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Abstract

An ATP-powered DNA translocation machine encapsidates the viral
genome in the large dsDNA bacteriophages. The essential components
include the empty shell, prohead, and the packaging enzyme, terminase.
During translocation, terminase is docked on the prohead’s portal pro-
tein. The translocation ATPase and the concatemer-cutting endonu-
clease reside in terminase. Remarkably, terminases, portal proteins, and
shells of tailed bacteriophages and herpes viruses show conserved fea-
tures. These DINA viruses may have descended from a common ances-
tor. Terminase’s ATPase consists of a classic nucleotide binding fold,
most closely resembling that of monomeric helicases. Intriguing mod-
els have been proposed for the mechanism of dsDNA translocation,
invoking ATP hydrolysis-driven conformational changes of portal or
terminase powering DNA motion. Single-molecule studies show that
the packaging motor is fastand powerful. Recent advances permit exper-
iments that can critically test the packaging models. The viral genome
translocation mechanism is of general interest, given the parallels be-
tween terminases, helicases, and other motor proteins.
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INTRODUCTION

During large dsDNA virus assembly, viral DNA
is translocated into preformed protein shells.
The DNA packaging process compacts the
highly negatively charged DNA to a density
similar to that of crystalline DNA (45). DNA
packaging is not spontaneous; rather, the DNA
is driven into the shell by a translocating mo-
tor powered by ATP hydrolysis (Figure 1).
The preformed empty shell is an icosahedron
formed by many copies of the major capsid pro-
tein. One of the shell’s 12 fivefold vertices is a
special portal vertex formed by the dodecameric
portal protein (42). During translocation, a vi-
ral enzyme, called terminase, is docked on the
portal and the DNA is translocated through
the portal channel. Terminase contains the

ATPase that powers the translocation machine
(Figure 1) (See sidebar: Terminase). Following
DNA packaging, terminase undocks from the
portal. The portal then serves as the site for tail
attachment that completes virion assembly. At
the start of an infection, the DNA exits the shell
through the coaxial portal and tail channels into
the host cell.

Many plausible models have been offered for
how the DNA translocation motor might work.
Here we discuss these ideas as well as recent re-
sults on the structures and dynamics of phage
DNA packaging motors. Prior to DNA translo-
cation, immature virus DNA is recognized and

processed; aspects of virion assembly that have
been discussed elsewhere (14, 21) are not em-
phasized here.

Dimerize Oligomerize gpNul
HTH W gpA

Translocation ATPase Packagi
gpNul YQ ABC

Figure 1

ng Helicase / Endonuclease / ATPase gpA
A bZip Portal

Components of the Phage DNA packaging machine. (#) Lefi: Prohead I of HK97. Right: A pentameric model
of the T4 gp17 translocation AT Pase domain. ATP is shown in red. Center: Schematic showing the
packaging complex of a prohead (blue) with terminase (green) docked on the portal (yellow). DNA: red lines.
() Left: CryoEM image of the @29 portal, side view. Right: Functional map of the small (gpNul) and large
(gpA) subunits of phage A terminase. gpNul: HTH and W indicate the winged helix-turn-helix motif, and
the segment marked gpA is the functional domain for interaction with the N terminus of gpA. gpNul
segments involved in dimerization and oligomerization are indicated. Not shown is a low-affinity AT Pase
center in gpNul near the wing motif. gpA: The N-terminal 60% of the protein contains the translocation
ATPase. ATPase motifs: YQ, adenine binding motif; A, B, C, the Walker A and B sequences and the
coupling motif, respectively. At the N and C termini are functional domains for interacting with gpNul and
the portal protein, respectively. The C-terminal domain contains the cohesive end-generating endonuclease,
which includes a putative Walker A segment (A) and a basic leucine zipper (bZip).
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DNA PACKAGING AND VIRUS
ASSEMBLY: AN OVERVIEW

Chromosome

The virion DNAs of the tailed bacteriophages,
adeno-, herpes-, and pox-viruses are linear ds-
DNA molecules. The chromosomes of many
tailed phages, e.g., the A-like and P2/P4-like
phages, have complementary cohesive ends,
which anneal to cyclize the DNA upon in-
jection into a host cell. The DNA packaging
recognition site, cos, includes the cohesive end
sequence. Virion genomes are generated from
concatemers during packaging, when terminase
introduces staggered nicks at cos sites to regen-
erate the cohesive ends (Figure 2a).

The chromosomes of other tailed phages are
terminally redundant, permitting cyclization by
homologous recombination (e.g., phages P22
and SPP1), or end-to-end recombination to
form concatemers (e.g., phages T4and T7) (See
sidebar, Concatemer). Processing is initiated
when terminase binds to the pac recognition site
on the concatemer and makes the initiating cut
atanearby sequence. Terminase remains bound
to the newly created chromosome end, captures
a prohead, and translocation of DNA into the
prohead ensues. Head filling triggers terminase
to make a second, nonspecific cut, which pro-
duces a terminally redundant virion DNA. The
latter is due to a strict (evolutionary) linkage be-
tween capsid size and genome length, the capsid
volume accommodating little over a unit length
genome (102%-110%). Packaging is proces-
sive, so that the next chromosomes cut from the
concatemer are likewise terminally redundant
and circularly permuted (Figure 24). Phage
T4 DNA processing is similar to that of P22
and SPP1, except that the initial cuts are not
necessarily made near to or at a unique pac site
(121).

Virus chromosomes with unique, terminally
redundant sequences, e.g., T3 and T7, lose
the terminal redundancy when newly replicated
chromosomes undergo end-to-end recombina-
tion. Accordingly, generating virion DNA re-
quires specific cutting and local replication to
regenerate the terminal redundancy (52).

TERMINASE

Before it was discovered that DNA translocation involved a pack-
aging enzyme, there was evidence thata viral enzyme was required
to generate the cohesive (cos) ends in phage A. This endonucle-
ase function was ascribed to an enzyme called terminase, since
the activity generated the termini (cohesive ends) of virion DNA
(143). Subsequently, terminases have been found to consist of a
large protein containing the AT Pase activity that powers translo-
cation along with the endonuclease activity, and a small protein
for recognition of viral DNA.

CONCATEMER

Multimeric head-to-tail polymer of viral DNA produced by
rolling circle replication and/or recombination. Concatemers are
the substrate for the production of virion genomes by terminase

during DNA packaging.

Herpes virus DNA molecules are unique and
terminally redundant, though inversion of the
two large unique segments creates four chro-
mosomal isomers. Viruses with protein-primed
DNA replication, including adenoviruses and
29-like phages do not produce concatemers.
Rather, these viruses replicate as monomers,
with replication being initiated from the ter-
minal proteins (127).

Prohead and Portal

The key component of the prohead that partic-
ipates in the DNA translocation process is the
portal protein. The portal protein of the tailed
bacteriophages (147) and herpes simplex virus
(146) is a cone-shaped dodecamer of subunits
arranged radially, with a central channel for
DNA passage (Figures 1, 2). A narrow “stalk”
domain protrudes outside the prohead, which
provides the surface for assembly of the translo-
cation motor. The central “stem” domain con-
tains 2 long «-helices from each subunit, form-
ing a central cylinder walled by 24 «-helices.
Above the stem domain are massive “wing” and
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Figure 2

DNA processing by tailed dsDNA phages. (#) Top: Packaging-dependent concatemer processing by cos-containing phages (e.g., A-like
phages). Middle: Concatemer processing by pac-containing phages (e.g., P22, SPP1). Bottom: Protein-primed monomeric DNA
replication and packaging by a strand displacement mechanism (¢29-like phages, adenoviruses) () 7: Front and top views of SPP1
13-fold (PDB ID: 2jes) and @29 12-fold (PDB ID: 1h5w) portal structures. ii: A single subunit of the SPP1 and ¢29 portal rings is
colored green and magenta, respectively. 7i: Lefi: A single SPP1 portal subunit showing subdomains and the conserved core structure
(green). Right: A single 29 portal subunit showing the conserved structure (magenta). Center: Superimposition of the core structures
shows striking structural conservation despite negligible sequence identity. All images were created with PyMol. (¢) Top: CryoEM image
of phage P22—cross section. Shell, blue; the portal protein, gpl, red; gp4, mauve; and DNA, green. The remaining structures are
internal proteins and tail components. Bottom: P22 virion cryoEM image with head shell in blue and tail components in yellow.
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“crown” domains that are internal to the pro-
head (Figure 25) (90).

Shell assembly is initiated on the portal pro-
tein. For some viruses, e.g., P22 and HK97,
nonfunctional prohead shells assemble in the
absence of the portal protein; these shells have
normal lattice structure but are unable to pack-
age DNA. In functional proheads, there is a
symmetry mismatch between the 12-fold sym-
metry of the portal protein, and the fivefold
symmetry of the shell vertex occupied by the
portal protein. Assembly of functional proheads
requires the portal protein, the major capsid
protein, and in many cases, a scaffold protein
that assists prohead assembly but is not retained
in the mature virion.

Terminase

Phage terminases are DNA packaging enzymes
that contain the ATPase activity that powers
DNA translocation. Most terminases also con-
tain the endonuclease that, during DNA pack-
aging, cuts concatemeric DNA into genome
lengths. Terminases must also recognize viral
DNA in a pool that may also include host DNA.
Terminases generally are hetero-oligomers of
a small protein involved in DNA recognition,
and a large protein containing the translocation
ATPase, the endonuclease, and a motif for
docking at the portal vertex (14) (Table 1;
Figure 1). Alignments show that terminase
large subunits are descended from a common
ancestor (19, 41, 105). Remarkably, a herpes
virus DNA packaging ATPase falls into this
family (120).

Phage 29 is unusual in several respects.
First, DNA replication is protein-primed by
gp3, which is covalently joined to the viral
DNA. Second, gp3 is a necessary component
of the DNA packaging machinery and is anal-
ogous to the small terminase protein of other
phages (62, 127). The large terminase protein
equivalent is gp16, which possesses the packag-
ing ATPase activity. Third, ¢29’s prohead con-
tains a small 174-nt packaging RNA (pRNA).
The pRINA has short, complementary segments
that enable the formation of an oligomeric ring

Table 1 Terminases for packaging the dsDNA of tailed bacteriophages

Small terminase

component

Large terminase

component

Phage/virus Gene product Mass

Gene product

Mass

A gpNul 20 kDa

gpA

73 kDa

T4 gpl6 18 kDa

gpl7

70 kDa

T3/T7 gpl8 20 kDa

gpl9

67 kDa

SPP1 gpl 21kDa

gp2

49 kDa

P22 op3 19 kDa

gp2

58 kDa

@29 gp3 31 kDa

gpl6
pRINA

39 kDa
58 kDa

TS ? ?

gpl55

49 kDa

HSV1 UL28 85 kDa

UL15

81 kDa

on the portal. The pRNA is required to dock
gpl6 on the portal protein, and hence may be
considered as part of the large terminase pro-
tein of other phages.

