17 and inhibited DNA packaging.
However, the region of TerL that interacts with the portal is controversial. Early genetic and
biochemical studies showed that a portal-binding site is present in the last 15 amino acids of
) gpA and T3 gp19 (4). The putative binding motif maps to LYWEDD (amino acids 571~
576) and LSGEDE (amino acids 636-641) in gpA and gp19, respectively. But in phage T4,
the C-terminal 33 amino acids are not essential for DNA packaging. In addition, second-site
suppressors, i.e., compensating mutations that alleviate the defects of the T4 portal (gp20),
map to the central (Ser336Asn) and C-terminal (Ser583Asn) regions of gp17 (81). Both the
N-terminal ATPase domain and the C-terminal nuclease domain inhibit in vitro DNA
packaging, presumably by competing with the full-length gp17 for portal binding (28). In
the cryo-EM structure of the T4 prohead-gp17 complex, the N-terminal ATPase domain
structure fits into the density facing the portal, whereas the C-terminal nuclease/translocase
domain structure fits into the density of the distal lobe (Figure 6a, panels ii and iii).
Mutagenesis data showed that a helix-loop-helix peptide in the central region of gp17
contains the portal-binding site, and a peptide corresponding to this region inhibits DNA
packaging (82). Several heat-sensitive mutations have been mapped to this region, and
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changing the loop residues of the helix-loop-helix leads to loss of DNA packaging (82).
These studies are consistent with the presence of a portal-binding site in the central region of
gpl7. On the other hand, fluorescence resonance energy transfer studies suggested that a
fluorescent probe attached to the C terminus of gp17 is closer in distance to the N terminus
of the portal than is another fluorescent probe attached to the N terminus of gp17, which led
to the prediction of an opposite orientation (83). In phage SPP1, the C-terminal domain but
not the N-terminal domain of TerL (gp2) bound to the prohead portal (38). However, the
latter observation would not rule out the possibility that the binding site might be in the
central region of TerL. A high-resolution cryo-EM structure of the prohead-motor complex
is necessary to establish the orientation of motor domains as well as to define the residues
that interact with the portal.

Packaging Dynamics

Optical tweezers technology analyzes the dynamic aspects of DNA translocation at the
single-molecule level in real time (6). Prohead-motor complexes are tethered to a
microsphere (2 um in diameter) with anticapsid antibodies. DNA molecules, biotinylated at
one end, are tethered to a second, streptavidin-coated microsphere (Figure 7a). The
packaging machine, suspended between the two beads, is assembled either by directly
tethering an ATPyS-stalled packaging complex or by bringing the prohead-motor bead and
the DNA bead close to each other. In the latter case, the motor captures the free end of a
DNA molecule on the DNA bead and begins packaging when ATP is provided. The beads
are then pulled apart by applying a small amount of force (5 pN) to fully extend the DNA.
The force generated by the motor can then be measured at piconewton resolution, and the
motor velocity, defined as the reduction of DNA tether length with time, can be measured at
a resolution of less than 1 nmin 0.1 s. In addition, slips and pauses can be detected and
quantified.

Force, rate, and processivity—Studies with the phage ¢29, T4, and A\ packaging motors
have revealed that the packaging motor is exceedingly powerful, generating forces of ~60
pN, 20-25 times the force generated by the myosin motor. Such high forces are probably
essential to overcome the strong repulsive forces in the condensed DNA as well as the forces
that resist DNA bending and the entropic penalty to confine the highly negatively charged
polymer in a nanoscale compartment.

The velocity of the packaging motor varies among the different phages. The ¢29 motor
packages the 19.3-kb viral genome at 100-150 bp/s, the phage A motor packages the 48.5-kb
genome at ~600 bp/s, and the phage T4 motor packages the 170-kb genome at ~900 bp/s
(13, 84, 85). These are the initial rates when the capsid is nearly empty and there is
negligible pressure buildup inside the capsid. Rates as high as 2,000 bp/s have been recorded
for the T4 motor, making it the fastest known packaging motor. Velocity differences might
allow phages to package differently sized genomes in the same amount of time, ~3-5 min.
Rapid DNA packaging within this time window might be an important aspect of phage
evolution, to maximize the number of completed phages in the ~25-30-min infection cycle.
As an example of the consequence of slow assembly, the Thr194Met mutation in A’s TerL,
which slows the translocation rate about 8-fold, is lethal (56, 86).
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Motor velocity decreases with applied external force (6). Remarkably, the T4 motor can
translocate at a speed of ~380 bp/s even when a large amount of force, 40 pN, is applied,
giving the motor a power density of ~5,000 kW/m3. If the nanoscale motor were scaled up
to a macromotor, the T4 packaging motor would be approximately twice as powerful as that
of a typical automobile engine.

A fit motor must be highly processive and must not dissociate from the packaging complex
until the entire viral genome is encapsidated. Otherwise, noninfectious, partially packaged
virus particles will be produced. Indeed, phage packaging motors exhibit high processivity.
One way to assess processivity is by measuring the frequency of pauses, when the motor
makes random stops for a fraction of a second but remains bound to the capsid and then
resumes packaging. The pause frequency of the 29 motor in the initial stages of packaging
is approximately once per 12 kb, but it rises sharply during the late stages of head filling
(see below). The T4 motor, on the other hand, exhibits a higher pausing frequency,
approximately once per 3 kb. This might be a feature that allows the T4 motor to overcome
the numerous DNA roadblocks, such as nicks, branches, and bound proteins, that stem from
T4’s high level of recombination.

The free energy of ATP hydrolysis, when expressed in units of force and displacement, is
equivalent to ~120 pN/nm. Because all three phage packaging motors studied generate ~60
pN of force, the motor would translocate 2 nm, or approximately 6 bp, if 100% of the free
energy were to be converted into DNA translocation. An ~2-bp step size (87, 88) therefore
gives an estimated ~30% efficiency for the conversion of ATP free energy into mechanical
motion. Of the remaining 70%, a fraction likely supports conformational transitions and the
rest is probably released as heat.

Dwell and burst—High-resolution measurements of $29 packaging showed that each
translocation cycle is separated into two distinct phases, dwell and burst (89) (Figure 7b). In
the dwell phase, the motor pauses and loads the subunits with ATP, and in the burst phase, it
translocates DNA in 10-bp increments. ATPs bind to the motor during the dwell phase, one
ATP to each subunit, with no apparent cooperativity. The dwell phase is thus very sensitive
to ATP concentration, and the time the motor spends in this phase sharply increases at low
ATP concentration. In contrast, the burst phase is not affected by ATP concentration, as it is
initiated only after all the motor subunits are fully loaded with ATP. Firing in rapid
succession by the motor subunits completes the burst phase, and the motor enters another
dwell phase to reload ATP. Consequently, the motor velocity greatly decreases with
decreasing ATP concentration even though the actual translocation rate during the burst
remains unchanged.

Step size—The oligomeric ring structure of the packaging motor implies that each ATPase
takes turns hydrolyzing ATP and translocating a certain length of DNA into the phage head.
The step size is equal to the number of DNA base pairs translocated per ATP hydrolyzed.
Initial calculations from ensemble (bulk) assays gave a step size of ~2 bp/ATP for the phage
¢29 and T3 motors (87, 88). This value is probably an underestimate, because in bulk
assays, some of the ATPases in the reaction mixture “idle,” hydrolyzing ATP but not
packaging DNA.
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By slowing down ¢29 DNA packaging to <10 bp/s by using low ATP concentrations and
applying high external force, it was possible to resolve each burst into sub-bursts (47).
Unexpectedly, there are only four sub-bursts instead of five, each corresponding to
translocation of 2.5-bp, a nonintegral number (47). Although ATP hydrolysis was not
measured, these data compel one to conclude that each sub-burst is powered by firing of one
ATPase subunit. This means that, in the ¢29 pentameric motor, the step size is 2.5 bp and
only four of the five ATPase subunits translocate DNA, whereas the fifth ATPase subunit
may have a special regulatory role (see below).

DNA grips—Gripping of DNA is essential for translocation and retention of DNA inside
the capsid. In the dwell-burst mechanism, the motor takes a significant pause after each
burst to load ATPs. During this time, the DNA must be tightly bound to prevent its release
from the capsid. TerL and the portal loops play significant roles in retention, based on
mutant behavior. In addition, the motor must grip the DNA in order to push it into the
capsid, and also probably during transfer from one subunit to the next. Otherwise, the 5-8
pN of force applied in single-particle experiments could pull some of the packaged DNA out
of the capsid. In the infected cell, the internal capsid pressure accumulated due to DNA
packaging would do the same. Thus, regardless of the mechanism, there might be at least
two DNA coordinated grip-release events in each translocation cycle (Figure 8) that occur
for different reasons and probably on different timescales and potentially involve different
components of the packaging machine.