DNA Packaging

To initiate DNA packaging, the small termi-
nase subunit binds specifically to concatemeric
DNA. The binding site is near the site of DNA
cutting; for example, the P22 small subunit,
gp3, binds to a 17-bp pac site located within
the 3 gene, and the gp2 large subunit cuts the
DNA at various sites in a 120-bp segment near
pac (17). Following the initial DNA cut, ter-
minase remains bound to the DNA end in a
gp2-gp3-DNA complex that then docks on the
prohead’s portal vertex (112).

For all the phages that process concate-
meric DNA, there is little information about
the stoichiometry and structure of (i) the ini-
tial precleavage complex, (ii) the postcleavage
complex, and (i) the ternary DNA-terminase-
prohead complex. Major structural changes are
expected to occur during these transitions. For
example, cohesive ends like those of A must be
separated after being created through the intro-
duction of staggered nicks by terminase. Sep-
arating the cohesive ends may also involve the
driving apart of terminase protomers. Similarly,
docking of the terminase-DNA complex onto
the portal protein requires structural changes
to activate the translocation ATPase. Addi-
tional terminase protomers are likely recruited
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during assembly of the translocation complex
at the portal. A major aspect of the transi-
tion to translocation is the movement of ter-
minase away from the DNA recognition site—
the translocating complex must then use non-
specific DNA-protein contacts. Little is known
about these transitions. Whether the small ter-
minase subunit is present during translocation
is unclear—the findings that the T4 and 2 large
subunits are sufficient for translocation and
high-force generation indicate that any role of
the small subunitis not critical for translocation
per se. On the other hand, packaging along a
concatemer is processive, and the small subunit
likely plays a role in initiating packaging of the
next chromosome along the concatemer (35).

The second terminase cut is triggered by
head filling, both for phages using the head-
ful packaging scheme and for those with co-
hesive ends (See sidebar, Headful Packaging).
The nature of the triggering event is not clear.
For 4, the cos subsite cosQ is required for down-
stream cutting, and evidence indicates that cosQ
recognition requires that the translocation rate
be slow (32-35, 154, 155). Following translo-
cation, downstream cos cleavage, and undock-
ing of terminase from the portal, the terminase
remains bound to the concatemer and ready
to capture a prohead for the next round of
packaging (47).

The Filled Head
As the prohead is being filled with DNA, each

major capsid protein subunit forming the icosa-

HEADFUL PACKAGING

A packaging mode in which the prohead is filled to capacity with
DNA, followed by a DNA-cut to free the virion genome from
the concatemer. In phages that make sequence specific cuts (1), a
headful precisely equals one genome length DNA. In phages that
make nonspecific headful cuts, the virion chromosomes contain
a terminal redundancy between 1.02-1.1 times the unit length
genome, and the end sequences in individual virions are not
identical.

652 Rao e Feiss

hedral lattice undergoes an in situ rearrange-
ment to mature the shell. In most cases, mat-
uration expands the shell, increasing the shell’s
DNA capacity by 50%-100%. In phages A and
T3, prohead expansion occurs when about 30%
of the chromosome has been packaged (51, 54,
72). In T4, expansion can be uncoupled from
packaging (123).

DNA packaged into isometric icosahedral
shells is proposed to be cylindrically spooled
about the axis of the portal channel (22, 82).
DNA spooling could occur if the first pack-
aged DNA forms an initial layer on the inside
surface of the shell, followed by the formation
of additional layers. The DNA layers account
for much of the packaged DNA, but some ran-
domly packed DNA, presumably the last pack-
aged, is in the center of the DNA conden-
sate (Figure 2¢). Recent 29 studies show that
the forces resisting DNA translocation rise to
higher levels than predicted by spooling mod-
els, particularly in the early stages of packag-
ing. CryoEM examination of packaging com-
plexes at various stages of filling indicates that
the DNAisnotin an ordered state until the shell
isabout 70% filled. Rather, the DNA appears to
be packaged without long-range order, and the
layers form as a consequence of local hexago-
nal packing of DNA segments next to the inner
shell surface as DNA packaging approaches the
capacity of the shell (26, 126).

Single-molecule studies confirm that pack-
aged DNA is under pressure. The estimated in-
ternal forces for @29 are ~50 pN (136). Model-
ing indicates that these forces can be accounted
for by extensive DNA bending and charge re-
pulsion in packaged DNA. In addition to re-
quiring that the translocation motor be power-
ful, the internal pressure has implications for
shell strength and DNA ejection. In single-
molecule experiments done with 2 in the ab-
sence of the head stabilization protein, gpD,
the internal pressure at late stages of packaging
was sufficient to cause shell rupture (54). Head
stabilization proteins, which stabilize the icosa-
hedral shell lattice, are found for many phages,
including the T4s Soc protein (49). In vitro
studies indicate that the internal force is
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sufficient to drive ejection of part, but not all, of
the A and SPP1 chromosomes during infection.

Head Completion

There is little evidence about how terminase
dismounts from the portal and cuts the con-
catemer following completion of translocation,
or the order of these events. At present, there
is no evidence that additional phage proteins
are required to undock terminase. Following
terminase’s departure, the “neck” proteins as-
semble at the portal vertex to hold the DNA
in, and to provide a binding site for the tail. In
%, gpW binding to the portal assists the filled
head to retain the viral DNA and enables the
next protein, gpFII, to bind. About six copies of
gpFII are found in virions, so perhaps hexam-
eric rings of gpW and gpFII assemble on the
portal. In T4, the analogous proteins are gp13,
gpl4, and gpl5. In P22, the tail addition pro-
tein, gp4, forms a 12-mer on the stalk domain
of the dodecameric gp1 portal protein. The gp4
interaction changes the portal’s conformation,
which may signal a transition from transloca-
tion to virion completion (166).

PROPERTIES OF THE DNA
PACKAGING MOTOR

Defined In Vitro Packaging

DNA translocation is measured by defined in
vitro DNA packaging systems consisting of
highly purified components (15, 62, 64, 76, 86,
113, 160). The packaged DNA is quantified by
determining the amount of encapsidated DNA
that is protected from DNAse digestion. Only
two basic components are required: the pro-
head and the large terminase protein; the small
terminase protein is not essential in most in
vitro systems (124), though itis essential in vivo
for recognition of viral DNA. Linear dsDNA
molecules can be translocated, apparently from
the end, and as many as 50%-100% of the pro-
heads can be filled. If short, less than headful-
length DNA molecules are added as the DNA
substrate, the system fills the prohead with mul-

tiple molecules until the head is full (28, 93,
130a).

Packaging of individual DNA molecules can
be studied in single-molecule experiments, in
which the prohead-terminase complex is teth-
ered to a microsphere coated with capsid pro-
tein antibody, and the biotinylated DNA is
tethered to another microsphere coated with
streptavidine. The microspheres containing ei-
ther a single packaging motor or a single DNA
molecule are held by optical tweezers and pack-
aging is initiated by moving the packaging mo-
tor bead into near contact with the fixed DNA
bead (136). The motor captures the DNA and
as it translocates, the dynamics of the packaging
motor such as force and speed can be quantified.

Step Size

Step size is defined as a single step taken by
the packaging motor, which is equivalent to
the number of base pairs of DNA translocated
per ATP hydrolyzed (See sidebar, Step Size).
The average step size is about 2 bp/ATP in
phages ©29 and T3 (24, 62, 109), a value ob-
tained by dividing the bp of DNA packaged
by the number of P; molecules produced in
a defined packaging reaction. These bulk as-
say measurements by their very nature can-
not be precisely applied to single molecules,
and it is unknown whether the step size is

STEP SIZE

The prevailing hypothesis is that firing of each AT Pase subunit of
the packaging motor gives a “push” to translocate DNA; a pause
would follow during which the DNA is handed over to the next
subunit in sequence, and then the firing of the second ATPase.
It is, however, possible that ATPase firings may be continuous
and pause occurs not between each firing but after all (or a set
of ) ATPase subunits are fired. Also, contrary to the thinking that
step size is a whole and fixed number of base pairs, the motor
subunits may have to adjust to the imprecise DNA symmetry as
well as the internal pressure built during translocation. Thus the
step size may not be a whole number and may vary from step to
step and depend on the extent of head filling.

www.annualreviews.org © The Bacteriophage DNA Packaging Motor 653
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universal for all packaging motors, or it varies at
different stages of translocation. Nevertheless,
the 2 bp/ATP step size fits with the 10,-fold
screw symmetry of double helical DNA.

Force

A surprising finding from single-molecule stud-
ies is that the phage packaging motor gener-
ates enormous force in order to package DNA.
Forces as high as ~60 pN were measured in
phages ©29, A, and T4, thus making the packag-
ing motor one of the strongest force generating
biological motors reported to date (53, 54, 136).
The force is 20-25 times that of myosin, 10
times that of kinesin, or >2 times that of RNA
polymerase. Such high forces seem to be essen-
tial to pack the viral DNA against the enormous
electrostatic repulsive forces (and bending and
entropic energies) to confine a highly negatively
charged DNA polymer within a limited volume
of the capsid (55).

Velocity

The phage packaging motors show high rates
of packaging as well as high processivity.
The T4 motor can achieve rates as high as
~2000 bp/sec, the highest recorded to date (53).
Slips and pauses do occur but these are rela-
tively short and rare, and the motor recovers
and recaptures DNA, continuing translocation.
The translocation rate decreases as packaging
proceeds and internal pressure builds. In 2, the
motor velocity slows down by about three fold
when ~90% of the genome is packaged (54).
In @29, the packaging rate nearly falls to zero
when 100% of the genome is packaged (136).
The rate of translocation is in keeping
with the genome size of the respective phage.
Whereas the ¢29 motor packages its 20-kb size
genome at an initial rate of 100-150 bp/sec, the
phage T4 motor packages a 170-kb size genome
at an average rate of ~700 bp/sec. The phage
A motor packages the 48.5-kb chromosome at
a rate of ~600 bp/sec. Assuming the same step
size for T4 and 29, the T4 packaging mo-
tor “burns” ATP fuel ~7 times as fast as the

Rao e Feiss

@29 motor. Thus, although the phages package
different-sized genomes, the motors may have
evolved to adjust the rate and complete packag-
ing in 2-5 min, as would be necessary to com-
plete the infection cycle within 20-30 min (53).

Power

Phage packaging motors generate enormous
power, with the T4 motor being the fastest
and the most powerful. Even with a high ex-
ternal load force of 40 pN, the T4 motor
can translocate DNA at a remarkable speed of
~380 bp/sec. This is equivalent to a power of
15,200 pN/bp/s, or 5.2 x 10718 W. Scaling up
the nanoscale T4 packaging motor to a macro-
motor, the motor power density is approxi-
mately twice that of a typical automobile engine

(53).