Packaging experiments in ¢29 using substrates with short stretches (~10-20 bp) of modified
DNA are instructive (90). The modifications include neutral DNA containing
methylphosphonates instead of phosphates, abasic DNA lacking purine/pyrimidine bases,
single-stranded DNA, or an unstructured non-DNA polymer. Packaging was more sensitive
to insertions in the 5’—3’ strand than in the 3'—5’ strand (relative to the direction of
packaging), indicating that the motor might grip (track) the 5’—3’ strand. Surprisingly,
however, the motor can package through these aberrant regions as long as the insert length is
<10 bp. Packaging was greatly reduced, or failed, if the aberrant insert was 11 bp or longer.
This means that the motor must engage with the canonical dsDNA once every 10 bp, which
aligns with the dwell phase after each 10-bp burst. Thus, the motor might come into phase
with a periodic element of DNA, such as backbone phosphates, while being reloaded with
ATP. On the other hand, the burst phase does not appear to require specific interactions with
DNA, because the motor can traverse up to 10 bp of unnatural DNA or even a non-DNA
polymer without stalling. Whether these results apply to other phage motors remains to be
seen. The ¢29 TerL C domain is smaller and lacks the nuclease center. It is not known
whether $29 TerL has a DNA groove similar to the one found in other TerL C domains
(Figure 3). Hence, there might be differences in the DNA gripping features of different
phage motors. Furthermore, the DNA binding affinity is modulated by the nucleotide state
of the ATPase. For instance, the phage A TerL Tyr46Phe mutant with an altered Q motif
frequently loses grip on the DNA, resulting in frequent slips and loss of processivity (60).

DNA rotation—DNA is likely held as a rigid rod in the ~100-A-long motor channel and
moved linearly into the prohead by translational motion, although some eccentricity is
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expected due to its symmetry mismatch with the motor and the portal. However, rotation of
DNA is essential for two reasons. First, as the packaging motor pumps DNA into the capsid,
it needs to be bent (wound) in order to conform to the dimensions of the capsid. This would
introduce torsion, which must be released by rotation of DNA outside the capsid. Such
release could probably occur spontaneously during translocation, for example during the
burst phase in 29, when the DNA is not held tightly by the motor. Second, the helical pitch
of the B-form DNA is 10.4-10.5 bp, not exactly 10 bp, and it varies with the DNA
sequence. The 5-fold symmetry of the packaging motor and the 10-bp burst of each
translocation cycle mean that the DNA returns to the same motor subunit exactly every 10
bp, not every 10.5 bp. This means that either the motor or the DNA must rotate by 14-18°
after (or during) each translocation cycle in order to bring the motor into phase with the
DNA. By attaching a third bead to a nicked strand in the middle of the packaging DNA
substrate and measuring its angle relative to the DNA axis, it was found that the bead rotates
in the left-handed direction by ~14° per burst cycle or 1.4° per base pair of DNA packaged
(15) (Figure 7b). Further, the amount of rotation increased to ~48° per cycle at the last stage
of DNA packaging, when the capsid is nearly 100% full. At this point, the burst decreased to
9 bp from 10 bp, requiring 48° of rotation. These observations fit with the 2.5-bp step size
and pentamer motor stoichiometry but do not account for the additional rotation that might
be needed to relieve the torsion introduced due to winding of the DNA inside the capsid. It
is also unclear why the DNA rotates in one direction only.

Motor coordination—The dwell-burst mechanism of the 29 motor requires strict
coordination between the motor subunits. All the motor subunits must be loaded with ATP
before firing (burst) can begin. It also imposes division of labor among the motor subunits.
Because only four of the five subunits fire, the DNA always returns to the same fifth subunit
after translocating one helical turn. The motor then enters the dwell phase, reloading the
ATP fuel while the fifth subunit holds onto the DNA. This means that some feature of the
motor must make the fifth subunit a special subunit. This functional asymmetry might be
due to as-yet-unknown asymmetry of the motor ring structure, or it may simply be that this
subunit happens to be at the right place at the right time after each dwell phase to interact
with the DNA.

A model for motor coordination and a special role for the fifth subunit stems from the
pausing behavior of the motor in the presence of nonhydrolyzable ATP analogs (91) (Figure
7b). The model predicts that the motor subunits during DNA translocation exist in a
nucleotide-bound state, either with ADP or ATP, but never in an empty (apo) state. At the
start of a new translocation cycle, all five subunits of the motor will be in the ADP state as a
result of ATP hydrolyses in the previous burst cycle, in which ADP remains bound to the
motor while P; is released. ATP binds to the special subunit, causing a conformational
change that leads to tight interactions with the backbone phosphates of the DNA. This might
also be the point at which the DNA rotates by 14-18° to come into phase with the special
subunit. This conformational transition is then communicated to the next subunit, which
then binds ATP, releasing its ADP. However, no cooperativity—i.e., change in ATP binding
affinity of the next subunit—is involved. This interlaced ATP-ADP exchange is repeated in
sequence until all the motor subunits are loaded with ATP (Figure 7b). The special subunit
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then hydrolyzes ATP, reverting to the ADP conformation, in which the motor has the least
affinity to DNA, and thus breaking contacts with the DNA. The burst phase is then
triggered, with the four remaining subunits hydrolyzing ATP in rapid succession. Release of
Pi molecules is coupled to translocation of 4 x 2.5 bp of DNA. Another dwell phase starts as
the special subunit captures ATP and makes tight contacts with the DNA.

The above dwell-burst cycle repeats in a strictly coordinated fashion, with four subunits
translocating DNA and the fifth subunit regulating the precise timing of the start of the burst
cycle. This division of labor among the motor subunits, including the regulatory role for one
of the subunits, repeats during genome packaging unless there is a pause or slip during the
burst phase or a nonhydrolyzable ATP analog is bound to one of the motor subunits. Here,
the special role might switch to another subunit in order to recover from the pause and
restart another series of dwell-burst translocation cycles. In total, ~2,000 such cycles would
lead to the encapsidation of the 19.3-kb $29 genome.

Alternative models—Whether a strictly coordinated dwell-burst mechanism is common
to other phage or viral packaging motors is not known. In the case of the phage A motor,
ensemble assays showed that a single ATPase mutant subunit can poison the packaging
motor (46). Probability calculations are consistent with strict coordination of the A
packaging motor, but this does not necessarily mean that the dwell-burst mechanism is
operational.

Data from the phage T4 packaging motor argue against a strict dwell-burst mechanism. T4’s
packaging rate does not decrease sharply with decreasing ATP concentration, as observed in
$29 (92). Instead, the motor randomly pauses and the frequency of pausing increases with
decreasing ATP concentration. The paused motor unpackages, slowly releasing the
packaged DNA, a phenomenon thus far observed only with the T4 motor. Consequently, at
an ATP concentration of 25 UM, no net packaging occurs even though the motor is still
packaging at a rate of ~300 bp/s because frequent pausing and unpackaging release the
packaged DNA.

Although the dwell-burst mechanism cannot be excluded, this behavior is inconsistent with
such a mechanism. In ¢29, the dwells (pauses) are evenly spaced and the dwell time
increases at low ATP concentration, but no random pauses are observed (47). During the
dwell, the 29 motor makes strong contacts with the DNA (through the special motor
subunit), whereas the T4 motor makes weak contacts as it unpackages DNA when paused.
Whereas the dwell duration is sensitive to ATP concentration in ¢29, it is independent of
ATP concentration in T4 (92). Thus, the T4 motor does not seem to be as strictly
coordinated as the 29 motor. It might belong to a different category of motors that may
have sacrificed motor coordination for speed during evolution, for instance by giving up the
dwell phase, in order to package ~8 times more DNA in the same period of time. This is
consistent with the assignment, based on sequence analyses, that the ¢$29 packaging ATPase
belongs to the HerA-FtsK superfamily of ATPases, a lineage that is distinct from the lineage
of terminases from T4 and other large tailed bacteriophages (93). However, both these
lineages belong to the broad ASCE (additional strand conserved E) division P-loop NTPases
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but probably evolved at different time points from an ancestral ASCE ATPase and then
clustered into independent groups during the evolution of tailed bacteriophages.

Translocation Mechanism

Many models have been proposed to explain the mechanism by which the energy from ATP
hydrolysis is used to drive DNA translocation into the capsid (reviewed in 3). However, it
remains an open question. Recent atomic structures of the packaging proteins and analyses
of single packaging machines combined with mutational studies have generated specific and
testable hypotheses.