Efficiency

The free energy of ATP hydrolysis, when ex-
pressed in units of force and displacement,
is equivalent to 120 pN per nm. Since all
three phage packaging motors studied generate
~60 pN force, the motor should have translo-
cated 2 nm, or approximately 6 bp, of DNA if
100% of the free energy is converted into DNA
motion. But with a 2-bp step size, assuming that
it is the same in all the motors, the phage pack-
aging motor converts about 30% of the ATP
free energy into mechanical motion (24, 136).
Of the remaining 70%, a fraction likely sup-
ports conformational transitions, whereas the
rest is probably released as heat, thus making
an enormous entropic contribution to offset the
ordered packing of DNA.

PARTS AND FUNCTIONS OF THE
DNA PACKAGING MOTOR

Molecular genetic analyses, biochemical stud-
ies, and sequence alignments led to the predic-
tion of key functional motifs involved in the
DNA packaging process. Although there is no
significant overall sequence similarity, the ter-
minase proteins from numerous phages contain
well-conserved patches of amino acid sequences
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or structural motifs that are required for pack-
aging (see Figure 1).

The Small Terminase Protein

Helix-Turn-Helix (HTH) motif. The phage
A small terminase protein, gpNul, consists of
a HTH motif at the N terminus, which recog-
nizes the R box sequences in the cosB region (10,
38, 88). In the NMR structure, the HTH motif
is followed by a loop, which forms a “wing-like”
structure (38). This type of architecture is simi-
lar to the atypical winged HTH motifs found in
a diverse array of DNA binding proteins. The
two HTH motifs of the gpNul dimer contact
specific nucleotides in the R2 and R3 boxes in
cosB that are about 45 nucleotides apart, sharply
bending the DNA. The bend is stabilized by the
binding of the protein IHF of Escherichia coli
(104, 157, 158). Assembly of this site-specific
nucleoprotein complex sets things in motion for
assembly of the large terminase protein, gpA,
and cleavage at the adjacent cosN sequence (29—
31, 68-70, 130, 161). Although the recogni-
tion sequences (e.g., pac sites in phages P22 and
SPP1) and details of the pathway vary, similar
basic themes of DNA recognition and packag-
ing initiation likely operate in other phage sys-
tems. Indeed, many small terminase proteinsin-
cluding T4’ gp16 do contain a predicted HTH
motif in the N terminus that is presumably in-
volved in the recognition of the viral DNA (38).

Oligomerization domain. Small terminase
proteins exist as stable oligomers in solution,
forming rings of 8-10 subunits (23, 95, 112,
152). Sequence analyses identified the presence
of one to three coiled-coil motifs in the cen-
tral region of the small terminase protein (85).
The T4 gpl6 consists of two long central he-
lices with—two to four heptad repeats, with
each heptad having hydrophobic residues at po-
sitions # and 4, and charged residues at positions
eand g. The helices of neighboring subunits are
predicted to form parallel coiled-coil interac-
tions producing oligomers. Oligomerization is
critical for function. The monomeric gp16, un-
like the oligomer, cannot stimulate the gp17-

ATPase activity, and the truncated A gpNul
dimer shows >100-fold reduction in cosB bind-
ing when compared to the wild-type protein
(85, 159).

Large terminase protein binding. The small
terminase protein interacts with the large ter-
minase protein, modulating its functions. For
instance, although the small terminase protein
recognizes the viral DNA, the active center for
DNA cleavage is located in the large terminase
protein. Thus the small terminase protein bind-
ing to DNA must be accompanied by its inter-
actions with the large terminase protein (holo-
terminase assembly) in order to make a packag-
ing initiation cut in a controlled fashion. Sec-
ond, the T4 small terminase protein stimulates
the ATPase and in vitro DNA packaging activi-
ties associated with the large terminase protein
(92). These have also been well documented
in phages &, SPP1, T3/T7, and P22 [see (20)].
Genetic studies show that the C terminus of A
gpNul interacts with the N terminus of gpA,
although the boundaries and precise interacting
amino acids are undefined (50). Unlike in phage
A where a stable holo-terminase forms readily
between gpNul and gpA, the T4 gpl6-gpl7
interaction is transient and dynamic. Stabiliza-
tion of the complex may require interactions
with the components of DNA transcription,
replication, and repair, since packaging in T4 is
more intimately linked to these processes (102).

ATP binding site. At least three small ter-
minase proteins, gpNul (1), gpl6 (T4) and
gpl (SPP1), are reported to bind ATP (23, 57,
75, 95). The gpNul ATP binding site is re-
ferred to as the low-affinity site (K4 = 1 mM)
with weak AT Pase activity. Cross-linking stud-
ies with azido-ATP show that this segment
(amino acids 18 to 35) includes part of the DNA
binding helix and the accompanying wing (6).
Mutational studies suggest that this site con-
tributes to specific binding of gpNul to the cos
recognition sequences (78). No ATPase activ-
ity is, however, detectable with the gp16 and
gpl. Sequence alignments do not predict a clas-
sic Walker A- or Walker B-type ATP binding
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NBD (NUCLEOTIDE BINDING DOMAIN)

First identified in dinucleotide binding proteins (128), numer-
ous nucleotide binding proteins consist of the Rossmann fold, a
[3-sheet with three or more parallel 3-strands interspersed by a-
helices. The first solved RecA AT Pase structure (140) has a modi-
fied version of this fold, a 3-sheet with five parallel 3-strands con-
taining the highly conserved sequence signatures such as Walker
A and Walker B. The “RecA-type ATPase fold” was subsequently
discovered in F;Fy-AT Pases, helicases, chaperones, and a host of
other AT Pases with diverse functions.

motif in any of the small terminase proteins
(105). Furthermore, the mostly «-helical sec-
ondary structure prediction suggests that the
protein does not possess the classic nucleotide
binding domain (NBD) (See sidebar, NBD), a
(3-sheetscaffold (128). Thus there appears to be
a novel and a rather “simple” nucleotide bind-
ing motif in the small terminase protein. The

CM (COMBINATORIAL MUTAGENESIS)

In CM, the target amino acid is changed to all twenty amino acids
using overlap extension PCR (73). A library of mutant clones is
generated by insertion of the mutant DNA into the pET expres-
sion vector. Random screening of the library by recombinational
marker rescue, using phage containing an amber mutation very
close to the target amino acid, identifies a collection of pheno-
types (null, functional, #s, cs) (122). Following DNA sequencing,
selected mutant proteins are overexpressed, and the functional

defect is determined by biochemical assays.

nature of this motif and its role in DNA pack-
aging remain to be investigated.

Large Terminase Protein

The large terminase protein consists of two
domains, an N-terminal ATPase domain that
powers DNA translocation and a C-terminal
nuclease domain that generates the termini of
the viral genome (44, 83). Though the individ-
ual domains exhibit various activities, a physical
connection between the domains is critical for
DNA translocation (83).

ATPase Catalytic Center

Walker A motif. A consensus Walker A se-
quence, [G/A-XXXXGK(T/S)] is present in
virtually all ATPase structures (150). Consid-
ered to be an ancient motif, the Walker A
residues form a fairly rigid phosphate-binding
loop (P-loop), which captures ATP through in-
teraction of the e-amino group of Lys with the
f3- and y-phosphates of ATP and the hydroxyl
group of Thr (or Ser) with the Mg?* of the Mg-
ATP complex (Figure 3). Although initial anal-
yses identified two or more putative Walker A
motifs (62, 111), extensive sequence alignments
show only one strictly conserved N-terminal
Walker A motif in all large terminase proteins
(105) (Figure 34). Combinatorial mutagenesis
(See sidebar, CM) of the phage T4 Walker A
(SRQLGKT41-167) showed that no substitu-
tions are tolerated at the highly conserved GK'T
signature. Conservative substitutions such as
G165A, K166R, and T167A resulted in a null
phenotype. Biochemical analyses showed that

Figure 3

The N-terminal gp17-ATPase center. (#) Sequence alignments showing that the functional signatures of the ATPase domain of phage
T4 and other viral terminases are conserved and are similar to that of the translocating monomeric SF2 helicases, types I and I1I
restriction endonucleases, and protein translocases. The alignments were generated by CLUSTALW and the consensus secondary
structure predictions by Jpred. Numbers in parentheses represent the number of amino acids. (b)) The T4 gp17-ATPase domain
(Glu255Asp256 mutant) X-ray structure showing the classic NBD and RecA-type AT Pase fold consisting of six parallel $-strands
having 3,2,1,4,5,6 topology (shown in different colors). The bound ATP molecule is shown in black. The adenine binding loop (red)
adopts a different conformation in the apo form (cyan). (c) The ATPase active center showing the catalytic residues mapped by
mutagenesis studies; additional adenine binding residues that are not yet functionally mapped are: Ile127 (green), GIn138 (magenta),
Arg140 (red), Tyr142 (cyan), and GIn143 (orange).
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T4 NH, (137) QLRDYQRDML ( 9) VCNLSRQLGKTTVVA ( 75) NSFAMIYIDECAFI ( 20) KITITTTPNGL (319) COOH

RB49 NH, (135) QLRDYQKDML ( 9) AHKLSRQLGKTTAVA ( 75) NSFSFIYIDECAFI ( 20) KMIMTTTPNGL (318) COOHE
T7 NH, ( 33) VPTKCQIDMA (11) ILQAFRGIGKSFITC ( 82) SRADIIIADDVEIP ( 29)RVIYLGTPQTE (381) COCH,
T5 NH, ( 37) TPNGPQIAIT (11) TACVSRRVGKSFIAY ( 73) RSYDFIIFDEAAIS ( 20) KALFISTPRGG (248) COCH,
A NH, ( 41) KESAYQEGRW (21) NVVKSARVGYSKMLL ( 82) KSVDVAGYDELAAF ( 24) KSIRGSTPKVR (423) COCH,
SPP1 NH,(  7) EKFTPHFLEV (12) VLKGGRGSAKSTHIA ( 81) FPVAGMWIEELAEF ( 24) IFFYSYNPPKR (248) COOH2
P22 NH, ( 37) APYSKQREFI ( 9) CFMAGNQLGKSFTGA (123) DTTHGVWFDEEPPY ( 15) FSILTFTPLMG (265) COCH,
®29 NH,(  4) LEYNPQKMLS ( 6) FVIGARGIGKSYAMK ( 72) PNVSTIVFDEFIRE ( 28)RCICLSNAVSV(170) COCH,
HK97 NH, ( 27) RLDPFQKDFI (13) ILSIARKNGKTGLIA ( 79) LSPILAILDETGQV ( 21) LLIVISTQAAN (284) COCH,
HSV-1 NH, (221) GDHAEQVNTF (23) VFLVPRRHGKTWFLV ( 78) QDFNLLFVDEANFTI ( 17) KIIFVSSTNTG (350) COOH2