Inchworm—There is now a consensus that DNA translocation occurs by an inchworm-type
mechanism (Figure 8). One part of the packaging machine (the motor) grips the DNA (panel
i) and translates about 2 bp of DNA into the capsid (panel ii) and releases. Another part of
the machine (motor or portal) then grips the translocated DNA (panel iii) while the motor
returns to grip the DNA to repeat the process (panel i’).

Perhaps the most detailed model for this type of mechanism has been proposed for T4 based
on structural and biochemical data (35, 94) (Figure 9). In this model, the T4 motor subunit
(gp17) exists in two conformational states, “relaxed” (“extended”) and “tensed”
(“compact”). In the extended state (cryo-EM structure), the N- and C-terminal domains of
gpl7 are separated by ~7 A through a flexible hinge. Binding of ATP to the N-terminal
ATPase subdomain I (Nsubl) and of DNA to the C-terminal nuclease/translocase domain
(Figure 9a) orients the arginine finger (Arg162) into the ATPase catalytic site, triggering
ATP hydrolysis (Figure 9b). Electrostatic repulsion between the negatively charged products
ADP (3-) and P; (3-) drives them apart, causing the regulatory subdomain (Nsubll) to rotate
by 6° (X-ray structure) (Figure 9c). Five complementary charge pairs and hydrophobic
surfaces between the N and C domains align and attract each other, creating a >2,000-A
interacting interface and causing the C-terminal domain-DNA complex to move ~7 A closer
to the N-terminal ATPase domain (X-ray structure). Consequently, ~2 bp of DNA is
translocated into the capsid (Figure 9d). Product (ADP, P;) release causes Nsubll to rotate
back to its original position, misaligning the charge pairs and returning the C domain to the
extended state (Figure 9e). The DNA is now in register with the adjacent gp17 subunit,
which, already loaded with ATP, takes its turn to bind to DNA and repeat the translocation
cycle. In this way, fueled by ATP chemical energy, alternating conformational states of the
motor generate electrostatic force that drives DNA motion.

This model is supported by genetic and biochemical analyses, particularly the functional
behaviors of mutants in the arginine finger, C motif, and hinge region (35, 95). Perhaps the
best evidence came from the analysis of charged-pair residues that are part of the
electrostatic force generator (94). Switching some of these residues to the opposite charge
resulted in impaired force generation. When 50 pN of external force was applied, the
velocity of the mutant motors dropped to near zero, whereas the wild-type motor still
packaged at a rate of ~100 bp/min. Molecular dynamics simulations showed that these
measurements correlated with the computed free energy differences between the extended
and compact states of the motor (96).
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The dwell-burst mechanism as well as the mechanochemical details of the ¢29 packaging
motor fit well with the inchworm-type DNA packaging mechanism (9). The details might
vary, however. For instance, electrostatic interactions between a positively charged loop of
the motor subunit and the DNA backbone, similar to those proposed for the phage P4 single-
stranded RNA packaging motor (97), might work as a lever to push the DNA into the
capsid.

An inchworm-type mechanism was also inferred from the atomic structures of the phage Sfé
TerL protein (gp2) bound to ATP, ATPyS, or ADP. Even though there are structural
differences between T4 TerL and Sf6 TerL (Figure 4), the C-terminal domain of Sf6 TerL,
like its counterpart from T4 TerL, is predicted to bind DNA. The C domain—-DNA complex
is proposed to move by ~7 A (or 2 bp) when the ATP is hydrolyzed by the N-terminal
ATPase domain. Like in T4, translocation is powered by the motor protein alternating
between two conformational states, which involves changes in electrostatic interactions (31).