Secondary structure —— QD — — —_— e

SF2 Helicases

RAD3 NH2 ( 15)KIYPEQYNYM (13) ILEMPSGTGKTVSLL (173) SKDSIVIFDEAHNT (215) VIITSGTISPL (312) COOH2
NS3 NH2 (181) PVFTDNSSPP ( 9) HLHAPTGSGKSTKVP ( 66) GAYDIIICDECHST ( 22) VVLATATPPGS (303) COOH2
EIF4A NH2 ( 43)EPSAIQOQORAI ( 9) LAQAQSGTGKTGTFS( 84) DKIKMFILDEADEM( 21)VVLLSATMPND (188) COOH2
Type I restriction endonucleases
EcoKl NH2 (461) GLRYYQEDAV (11) LLAMATGTGKTRTAI ( 83) ARYDCIVVDEAHRG ( 34)KIALTATPALH (546) COOH2
EcoR124| NHZ (270) VMPRYQIAAT (23) YIWHTTGSGKTLTSF ( 80) NQQVVFIFDECHRS ( 17) QFGFTGTPIFEP (597) COOH2
KpnAl NH2 (293) CCRYPQYYAG (20) TYFGATGCGKSYTMQ ( 92) RSNIICISDEAHRS ( 35) YVGFTGTPIDA (621) COOH2
Type lll restriction endonucleases
LlaFl NH2 ( 43) AFRRFQMODN (16) LFNMATGSGKTMVMA ( 99) DEDIVILGDEAHHF ( 29) LLEFSATINMD (634) COOH2
EcoPI NH2 ( 55)NIKKVQELNG (15) DVSMETGTGKTYTYT (122) AVKPFIIIDEPHKFE ( 17) ITRYGATFSEG (701) COOH2
StyLT1 NH2 ( 24) GIDHAQADHN (17) DVKMETGTGKTYVYT (123) MTRPVVIIDEPHRF ( 17) IVRFGATFPDI (759) COOH2
Protein translocases
FtsH NH2 (176) NPSRFHEMGA ( 6) LLVGPPGVGKTHLAR ( 39) HAPCIVFIDEIDAV ( 35)VVMAATNRPDI (319) COOH2
CLPA NH2 (210) TTNLNQLARV (28) LLVGESGVGKTAIAE ( 51) DTNSILFIDEIHTI ( 32) TYQEFSNIFEK (435) COOH2
SecA NH2 ( 79) FPFKVQLMGV ( 7) IAEMKTGEGKTLTST ( 95) DEVDSILIDEARTP (146) LAGMTGTAKTE (464) COOHZ
Adenine Walker A Walker B Catalytic C-motif
binding carboxylate

Subdomain |

Subdomain Il
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the Walker A mutants lost the ATPase and
DNA packaging activities but retained the nu-
clease activity (122).

Phage % gpA has two Walker A mo-
tifs, a high-affinity N-terminal Walker A,
KSARVGYS;4_g3, that is analogous to gpl7’s,
and a putative C-terminal Walker A,
GASVYGKPq91_405 (62, 75, 77, 79, 116,
129). The gpA and a few other large terminases
show rare Walker A variants in which the Lys
position is switched to the beginning of P-loop
(106). Structural modeling shows that this Lys
is similarly oriented into the ATP binding
pocket like the classic Walker A (41). The
importance of the N-terminal Walker A for
DNA translocation was established by isolating
an azido-ATP cross-linked adduct (39, 66),
and a conservative null mutant, Lys76Arg,
which lost DNA packaging activity but not the
cos cleavage activity (44). On the other hand,
the C-terminal Walker A is required for cos
cleavage and melting of the 12-bp GC-rich
cohesive ends (77, 79, 116) (see below).

Walker B motif. Four hydrophobic amino
acids forming a B-strand with a strictly con-
served Asp at the tip of the strand (ZZZZD; Z
represents hydrophobic amino acid), at about
50-130 amino acid distance from the Walker
A Lys, constitute the Walker B motif. The Asp
coordinates with the Mg of the Mg-ATP com-
plex, precisely orienting the {,y-phosphates
for nucleophilic attack. CM of the T4 motif
(MIYID;s1_555) showed that an array of sub-
stitutions are tolerated at the P-strand “Z”
residues as long as the hydrophobicity and -
strand character are preserved (107). On the
other hand, any substitution at the conserved
Asp255, including Asn or Glu, resulted in a
null phenotype. The mutants bind ATP as
well as the wild-type, but apparently not in
a functional orientation, because they show
complete loss of ATPase and DNA packaging
activities.

Catalytic carboxylate. A carboxylate group,
usually Glu, is oriented into the AT'Pase pocket

and a water molecule links it to the fB,y-

Rao e Feiss

phosphates of ATP. Acting as a general base,
the carboxylate activates the water molecule for
a nucleophilic attack on the y-phosphorus, re-
sulting in ATP hydrolysis (140). In numerous
large terminase proteins, a conserved Glu is
present immediately adjacent to the Walker B
Asp residue, a pattern similar to that in helicase
ATPase centers (in RecA and other ATPases
such as F; Fy ATPase, the Gluislocated between
the Walker A and Walker B motifs) (105). CM
showed that no substitutions are tolerated at the
conserved Glu256 of phage T4 gp17 (56).

ATPase coupling motif. An ATPase coupling
motif, or C-motif, is found in the large termi-
nase proteins. Firstidentified in helicases as mo-
tif ITT (59), the C-motif consists of a tripeptide
sequence T/S-G/A-T/S, 20-30 amino acids
downstream of the Walker B motif (105). The
third amino acid is critical and almost always
a Thr or Ser but Asn is seen in some AT-
Pases. The helicase C-motif forms a network
of hydrogen bonds connecting the y-phosphate
of ATP and DNA. The helicase C-motif mu-
tants generally retain AT'Pase and DNA bind-
ing functions but lose helicase activity, i.e., the
coupling between ATPase and movement on
DNA is defective (137). The phage T4 C-motif
mutants (Thr287Ala/Asp) exhibit a novel phe-
notype; they can bind and hydrolyze ATP at
least once but are deficient in turnover, thus
losing steady-state ATPase and DNA translo-
cation activities (41). In A, the gpA mutation
Gly212Ser alters the first of the three C-motif
residues. This mutant terminase can sponsor
the packaging of only part of the chromosome,
underscoring the importance of the C-motif
(44).

Adenine binding motif. A conserved two
amino acid sequence, YQ, is present in large
terminase proteins ~15 amino acids upstream
of the Walker A lysine (105). The variable Tyr
apparently forms hydrophobic stacking inter-
actions with the adenine base, whereas the con-
served Gln forms hydrogen bonds with the N6
and N7 of the heterocyclic ring. The Tyr46
from phage 1 gpA (YQu6-47) cross-links with
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azido-ATP demonstrating its close proximity
to the ATPase pocket, and Tyr46Phe/Ala mu-
tations reduce ATP binding, hydrolysis, and in
vitro DNA packaging, whereas cos cleavage is
unaffected (66). CM of T4 gp17 indicates that
the Gln residue is more critical than the Tyr for
DNA packaging (K.R. Kondabagil & V.B. Rao,
unpublished data).

Switch residue. The above functional signa-
tures are essential to capture ATP and precisely
orient it in the catalytic pocket for nucleophilic
attack. A switch is, however, necessary to trig-
ger phosphoanhydride cleavage and product re-
lease. The ATPases encode a switch residue(s),
Arg or Gln (rarely, His) that stabilizes the tran-
sition state as well as aids the separation of
the leaving group, Pi (3). Sequence and struc-
tural analyses suggest that Argl62 in the gpl7
Walker A and analogous Arg in most large ter-
minase proteins are candidates for the switch
residue (122, 142). CM data show that no sub-
stitutions are tolerated at Argl162 (122).

Atomic structure. Numerous attempts to
crystallize phage terminases have failed pre-
sumably because the protein, which plays
dynamic roles in DNA processing and translo-
cation, is a flexible, conformationally hetero-
geneous molecule. However, the N-terminal
ATPase domain of T4 gpl17 Walker B double
“flip” mutant, ED (Asp255Glu-Glu256Asp),
crystallized in apo-, ATP-, and ADP-bound
forms and the structure was determined to
1.8 A resolution (142). The mutant protein
binds ATP tightly (107) forming a novel salt
bridge between the Walker A Lys and the mu-
tant Walker B Glu, thus locking the ATPase in
a compact conformation.

The ATPase is a rather flat structure, con-
sisting of a core fB-sheet with six parallel B-
strands, a classic Rossmann NBD fold with a
topology similar to that found in other AT Pases
such as RecA (Figure 35). All the functional
signatures of the ATPase center are positioned
into the catalytic pocket as predicted by CM.
Structural modeling generated very similar
ATPase B-sheet cores for A, T3/T7,SPP1, P22,

29, and HSV large terminase proteins (41).
The apo- and ADP-bound structures are vir-
tually identical to the ATP-bound structure,
with two significant differences. The adenine
binding YQ loop appears to move in response
to ATP hydrolysis (Figure 35), which may re-
flect the opening and closing of the ATP bind-
ing pocket for product release and substrate
capture.

Despite lacking significant overall sequence
similarity, the terminase ATPase domain of T4
gp17 has the closest structural similarity to the
monomeric helicases such as the PcrA helicase
from Bacillus stearothermophilus (148). The or-
der and positioning of the -strands in the six-
stranded B-sheet as well as the interactions be-
tween the catalytic residues and bound ATP are
similar. Phylogenetic analyses further suggest
that the terminase ATPase has the closest evo-
lutionary relationship to the monomeric heli-
cases belonging to “superfamily 2” (SF2) heli-
cases, and to a lesser extent, type III and type I
translocating restriction enzymes (41).

Translocation ATPase. More than a dozen
highly purified conservative mutants in the
N-terminal ATPase center of T4 gpl7 and
A gpA, for example Lys166Arg, Asp255Glu,
Glu256Asp, and T287A in gpl7, show a strik-
ingly consistent biochemical phenotype: loss
of ATPase, loss of DNA translocation, and
retention of DNA cleavage. Combined with
insights gained from the ATP-liganded T4
gpl7-ATPase X-ray structure, the evidence
overwhelmingly identifies this as the ATPase
that powers viral DNA translocation. The phe-
notype of a putative second ATP binding site in
the A gpA is distinct as it is required for DNA
cleavage, not translocation. An alternative pos-
sibility, however remote, is the appearance of a
novel translocating ATPase upon assembly of
the packaging motor, but this is unlikely since
the T4 gpl7 N-terminal ATPase mutants ex-
hibit no prohead/DNA-stimulated ATPase ac-
tivity or DNA translocation in a defined system.
However, the basal ATPase activity associated
with the large terminase proteins is weak, on the
order of 1-2 ATP hydrolyzed/molecule/min
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in T4 gpl7 (8, 92). This must be stimulated
by ~2000-fold to sustain the measured rates
of translocation in phage T4. How this oc-
curs is a fundamental question that remains
unanswered.