DNA crunching—The classic inchworm mechanism involves simple translational motion
of DNA. Although subtle (and transient) changes in DNA structure might occur when the
motor grips and releases DNA, or when the motor exerts high forces on the DNA in order to
translocate it, this model does not require a major structural change in the B-form DNA.
Alternative inchworm models have been proposed that invoke a major structural alteration,
such as DNA compression during each translocation step (98). In this type of model, the
DNA is packaged by the inchworm mechanism except that the ATP hydrolysis energy is
converted into DNA torsional energy, which then drives DNA motion. This requires pushing
of DNA by the motor while at the same time requiring the portal (or another part of the
motor) to tightly grip the DNA to prevent its motion. Consequently, the force applied by the
motor compresses the DNA in the motor channel (referred to as “crunching”), resulting in
partial unwinding or conversion to an A form. The portal’s grip is then released while the
motor’s grip is retained, resulting in relaxation of the DNA back to the B form and entry of
~2 bp into the capsid. A number of observations on the T4 motor are consistent with this
model (83, 98, 99). For instance, intercalating compounds tightly bound to DNA are
expelled during DNA translocation, which might be due to DNA crunching. However,
alternative explanations are possible, and it is unclear what advantages crunching would
provide over simple translational movement of DNA, in addition, as mentioned above,
crunching would require more complicated coordination of the DNA grips.

Another more explicit model for DNA structural changes as drivers of translocation has
been proposed. In this model, the DNA alternates between two conformational states, the
low-energy B form and the high-energy A form (100). Dehydration converts B-form DNA
(10.4 bp/turn and 3.4 A/bp) into A-form DNA (11 bp/turn and 2.6 A/bp). Consequently, the
length of the DNA is reduced by 23%, or 2.5 bp/turn, equivalent to the step size of the $29
motor. In each translocation cycle, the upper, capsid-proximal region of the motor grips the
DNA and initiates dehydration of one turn of DNA, utilizing the energy from ATP
hydrolysis. The length of the DNA will be reduced by ~2.5 bp, which means that 2.5 bp
more DNA will enter the motor channel. Then a lower, capsid-distal component of the
motor grips the DNA, initiating rehydration of DNA and converting the A form back into B
form. The DNA now elongates, translocating ~2.5 bp DNA into the capsid. Four such steps,

Annu Rev Virol. Author manuscript; available in PMC 2016 March 10.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rao and Feiss

Page 18

equivalent to one burst in $29, would translocate 10 bp, or approximately one helical turn,
of DNA into the capsid. In this “scrunchworm” model, the motor does not directly do the
pushing of the DNA. Instead, it provides energy for the interconversion of two energetically
different DNA conformers and coordinates the grip-release states with the dehydration-
hydration cycles. However, there is no structural evidence to suggest that the motor channel
can be occluded from the highly aqueous physiological environment in order for the
dehydration to occur, which in the T4 motor must happen on millisecond timescales.

PACKAGING TERMINATION

A recent revelation from single-molecule studies is that the mechanism of DNA packaging
includes active monitoring of capsid filling and signaling of the motor to regulate function
(14, 15). This feedback system is indeed critical to ensure that each head receives the full
complement of the viral genome, to time the termination of packaging and ejection of the
motor, and to stabilize the packaged DNA.

One of the signaling mechanisms involves recognition of cues from the genome sequence
for phages such as . Phage A makes sequence-specific termination cuts at cos, and cutting is
tightly linked to head filling, in addition to sequence specificity. If an ectopic cos is placed
in the middle of the A chromosome, the motor passes over cos without cutting and the cut is
made only at a cos present between 78% and 105% of the wild-type genome length (headful
packaging) (101). To terminate packaging, the cosQ and cosN subsites are required (102).
The cosQ packaging signal is located ~17 bp upstream of cosN. The cosQ site enables
recognition of cosN. If cosQ is deleted, translocation continues past the downstream cosN,
resulting in a full head with a protruding DNA that blocks neck and tail addition, a lethal
event (103). Examination of the bypassed cosN of a null cosQ mutant shows that the top
strand of cosN—i.e., the 5’—3' strand in the direction of packaging—has been properly
nicked, but not the bottom cosN strand (104). This result indicates that cosQ is required to
present a TerL that is properly oriented to nick the bottom strand of cosN. It is proposed that
cosQ reconfigures a motor subunit, or recruits a TerL from solution. Thus, as at initiation,
there is reason to think that major conformational changes of terminase occur during the
termination process.

Another signaling mechanism is the internal pressure of the packaged DNA (14). At 70%
capsid filling, the internal pressure increases by only about 1 pN (in ¢29), too small a force
to affect motor velocity. But the motor velocity is reduced to 50%. If the motor was stalled
for a few seconds by adding ATPyS and then was restarted with ATP, the motor velocity
would be the same as its initial velocity (zero filling). This means that the motor function is
affected not by the load on the motor but by allosteric regulation of the packaged DNA. The
packaged DNA relaxes to a minimum-energy state, a slow process in the confined quarters
of the capsid. This process is apparently communicated to the motor to slow down motor
velocity and to give time for the DNA to relax to an energy minimum.