Nuclease Center

Catalytic metal center. All  well-
characterized large terminase proteins (A
gpA, T4 gpl7, SPP1 gp2, and T3 gp19) except
©29s gpl6 have an endonuclease activity,
which generates the termini of packaged
genomes (11, 12, 37, 79, 151). Concatemeric
DNA of cos and pac phages is first cut at or
near a specific sequence and the end is inserted
into the prohead to initiate packaging. Specific
cutting requires the presence of the small
terminase subunit (31, 65, 71). Mutations
that inactivated the endonuclease activity
in & and T4 terminases affected residues in
the C-terminal domains, showing that the
endonuclease resides in the C-terminal domain
(29,37, 87).

CM of T4’ gp17 identified a 10 amino acid
segment containing acidic residues that are
critical for nuclease activity (125). Secondary
structure predictions suggest that the Asp
and Glu residues are clustered in a hairpin
loop created by two antiparallel B-strands;
these are predicted to coordinate a metal ion
(Mg**) to form a catalytic nuclease center. The
transition intermediate is predicted to be a
pentacovalent phosphorane that is common to
diverse nucleases such as DNase I, restriction
enzymes, integrases, RNAseH, and Holliday
junction resolvases (87, 125) (Figure 4). The
terminase endonucleases align most closely
with the resolvase-type nucleases, and struc-
tural modeling of the phage T5 endonuclease
showed an «,3-domain similar to that of RuvC
resolvase with three Asp residues, a catalytic
triad, coordinating with Mg (119). More
extensive alignments and modeling show the
presence of a RNAseH/resolvase-type 3-sheet
core in several phage terminase C-domains
including phages T4, T7, and 4 (Figure 4) (B.
Draper & V.B. Rao, unpublished data).

Rao e Feiss

The A-like phages require an additional
ATP-powered helicase-like activity to separate
the annealed 12-base cohesive ends following
cutting. There is evidence for an ATPase center
in A’s gpA C-terminal domain, which is required
for cutting and strand separation (77, 116).

Headful nuclease. A second, downstream cut
is made following encapsidation of a unit-
length viral chromosome. Whether the en-
donuclease cuts specifically, as in cos phages,
or nonspecifically, as in pac phages, the down-
stream cut is tightly linked to capsid filling,
which is equivalent to one (for cos phages) or
102-110% (for pac phages) genome (97, 98,
141, 149). Evidence suggests that the same C-
terminal nuclease center carries out both ini-
tiation and termination cutting (48). Explana-
tions for headful nuclease control include the
idea that the nuclease is not able to cut DNA
that is being translocated at a high rate, and that
resistance to further packaging eventually slows
or stalls translocation, permitting cutting to oc-
cur (32-34, 153, 155). Another proposal is that
head filling causes a conformational change in
the portal, causing terminase dissociation and
DNA cutting (4).

Several observations implicate portal in-
volvement in headful cutting. Certain siz mu-
tations in phages P22 and SPP1 either overfill
or underfill the head, consistent with the portal
acting as a headful packaging sensor (18, 144).
The structure of the virion portal differs from
that of the purified, ectopically expressed por-
tal, suggesting that a DNA packaging—induced
conformational switch could trigger the nucle-
ase to cut, or terminase to release (156, 166).
Also, in the virion, a loop of DNA is tightly
wrapped around the wing domain of the por-
tal. This DNA, presumably the last bit pack-
aged, might be involved in flipping the switch
(89).

An obvious problem with implicating a
causative relationship between a portal struc-
tural change and headful terminase cutting is
that the change is observed in the final mature
virion whereas all the DNA packaging steps
and tail attachment happen between the points
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a T4 NH, (395) YIATIDCSE-====-=-= GRG-QDY----~ HALHIID(39)ECPVYIELN(76)EGYHDDLVM(65)COOH2
RB49 NH, (392) YVATLDCSE--~~~-~~~-~ GRG-QDY----~ HALQIID (39)ECPVYIELN (76) EGFHDDLVM (65) COOH,
KVP40 NH, (381) YILTVDTSE-====-=-= GRG-QDY----~ HALHMID (39) EAYVYCEIA (83) EGFHDDLVM (65) COOH,
T7 NH, (358) KILVIDPS—~~=~=~~~-~ GRG-KDE----~ TGYAVLY (43) VQTVVYESN (64) VDGKHDYKY (91) COOH,
T5 NH, (280) TLLGIDV=========-= GYR--DPT----AVLTIKY (45) VDRIFVDSA (68) EKPRHDANS (17) COOH,
A NH, (395) LTAGID-SQLDRYEMRVWGWGPGEESWLID--RQIIM(49) DPTIVYERS (87) VEKWVDGRK (67) COOH,
SPP1 NH, (260) IROGIDF-======-=-= GYG-PDP----- LAFVRWH (44) SARTTADSS (67) TPRLEDKDN (23) COOH,
P22 NH2(315)H?YViDAQDF ———————— GWN--HPQ----AHIQLWW (41) PVAWPHDGH (69) LYHRDENDG (47) COOH,
HK97 H,(311) LVIAGEADDG-~--~-~~-~ VW---DVFP---FFWTPQK (48) IAEIIGDFD (84) ATGRIDGMV (30) COOH,

Secondary structure [ —— —)— —an

RuvC NH,( 2) ITLCIDPGS------— RVIGYGVIR-———--- QGRQLSY (28) PDYFAIEQV (66) QADAADALA (

Secondary structure [ >———————

5) COOH

2

SPP1 gp2

)\gpA

Figure 4

The C-terminal nuclease center. (#) The C-terminal nuclease center of phage terminases contains a catalytic triad of Asp/Glu residues
similar to that of resolvase RuvC. The C-terminal nuclease domain of phage terminases were aligned with CLUSTALW. The default
alignment was then optimized based on the secondary structure prediction obtained from Jpred. Numbers in parentheses represent the
number of amino acids. The first conserved Asp (dark purple) is located at the tip of a conserved B-strand. The second Asp (dark blue) is
located approximately 60 residues downstream, at the tip of a short conserved (-strand. The third Asp (greer) is within a structurally
adjacent a-helix. Structural models of phage terminase nuclease domains were obtained by homology modeling using
SWISS-MODEL. The target sequence was restricted to approximately 150 amino acids encompassing the three conserved residues, in
order to optimize the sequence alignment to the template. The Mg ion was modeled by superimposition with the RuvC resolvase
structure (PDB ID: 1HJR). All images were created with PyMol.

when the portal is part of a naive prohead and
a mature virion. Furthermore, late DNA pack-
aging events appear to be rather complex and
not well characterized for any virus. In phage 1
where there is some detailed information, cut-
ting the downstream cosN requires recognition
of an upstream cosQ sequence (32). cosQ muta-
tions lead to failure to arrest translocation, and
there is a failure to nick the bottom strand in
the rotationally symmetric cosN (34). cosQ is rec-
ognized in context with cosN (34). Leaky cosQ
mutations are suppressed by increasing chro-
mosome length or portal mutations, suggest-

ing that the translocation rate affects the effi-
ciency of cosQ recognition. Fast translocation
may account for the absence of cos cleavage for
short, cosQ* chromosome lengths (33, 84, 155).
The bottom strand nicking failure suggests that
cosQ may sponsor remodeling of terminase to
present a properly oriented gpA (+gpNul?)
for nicking the bottom strand. The gpA pre-
sentation might occur by a reconfiguring of a
gpA of the translocation complex or by recruit-
ing a gpA from solution. Whether a similar
remodeling occurs in pac phages with headful
cutting mechanisms is unclear. The idea that
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the endonuclease is in an inactive configuration
during translocation is attractive.

DNA Binding Motifs

At least three key steps of the DNA packaging
process require dynamic interactions between
the terminase and DNA. First, a DNA binding
motifin terminase recognizes the viral DNA. As
described above, the HTH motif in the small
terminase protein is required for DNA recog-
nition. Second, a precisely aligned nuclease-
DNA complex forms in order to cut concate-
mers to initiate and terminate DNA packaging.
Third, the packaging motor must interact with
the DNA during translocation, trigger direc-
tional movement, and release the DNA. Nu-
merous such bind-release cycles processively
translocate the viral genome. Different func-
tional requirements of these steps would dictate
that these are distinct DNA binding sites. The
ATPase domain of T4 gpl17 binds DNA (4); so
do the large terminase proteins gpA of A (116)
and gp16 of 29 (91). Whether these sites are
involved in DNA cutting or DNA translocation
remains unknown.—3

STOICHIOMETRY
AND SYMMETRY

Portal Vertex

Despite having no significant sequence similar-
ity, all portals from mature phage virions as well
as the baculovirus-expressed herpes virus portal
show a conserved dodecameric ring structure
with 12-fold rotational symmetry (Figure 1)
(40, 90, 147). Variants such as 11-, 13- and
14-fold symmetries have been documented, but
these are seen only in the heterologously over-
expressed proteins (Figure 25) (43, 115). Com-
parison of 13-fold and 12-fold SPP1 portal
structures shows flexible intersubunit interac-
tions (90), but the fact that only the 12-fold
symmetry is incorporated into mature phage
suggests that the dodecamer is a functional ne-
cessity and that portal assembly is tightly regu-
lated in vivo.

Rao e Feiss

Small Terminase Protein

All the E. coli-overexpressed small terminase
proteins show high propensity to self-associate,
forming oligomers of various stoichiometries.
The T4 gpl6 forms a donut-shaped oligomer
with a central open cavity and no discernible
surface features. STEM measurements esti-
mate 8 £ 3 subunits per ring (95) but the sub-
units could not be counted by rotational sym-
metry analysis (A. Fokine & M.G. Rossmann,
personal communication). Double rings, which
are likely figure 8-shaped helical structures, and
strings of single and double rings are also seen
(85,95). The phage A gpNul forms large amor-
phous aggregates of no particular stoichiome-
try. However, gpNul lacking the C-terminal
half, or in the presence of gpA at low pro-
tein concentrations, forms dimers that retain
cos binding activity (7, 159). T7 gp18 and SPP1
gpl oligomerize into octamers and decamers,
respectively, whereas P22 gp3 oligomerizes into
nanomers (23, 112, 152). But a gp3 mutant,
A112T, oligomerizes into a decamer. The gp16
and gp3 oligomers have a central channel of ap-
proximately 2 nm diameter (95, 112).

Although oligomerization is important (85),
stoichiometry or a defined central cavity does
not appear to be strictly essential for function.
However, interactions with other components
of the packaging machine may select for a de-
fined stoichiometry in vivo.

Large Terminase Protein

The E. coli-overexpressed and purified large
terminase proteins from many phages exhibit
different oligomeric states. T4 gpl7, SPP1
gp2, T3 gpl9, and P22 gp3 exist essentially
as monomers in solution (60, 92, 111, 112).
©29 gpl6 and A gpA oligomerize into hetero-
disperse complexes (62, 132). Diluted gpA-
gpNul complexes dissociate into a stable het-
erotrimer of one gpA and two gpNul subunits
(99). Upon concentration, the heterotrimer
oligomerizes into a tetramer of heterotrimers
(101). The latter can catalyze cos cleavage and
in vitro DNA packaging, whereas the simple
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heterotrimer requires the assistance of the E.
coli host factor, IHE. However, during assem-
bly of the packaging machine the stoichiom-
etry of the large terminase protein may be
remodeled.

Assembly of motor complex. The stoichiom-
etry of the large terminase protein is thought
to vary depending on the functional state of
the packaging complexes, whether it is the
packaging initiation complex, the translocation
motor complex, or the packaging termination
complex. Perhaps the most critical of these
is the motor complex formed in association
with the prohead portal and DNA, which pow-
ers translocation. Genetic and biochemical ev-
idence in %, T3, SPP1, and T4 suggest that the
large terminase protein interacts with the stalk
of the portal, forming a ring of subunits (58,
94, 110, 162, 163). The loop residues of the
outer af3-domain of the portal, e.g., Asn290 of
SPP1 gp6 (36), Pro331 of A gpB, and amino
acids 300-310 of T4 gp20 (the gpB and gp20
residues are presumed to be in a similar posi-
tion as that of the gp6 X-ray structure), appear
to provide docking sites for the large terminase
protein.

The portal binding site in the large termi-
nase protein is localized to the last 15 amino
acids of 2 gpA and T3 gp19. The putative bind-
ing motif corresponds to LYWEDDjs7; 575 and
LSGEDE;6-641 in gpA and gp19, respectively,
implicating hydrophobic and charge-charge in-
teractions between terminase and portal (110,
162, 163). In phage T4, however, the extreme
C-terminal sequence of gpl7 is not required
for portal interaction. Deletion of the last 33
amino acids results in no loss of ATPase and
DNA packaging functions (56). Second site
suppressors of gp20 ¢s mutants map to the cen-
tral (Ser336Asn) and C-terminal (Ser583Asn)
regions of gpl7 (95). Both the N-terminal
ATPase domain and the C-terminal nuclease
domain inhibit in vitro DNA packaging, pre-
sumably by competing with the full-length
gpl7 for portal binding (83). Therefore, unlike
in 1 and T'3, the portal binding determinants in

the phage T4 large terminase subunit are not
restricted to a narrowly defined region at the C
terminus, although it is unclear exactly where
the sites are located.

Stoichiometry of motor complex. Various
stoichiometries of the large terminase protein
assembled on the dodecameric portal have been
suggested. In phage T3, direct binding experi-
ments estimated that 6 molecules of gp19 bind
to a single prohead particle (111). In phage 2,
a tetrameric holo-terminase composed of four
heterotrimers of 2 gpNul:1gpA has been pro-
posed to be the active oligomer (101). In phage
SPP1, a complex containing a monomer of gp2
and a dimer of gp1 decamer rings was suggested
to be the portal interacting unit (16).

In phage @29, a unique 174-nt pRNA
molecule is the primary portal-interacting com-
ponent (63). The packaging ATPase, the large
terminase protein equivalent, is attached to the
pRINA but not to the portal (135; M.C. Morais
& M.G. Rossmann, personal communication).
The pRNA is a Y-shaped, mostly double-
stranded, molecule with two upper arms con-
sisting of complementary single-stranded loops
at the ends. Base pairing between the loops
interlocks the monomers into a ring struc-
ture. Biochemical experiments originally sug-
gested that the pRNA ring formed in the ab-
sence of proheads is a hexamer (145, 165). The
prohead-bound pRNA is also reported to be
a hexamer; the stoichiometry was inferred by
imaging the total number of quantized steps
required to photo-bleach the prohead-bound
fluorophore-coupled pRNA (134). However,
cryoEM reconstruction of the prohead-bound
packaging motor showed a pentameric pRINA
ring with the base-paired upper arms in con-
tact with the portal and five spokes of the
lower arm projecting out below the portal ver-
tex (135). Recent more refined and higher-
resolution reconstructions of prohead-pRNA-
ATPase complexes confirmed the pentamer
stoichiometry of both pRNA and gp16 AT Pase
(M.C. Morais & M.G. Rossmann, personal
communication).
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Symmetry Matches and Mis-Matches

There are basically four key essential parts in
the actively packaging motor: prohead, portal
vertex, large terminase protein, and DNA. In
29, the pRNA and the gp16 ATPase together
constitute the structural equivalent of the large
terminase protein. The small terminase pro-
tein, although essential in vivo, is not essen-
tial in many in vitro DNA packaging systems
and thus is not an integral part of the translo-
cation mechanism per se. The symmetries of
three of four essential parts of the motor are
well established; the prohead’s portal vertex—5-
fold, the portal—12-fold, and the DNA—10,-
fold. However, the stoichiometry of the large
terminase protein remains uncertain and con-
troversial. The two basic possibilities are: (7)
terminase stochiometry matches with the por-
tal symmetry, e.g., hexameric pRNA/ATPase
(929) or tetrameric gpA (A); in this scenario, the
portal and terminase symmetries do not match
with the 10;-symmetry of DNA; and (#7) termi-
nase stoichiometry is mismatched to the portal
symmetry, e.g., pentameric pRNA/ATPase, but
it matches with the DNA symmetry.

The best available evidence points to the
pentamer stoichiometry of terminase, as ob-
served in the cryoEM reconstruction of the ¢29
packaging motor. The pentamer stoichiome-
try fits well with the 10;-fold DNA symme-
try and 2-bp step size, but it is in conflict with
the 12-fold portal symmetry. The latter can be
largely reconciled if there were interactions be-
tween the terminase and the capsid. Indeed,
this is evident from the overlapping capsid and
pRNA densities in ¢29 reconstructions (135).
Therefore, it is probable that, following ini-
tial interaction with the portal, the pRINA/large
terminase protein establishes contact with the
fivefold capsid vertex, thus maintaining over-
all symmetry between the capsid, the packaging
motor, and the DNA. But how the pentameric
large terminase protein dynamically interacts
with the dodecameric portal during transloca-
tion, as evident from the portal’s ATPase stim-
ulation and headful sensing roles, remains an
interesting and puzzling question.

Rao e Feiss

PACKAGING MODELS

Several packaging models have been proposed
to define the basic mechanism of DNA translo-
cation. Most models assume that a prohead-
bound packaging motor, using ATP as fuel, gen-
erates motion of certain part(s) of the motor
that is coupled to DNA movement. All models
agree that the DNA motion must be transla-
tional (linear), involving no significant rotation
of DNA, which would otherwise introduce su-
pertwists and eventually stall the motor, as well
as presentserious problems for delivery of DNA
into the host cell. Slight DNA rotation, likely of
the DNA outside the capsid, would, however,
be necessary to compensate for the torsion in-
troduced as the DNA is wound around the cap-
sid interior. The main differences are with re-
spect to which part of the motor moves DNA
and the precise mechanism that causes motions.
The models fall into two basic types: (/) Rotary
motors—the motor consists of a stator and a ro-
tor, the portal, and rotary motion of the rotor
is coupled to linear motion of DNA; although
rotary motors have been well documented in
biological systems (e.g., F1Fy ATP synthase;
flagellum), coupling between rotary and linear
motions is unique and has not yet been experi-
mentally demonstrated; (i7) linear motors—the
motor causes linear motion of a part of the mo-
tor, the terminase, which is coupled to linear
movement of its partner, the DNA; many such
motors have been described in biological sys-
tems (e.g., myosin, helicase).

Rotary Motors

Nut and bolt model. In 1978 it was proposed
that the portal is not merely a passive conduit
for DNA entry and exit but an active packaging
machine, a rotary motor that transports DNA
into the capsid (67) (Figure 5a4). The basic
features of the model are: () The symmetry
mismatch between fivefold icosahedral capsid
and sixfold portal vertex allows portal rotation
imposing minimal energy barriers; (i7) the por-
tal channel must be threaded to match the DNA
structure, analogous to a nut that rotates on a
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bolt; (#ii) directional rotary motion of portal
(nut) causes linear motion of DNA (bolt) into
the capsid; and (7v) ATP hydrolysis powers di-
rectional rotation; 30 equivalent positions are
expected where a rotating portal subunit comes
into registry with a capsid subunit, triggering
ATP hydrolysis. The free energy of hydroly-
sis drives portal rotation through one to sev-
eral of these equivalent positions, coupling it to
translocation of a proportional number of base
pairs. This could be tailored, or regulated, to
generate different gearing ratios.

Insights from portal structure. The portal
rotation model attracted wide attention, has

been refined as details emerged (43), and sub-
jected to extensive genetic, structural, and bio-
chemical analyses (147), but testing of rotation
has not been possible until recently because of
large gaps in the available structural informa-
tion and technical barriers. The structural data,
however, provided an initial test of the model.
As described above, cryoEM reconstruc-
tions and/or X-ray structures of phage portals
and herpes virus portals verified the symme-
try mismatch and showed remarkable conserva-
tion of the overall structure (2, 40, 42, 43, 146)
(Figure 2). The portal vertex turned out to be a
dodecamer, not hexamer as was originally pre-
dicted. A dodecamer fits the rotation model just
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as well as a hexamer except that there will be 60
equivalent positions, instead of 30, where the
portal and capsid subunits come into registry.

The X-ray structures of both ¢29 and SPP1
portals exhibit conserved features (61, 90, 135).
The @29 portal is a 75 A long cone-shaped
structure with three basic parts (Figure 2b); a
70 A wide end that is inserted into the icosahe-
dral vertex, 2 28 A long central stem, and 25 A
narrow stalk that protrudes out of the capsid.
A central channel, also cone-shaped, with 35 A
inner radius traverses the portal at the narrow-
est outer end, gradually widening to ~60 A at
the inner end. The narrow end, consisting of a
o/ domain, is connected to the central stem of
two long a-helices, o3 and «5, which in turn is
connected to the wide end formed by additional
a-helices and a 3-sheet. In the SPP1 portal, the
wide end has a more massive ~150 A wing and
crown (Figure 2b).

The channel, the passage-way for translo-
cating DNA, appears to be the most conserved
feature of the portal. Its wall is lined by 24 «-
helices radiating from the center at a ~45° an-
gle relative to the central axis. Acidic residues
coat the channel making it highly electroneg-
ative, a feature consistent with repulsion and
smooth passage of negatively charged DNA.
There are two constrictions, one at the wide
end and another at the narrow end, areas where
the channel surface can come into close prox-
imity to translocating DNA. Disappointingly,
however, and inconsistent with the nut and bolt
model, the portal channel features no obvious
“threads” that are complementary to the dou-
ble helical grooves. Nevertheless, the structural
details are consistent with portal rotation and
provided insights for developing newer rotation
models.