In the last stage of filling, the internal pressure raises sharply to 20-23 pN, applying a
considerable load on the motor (14, 15). The ~23-pN internal pressure is 3-5-fold lower
than the originally predicted value (13) that did not take into consideration the allosteric
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regulation. Consequently, at the late stage, both allosteric regulation and the 20-23-pN
additional load cause severe changes in the stepping behavior of the motor. The packaging
velocity is greatly reduced, and the motor makes frequent pauses and slips. At nearly 100%
filling, the dwell phase of $29 increases by 6-fold, burst duration by 7.5-fold, and pause
frequency and duration by 5-fold and 30-fold, respectively. Ultimately, a point is reached at
which there would be no net packaging, which likely signals ejection of the motor from the
packaging complex.

The portal may function as a signal transducer between the packaged DNA and the motor.
Certain portal mutants of phage P22 overpackage DNA (late termination) (68, 76), whereas
other portal mutants of SPP1 terminate prematurely (76). Portal mutations in A affect the
efficiency of cosQ-dependent cleavage (69, 75). In phage P22, a DNA strand is wrapped
around the portal assembly (105), and differences were observed in the portal structures of
the prohead and the finished phage. Mutations in the tunnel loops of the ¢29 and T4 portals
lead to either release of the packaged DNA or underpackaging of genomic DNA. These
observations suggest that portal interactions with the DNA through the crown and wing
domains, with the capsid through the wing domain, and with the motor through the clip
domain transduce signals to regulate motor function. This might be particularly critical at
the late stage of packaging. At 100% filling, a portal conformational change may trigger the
events of termination: (a) motor reorganization, (b) termination DNA cleavage, (c) motor
dissociation, and (d) motor binding to the newly created concatemer end. There is currently
little evidence as to the temporal order of these events. Top-strand nicking of cosN by a A
cosQ mutant indicates that motor dissociation from the portal is not obligatory for that
endonucleolytic action (104). Alternatively, the portal change may eject the motor from the
filled head while the tunnel loops restrain the DNA from leaking out. Freed from the head,
terminase reorganizes into a cutting enzyme and makes a double-strand cut to terminate
packaging. Neck proteins assemble on the portal and seal off the packaged head (106-110).
These events ensure transfer of a full genome complement into the head and then into a new
host cell. The terminase that is still bound to the newly generated DNA end assembles on a
new prohead and sponsors packaging of the next chromosome along the concatemer.

CONCLUSIONS AND FUTURE DIRECTIONS

Recent major progress in understanding viral DNA packaging stems from the application of
powerful biophysical, structural, and microscopic techniques that permit researchers to
probe DNA translocation at the atomic level and from combining these results with the
traditionally strong genetic and biochemical approaches. X-ray crystallography and high-
resolution cryo-EM have generated the structures of packaging motor components, TerS,
TerL, the portal, and the prohead-motor complex from several phages. Such structures have
provided a good understanding of these components and a general understanding of their
interactions. Though we understand the ATPase center well, much remains to be learned
about the mechanics of the motor during the act of moving DNA. Single-molecule studies
using optical tweezers methodologies generated quantitative information about the kinetics
and energetics of translocation, and some details about the power stroke. Future progress
requires understanding the dynamic changes that occur during the dramatic transitions that
accompany the initiation, translocation, and termination stages of the packaging process.
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Single-molecule fluorescence studies and structural analyses of packaging complexes will
likely play important roles in elucidating these mechanisms.
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Figure 1.
Tailed bacteriophage assembly. A schematic illustration of the pathway of bacteriophage

assembly, which includes (a) initiation of head assembly by the portal, (b) assembly of
major and minor capsid proteins and scaffold proteins into an immature prohead, (c)
maturation and expansion of the prohead, (d) packaging of the DNA, (e) assembly of
decoration and/or neck (connector) proteins, and, finally, (f) attachment of the tail.
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Figure2.
Structure of the small terminase, TerS. X-ray structures of the TerS oligomers from various