Compression-relaxation model. In this
model, ATP hydrolysis drives lengthwise ex-
pansion and contraction of the portal, which
causes portal rotation and coupling to DNA
motion (Figure 5b) (135). The cryoEM re-
construction of @29’ packaging motor shows
a stoichiometry of 12 subunits of portal, 5
subunits of pRNA, and 5 subunits of gpl6
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ATPase. The pRNA ring, present in the mid-
dle, interacts with the capsid and portal on
one side, and the ATPase on the other, “glu-
ing” the parts together. The portal channel
thus is extended by the pRNA and ATPase
rings, with the DNA placed in the center.
The portal is the rotor, and the capsid, pRINA,
and ATPase together constitute the stator. At
any time, only one portal subunit (subunit 1,
for example) can be in alignment with one
pRNA/ATPase complex due to the symmetry
mismatch. The aligned portal-pRNA/ATPase
interactions trigger “firing” of that ATPase
molecule causing lengthwise expansion of
the portal through slight rearrangement of the
channel helices, allowing the portal to grab
the DNA by making nonspecific contacts with
it. Relaxation to normal length causes upward
movement of DNA by 2 bp and passive coun-
terclockwise rotation of the portal by 12°. The
rotation brings another portal subunit (subunit
3) into alignment with the adjacent ATPase
molecule, causing its firing and DNA transloca-
tion. Thus portal rotation is necessary primar-
ily to engage all the ATPase molecules of the
motor.

A central feature of this model is that the
symmetry of pentameric pRINA and ATPase is
matched with the capsid but mismatched with
the portal, as evident from the cryoEM recon-
structions. While this needs to be reconciled
with the fluorescence imaging results that sug-
gest a hexameric pRNA, the model offers a
plausible role for the conserved angular dis-
position of channel helices. There is evidence
for inter-portal subunit flexibility and motion
(90); variant portal oligomers of 11, 13, or 14
subunits, which must involve slightly differ-
ent intersubunit interactions, readily form in
the ectopically expressed protein (43). Disulfide
cross-linking of adjacent portal subunits that
curtail motion abolish DNA packaging in SPP1
(36). However, there is as yet no evidence for
lengthwise expansion of the portal structure, a
substantial >6 A movement of each channel he-
lix, and it is conceptually unclear how the free
energy from a single AT Pase firing can be trans-
mitted to all the portal subunits. If 12° portal
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rotation is strictly followed, half of the portal
subunits would never engage in translocation,
a feature at odds with the highly conserved 12-
fold portal symmetry.

DNA gripping model. The @29 portal con-
sists of 12 alternating Lys and Asp residues lin-
ing the narrow end constriction of the portal.
In this model, positively charged lysines are
proposed to form an electrostatic grip on the
negatively charged DNA phosphate backbone,
which is coupled to portal rotation and DNA
movement (Figure 5¢) (61). In this model the
stoichiometry of the @29 packaging motor is
assumed to be 12 subunits of portal, 6 subunits
of pRNA, and 6 subunits of ATPase. Thus all
parts of the motor are symmetrically matched
and the whole packaging motor is a rotor and
the capsid becomes the stator.

The two electropositive rings formed by
Lys200 and Lys209 are at a distance of 20 A
with a 10 A spacing between adjacent lysines.
When a Lys200 residue is aligned with a back-
bone phosphate, another Lys200 belonging to
the fifth portal subunit is also aligned with an-
other phosphate of the opposite strand. Sim-
ilarly, 20 A (6 bp) down the channel, two
Lys209 residues align with two additional phos-
phates. This configuration brings into align-
ment a portal subunit, four DNA phosphates,
a pRNA subunit, and an AT Pase subunit, caus-
ing ATPase firing, 12°-degree clockwise rota-
tion, and 2-bp DNA translocation. Rotation
disrupts the lysine-phosphate interactions al-
lowing DNA movement, and brings four neigh-
boring lysines in alignment with another set
of backbone phosphates to reform the electro-
static grip. Either the ATPase firing causes the
portal to rotate, which pushes the DNA, or the
ATPase itself pushes the DNA and the portal
rotates passively.

In this model, rotation is necessary to match
the motor symmetry to 10;-DNA screw sym-
metry, but the hexamer stoichiometry of pRNA
and ATPase (80) is in conflict with the cry-
oEM evidence (135). A single ATPase subunit
must support rotation of the whole motor - not
just the portal, pushing of DNA, and disrup-

tion of lysine-phosphate bonds, a rather tall or-
der. The 35 A diameter of the portal channel
at the narrow end is quite large for maintain-
ing a firm grip on DNA that has a diameter of
20-23 A, leaving a ~6 A gap between the ly-
sine and the phosphate. Nonradial orientation
of Lys200 and the observed salt bridge between
Lys200 and Asp202 (135) are also inconsistent
with the model.

Molecular lever model. The pseudo atomic
structure of dodecameric SPP1 portal shows
12 loops projecting into the wide end constric-
tion (Figure 2), compressing the open radius of
the portal channel to just about 18 A, 5 A less
than the diameter of the DNA (Figure 54) (90).
These ~15 amino acid-long “tunnel” loops,
also predicted in other phage portals, are dis-
ordered and not seen in the ¢29 X-ray struc-
ture. Each loop connects two helices, the o5
channel helix and the «6 helix, that is perpen-
dicular to o5 with an unusual 135° kink in the
middle. This substructure is held together by
hydrophobic interactions and is hypothesized
to function as a movable molecular lever to
translocate DNA (90). There is structural ev-
idence that the tunnel loops exist in at least two
conformations, up and down.

The molecular lever model proposes that
the tunnel loops tightly grip DNA and un-
dergo sequential conformational changes that
are coupled to portal rotation and DNA translo-
cation (90). The axis of the DNA would be
slightly tilted to accommodate the 23 A wide
DNA in the 18 A portal constriction. The tun-
nel loops must be pushed in and asymmet-
rically arranged around the DNA structure.
The relatively hydrophobic tunnel loops are
not expected to interact with the backbone
phosphates, instead form nonspecific shape-
matching van der Waals interactions with the
major groove. The loops adjust to the 10;-fold
symmetry of the DNA by assuming different
conformations at different contact points. An
“undulating belt” is formed around DNA with
12 contact surfaces forming a tight embrace,
and even squeezing the DNA. ATP hydrolysis
causes a 12° counterclockwise portal rotation
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and loop sliding and repositioning in a new
conformation, which again matches the DNA
structure. This process, sliding and reposition-
ing of one loop causing the same in the adjacent
loop and so on, spreads like a Mexican wave, re-
sulting in directional translocation of DNA.

Several SPP1 mutations that interfere with
packaging were mapped to loop residues (amino
acids 343-360) (81). One of these mutants,
Glu352Gly, showed ~50% reduction in pack-
aging efficiency, whereas other mutants such as
Val347Met/Ala showed no packaged DNA, and
the Ser343Phe mutant packaged a smaller viral
chromosome producing a siz phenotype (114).
However, in phage 929, loop mutations did
not significantly interfere with DNA packag-
ing. Substitution of 1, 2, or 3 loop residues with
Ala, or even deletion of the entire 18 amino
acid loop, showed no major reduction in pack-
aging efficiency. However, unlike the wild-type
motor, the loop mutants released the packaged
DNA during gradient centrifugation, suggest-
ing that the loops may be involved in stabilizing
the packaged DNA but not translocation per se
(R. Atz, S. Grimes & D. Anderson, personal
communication).

Test of portal rotation. The portal structural
features unfortunately do not compellingly sup-
port the specific packaging models invoking
portal rotation. Therefore, genetic and bio-
physical approaches were used for testing portal
rotation.

Using a tethering approach, the phage T4
portal was attached to the capsid through Hoc
interactions (9). Hoc is a nonessential T4 outer
capsid protein that binds as a monomer at the
center of the major capsid protein hexon (49).
Hoc binding sites are not present in the un-
expanded proheads but are exposed following
capsid expansion. With 155 hexons forming the
shell, the T4 virus is decorated with 155 copies
of Hoc. To tether the portal, unexpanded pro-
heads were first prepared with 1 to 6 of the 12
portal subunits replaced by Hoc-portal fusion
proteins (the C terminus of Hoc is fused to the
N terminus of portal) (at least 6 of the 12 portal
subunits must be wild-type for phage viability).
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The proheads were then expanded to expose
Hoc binding sites. The Hoc portion of the por-
tal fusion is expected to bind to the center of the
nearest hexon, tethering 1-6 portal subunits to
the capsid. It was argued that the Hoc-capsid
bonding is equivalent to a covalent cross-link
and thus must curtail portal rotation. If portal
rotation were to be central to DNA packaging,
the tethered expanded proheads should show
very little or no packaging activity. However,
the efficiency and rate of packaging of tethered
proheads were comparable to those of wild-type
proheads, suggesting that portal rotation is not
an obligatory requirement for packaging.

The caveats of this test are that (7) the num-
ber of tethers may be lower than expected due
to the symmetry mismatch at the portal vertex,
and (i) the packaging force, supposed to be very
powerful, may disrupt the tethers. Recent evi-
dence suggests that Hoc’s capsid binding site is
located in the C terminus, and fusions to the C
terminus show greatly reduced binding affinity
when compared to the N-terminal fusions (131,
133). Thus, while the data argue against portal
rotation, rotation cannot be ruled out (100).

Single molecule fluorescence spectroscopy
was used to test portal rotation (74). Recom-
binant empty proheads were prepared with a
single cysteine per portal subunit and no other
cysteines in any of the other prohead proteins.
Six such cysteines were independently inserted
into the exposed regions of the portal, in both
narrow and wide ends. Fluorescent Cy3 dye
was coupled so that only one of the 12 portal
cysteines was labeled and the mutant proheads
are fully functional for DNA packaging.
ATP-y-S stalled single packaging complexes
were prepared on a mounted slide and pack-
aging was resumed by exchanging with excess
ATP. If the portal were to rotate, the fluores-
cence intensity must change at a frequency of
1-2 Hz due to polarization, at the determined
packaging rate of ~60 bp/sec. Attempts to
identify a signal indicative of portal rotation
during active filling of proheads were negative.
Fifty independent measurements of actively
packaging motors using Cy3-cysteine reporters
at six different locations of the portal structure
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did not show any incidence of portal rotation
relative to the capsid.

In conclusion, in addition to providing a
docking site for the large terminase protein,
the highly conserved structural features imply
that the portal is an important part of the pack-
aging motor. Complete loss of DNA packag-
ing by disulfide cross-linking of adjacent portal
channel helices and resumption to packaging
following reversal of cross-links signify an ac-
tive role (36). Portal alone, or portal-containing
proheads, stimulate the ATPase activity of the
large terminase protein, and a strict correlation
between AT Pase stimulation and DNA packag-
ing was observed (8, 114). Thus, dynamic move-
ment of channel helices and communication
between the portal and the large terminase pro-
tein seem to be central to the DNA packaging
mechanism. But, the evidence argues against di-
rectional portal rotation being the driving force
for DNA movement.