phages are shown in rainbow colors, ranging from blue at the N terminus to red at the C
terminus. Shown in the center are the top views (magenta). The subdomains are labeled in
the Sfé TerS. DNA modeled in the TerS of the SPP1-like phage SF6 and in that of phage
Sf6 is shown (21, 25). In the Sf6 TerS-DNA model, the DNA clashed with the B-strands of
the C-terminal B-barrel domain inside the channel.
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Figure 3.
Structure of the headful packaging nuclease. X-ray structures of the TerL C domains from

various viruses are shown (32-35, 38). A structural model of the T4 C domain—-DNA
complex is shown in surface view (top row, second from left). The side chains of conserved
catalytic residues, including the catalytic triad acidic residues, are shown as red sticks and
are enclosed in dashed ovals.
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Figure4.
Structure of the large terminase. (a,b) X-ray structures of TerL proteins from phages Sf6

(9p2) (panel a) and T4 (gp17) (panel b) (31, 35). The gp2 subdomains are colored as
follows: ATPase (blue; amino acids 1-172), hinge (red; amino acids 173-210), nuclease
(magenta; amino acids 211-470). The gp17 subdomains are colored as follows: ATPase
Nsubl ( green; amino acids 62-313), ATPase Nsubll ( yellow; amino acids 10-61 and 314—
355), hinge (red; amino acids 356—364), nuclease (cyan; amino acids 365-567). ATP
molecules are shown as gray sticks. (c—€) Superimposition of gp2 and gp17 full-length
structures (panel c), ATPase domains (panel d), and nuclease domains (panel e). (f) The gp2
ATPase center is shown with ATP, Mg2* ion ( yellow sphere), and two water molecules
(blue spheres). Catalytic residues are shown as sticks and are numbered according to the gp2
sequence at the top, with equivalent gp17 residues labeled at the bottom. ( g) The gp17
nuclease center. Mg2* ions are shown as yellow spheres. The position of a second Mg ion
(asterisk) is modeled based on superimposition with SPP1 nuclease in which two Mn2* jons
are present in the crystal structure. Catalytic triad residues, shown as sticks, and a fourth
conserved aspartic residue are numbered according to the gpl7 sequence at the top, with
equivalent gp2 residues labeled at the bottom.
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Figure5.
Structure of the portal assembly. X-ray structures of the portal assemblies from phages P22,

SPP1, and ¢29 and a cryoelectron microscopy (cryo-EM) structure of phage T4 portal
assembly are shown in rainbow colors, ranging from blue at the N terminus to red at the C
terminus (61, 62, 66). A cross section of the SPP1 portal (magenta) is shown to identify the
subdomains; clip or stalk, stem, tunnel loop, wing, and crown.
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Figure6.
Structure of the DNA packaging machine. (a) (i) Cryoelectron microscopy (cryo-EM)

structure of the phage T4 prohead-gp17 complex (35). gpl17 assembles as a pentamer
(boxed) at the special portal vertex. (ii) Enlarged view of the pentameric motor. (iii) The X-
ray structures of the N-terminal ATPase domain ( green and yellow) and the C-terminal
nuclease domain (cyan) are fitted into the cryo-EM density, and DNA is inserted in the
center of the channel. The phage SPP1 portal is fitted into the cryo-EM density of the portal.
(b) (i) Cryo-EM structure of the ¢$29 prohead-pRNA-gp16 complex (9). (ii) Enlarged and
(iii) cross-section views of the portal (cyan), pRNA (magenta), and gp16 TerL ATPase

( purple) complex assembled at the special vertex.
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Figure?7.
Analysis of packaging dynamics at the single-molecule level in real time. (a) (i) The dual

optical tweezers setup to analyze the dynamics of DNA packaging using single packaging
motors. (ii) Reduction of tether length when the motor packages DNA. (b) The dwell-burst
translocation cycle of the phage ¢29 DNA packaging motor.
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Figure8.
Schematic of the inchworm DNA translocation mechanism. The hands represent the motor

parts that grip and release the DNA. One hand grips (panel i) and pushes DNA into the
capsid (panel ii) and then releases. The second hand grips the DNA (panel iii) to prevent the
release of translocated DNA while it is handed over to the first hand to repeat the process
(panel 1').
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Figure9.
The inchworm-type translocation mechanism proposed for phage T4 DNA packaging.

Shown is the sequence of steps (a—€) in a single power stroke that results in translocation of
2 bp of DNA. A schematic illustration of the gp17-DNA complex is shown in the center,
with various parts of the motor labeled (94).
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