Linear Motors

Beginning in 1978 (13), models implicating
terminase directly in the translocation mecha-
nism have been introduced (45, 46, 52, 122).
The underlying themes in these models are
that (i) there is no obligatory requirement
for, or coupling to, portal rotation; (i) ter-
minase is both the provider of ATP energy
and the DNA pump; and (i77) there is a par-
simony in proposing that both the ATPase
center and the mechanical components of the
motor are located in the same molecule. Mod-
elsinclude supercoiling-relaxation, DNA track-
ing, conformational switching, or inchworming
by terminase linked to translocation. Basically,
in these models linear DNA translocation is
achieved through linear motion, not rotation,
of terminase domains.

Supercoiling model. This model proposes
that the first DNA end entering the capsid
would be fixed to the portal or the prohead,
allowing the terminase to introduce supercoils
much like an ATP-dependent DNA gyrase, re-
sulting in transient storage of part of the ATP

hydrolysis free energy as DNA torsion (13). Re-
laxation of the supercoils unleashes this energy,
propelling DNA into the capsid. Supporting
this model is the observation that phage T4
DNA ligase mutants are blocked in DNA pack-
aging, apparently because of failure to repair
nicks (164). Since nicks dissipate torsional en-
ergy, DNA translocation would be blocked; in
principle, a single nick can arrest DNA packag-
ing. However, in several defined in vitro phage
DNA packaging systems including T4, T3, and
29, nicked DNA can be packaged (51, 108;
L. Black, personal communication). Packaging
seems unaffected when the motor has to pass
several nicks in a single packaging event. Cross-
linked DNA can also be packaged (51). Thus
there is as yet no evidence that the ATP free
energy is stored in the form of torsion or an al-
tered DNA structure. The data, however, sug-
gest that the packaging motor does require a
double helical DNA structure, although it can
tolerate minor perturbations such as nicks. The
in vivo packaging block in ligase mutants may
be due to larger problems in DNA repair, not
necessarily simple nicks. For instance, gaps and
large heteroduplex loops block DNA packaging
(51, 118).

Inchworm model. Although the packaging
ATPase features a prototypical ATPase struc-
ture, it exhibits closest similarity to the AT Pase
domain of monomeric SF1 and SF2 helicases
(41, 142). Disposition of certain ATPase sig-
natures is also very similar; the catalytic glu-
tamate of the terminases and helicases is im-
mediately adjacent to the Walker B aspartate,
whereas in RecA, F;-ATPase and many other
ATPases it resides between the Walker A and
Walker B motifs (105, 140). A trans-peptide is
present next to the Walker B Asp in the gp17-
ATPase and monomeric helicases, whereas a
cis-peptide is present in other ATPases, orient-
ing an upstream glutamic acid into the active
center (142). An ATPase coupling C-motif is
present at the tip of the (35 strand in both gp17
and monomeric helicases, orienting a threonine
or serine into the catalytic center for interac-
tion with the y-phosphate of ATP (41, 105).
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These structural and sequence similarities im-
ply that the terminase is an active translocase
achieving DNA translocation by an inchworm-
type mechanism similar to that observed in
helicase translocation on DNA (or RNA)
(139, 148).

In helicases (and other ATPases), an ATP
binding cleft is formed by two NBDs, each fea-
turing a 5- or 6-stranded parallel B-sheet (128)
and connected by a hinge (27). One of the
NBDs (NBD-1) possesses the canonical AT-
Pase signatures such as Walker A, Walker B,
and catalytic carboxylate, whereas the second
NBD (NBD-2) provides the arginine switch
residue(s) and additional ATP interactions. The
cleft exists in at least two conformations: a
“closed” conformation as a result of ATP bind-
ing and closure of domains, and “open” confor-
mation following ATP hydrolysis and product
release. The T4 gpl17-ATPase structure con-
sists of helicase NBD-1 domain (subdomain I)
and a smaller subdomain consisting of residues
from both the N-terminal (residues 1-58) and
C-terminal (residues 314-360) domains (sub-
domain II; Figure 35b) (142). The subdomain
1T is linked to the nuclease domain (residues
361-610) that has a similar structural fold as the
RuvC resolvase (Figure 4).

These features and biochemical evidence led
to the proposal of an inchworm-type mecha-
nism for viral DNA translocation (41). In the
model shown (Figure 6), opening and closure
of the ATP binding cleft cause movement of
terminase domains, which is coupled to DNA
motion. In the apo state, the large terminase
protein exists in an open conformation (EI).
ATP capture facilitates large-scale interdomain

interactions, closing the cleft and probably in-
troducing a degree of strain into the structure
(E2) (117). In this conformation, the terminase
will have the highest affinity for DNA. With the
ATP and DNA bound and precisely oriented,
the arginine switch is engaged and the transi-
tion state (E3) is stabilized. Nucleophilic attack
by an activated water molecule hydrolyzes ATP
(E4), pulling ADP and Pi apart and untethering
the interdomain interactions. Opening of the
cleft (E5), a force generating conformational
change, causes DNA translocation and prod-
uct release. The protein resets to apo state to
reload ATP for the next catalytic cycle.

The DNA binding site involved in the
translocation mechanism must display unique
features. Unlike the cos/pac DNA recognition
site, the translocation site should form tran-
sient, yet tight, interaction with certain groups
of DNA, for example the backbone phosphates,
and release the DNA after each translocation
step. Thus this site functions as a “hook,” a
mechanical part that grabs and moves DNA,
but its binding affinity must dynamically os-
cillate between high- and low-affinity states in
coordination with ATP binding and hydrolysis,
respectively (4).

The large terminase protein likely assembles
as a ring of five subunits around the portal ver-
tex. The pentamer stoichiometry fits with the
10;-fold symmetry of DNA and 2-bp step size
(135, 142). Pushing DNA by 2 bp by one sub-
unit brings another terminase subunit into reg-
istry with the DNA, triggering the next cycle
of DNA binding, ATP hydrolysis, and confor-
mational transitions causing DNA movement
and product release. Sequential firing of the

Figure 6

An inchworm-type viral DNA translocation model. An ATP binding cleft is formed between two NBDs of the T4 large terminase
protein, gp17. NBD 1, containing the well-conserved core with classic ATPase functional signatures, corresponds to subdomain I of the
AT Pase structure (see Figure 35). NBD 2, which is not yet known (subdomain II, or C-domain?) is presumed to contain the Argl162
switch residue and additional interacting residues yet to be identified (X1 and X2). In the apo state, the terminase has low affinity for
DNA (E1). ATP binding (E2) facilitates interaction between the two NBDs; closing the cleft and opening a high-affinity dSsSDNA
binding site in the gp17 molecule. At the transition state (E3), the catalytic carboxylate activates a water molecule (purple) and cleaves
the 3, y-phosphoanhydride bond of ATP (E4). The C-motif disengages the cleaved phosphate, untethering the interdomain
interactions and opening the ATP binding cleft (E5). This conformational change causes product release and the associated DNA is
translocated by 2-bp into the prohead. ATP binding resets the motor for the next translocation cycle.
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DNA SYMMETRY

The packaging models assume that the B-form double helical

DNA has perfect tenfold helical (screw) symmetry. In the litera-
ture, both 10- and 10.5-fold symmetries are used. However, the
DNA does not have a fixed fold symmetry. The angle of rotation
to observe symmetry does not repeat exactly in each rotation.
Thus the double helical B-DNA has “nonrepeating” helical sym-
metry. Therefore the motor subunits must be flexible to adjust to
the imprecise symmetry as they grab the DNA and translocate it.
Strand switching at certain points during translocation may also

allow the motor to compensate for the symmetry imprecision.
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subunits hands over DNA from one subunit
to another, translocating 10 bp, or one helical
turn per round. The subunits must be flexible
enough to adjust to the imprecise nonrepeating
helical symmetry of DNA (See sidebar, DNA
Symmetry). In addition, concerted movements
of portal helices, or slight expansion and relax-
ation of the portal channel, might be necessary
to correctly position DNA in the channel, as
well as prevent its exit during the handovers.
The latter becomes particularly important in
the late stages of genome packaging when the
internal force works against the packaging force
and slows down the motor.

Although largely speculative, the inchworm
model is consistent with the available body
of information on DNA packaging motors,
and certain aspects of the model are similar
to the recently described @12 ssRNA pack-
aging motor (103), and other motor proteins
such as helicases (138) and F;Fy ATPases (1).
There is evidence linking phosphate release to
force generation and DNA motion in the @29
packaging motor (24). The T4 gpl7 mutants
in the ATPase coupling motif can hydrolyze
ATP at least once but are unable to catalyze
DNA translocation or catalytic turnover (41).
The mutant protein appears to be “frozen”
in a proteolysis-resistant product conformation
(E4) (B. Draper & V.B. Rao, unpublished data),
unable to sense the ATP hydrolysis state and
sustain ATP turnover and DNA translocation.
In helicases, this coupling motif is part of a net-

Rao e Feiss

work of interactions that allow communication
between the ATPase and DNA binding sites,
achieving translocation in response to ATP
hydrolysis.

On the other hand, the presence of a DNA
translocation groove with unique binding prop-
erties, a center piece of the inchworm mecha-
nism, has not yet been identified. A DNA bind-
ing site was found in the ATPase domain of T4
gpl7 (4), and another DNA binding site must
be presentin the C-terminal domain in order to
cut the DNA. It is unclear if either of these sites
are directly involved in the translocation mech-
anism. The enormous force generated by the
packaging motors cannot be readily explained
by simple cleft closure or terminase subunit-
DNA interactions. These aspects of the model
might be illuminated when the structure of the
full-length terminase protein is solved. Never-
theless, the inchworm model provides an ex-
perimentally testable framework to elucidate
the detailed mechanism of the fascinating viral
genome packaging motors.

CONCLUDING REMARKS

From the stride of an elephant to the exten-
sion of an amoeba’s pseudopod, movements of
cellular organisms are powered by nanoscale
biological motors. Within cells, motors trans-
port organelles and macromolecules, remodel
cytoskeleton, and power progression through
the cell cycle. As emphasized years ago, al-
though DNA is the cell’s store of genetic
information, DNA is metabolically dynamic,
as the center of transcription, recombination,
replication, repair, partition, translocation, and
so on (25). These processes require motor
proteins, including polymerases, nucleases, he-
licases, and translocases. Translocases that
transport DNA include ATPases that move
DNA in the cells, like FtsK (5) and Spol-
ITE (96). Viral DNA translocases move viral
genomes into shells during virus assembly. Viral
dsDNA translocation is coordinated with the
processing of concatemeric DNA to produce
unit-length virion chromosomes. Efficient viral
assembly requires that the DNA packaging
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motor be very fast and very powerful. The viral
DNA packaging machine is an ancient inven-
tion that is found in all kingdoms, and consists
of the terminase with a translocation ATPase
and an endonuclease, and the icosahedral shell
with its portal protein. How the components
of the motor assemble and change configura-
tions during DNA processing and transloca-
tion are under intense study. Although the loca-
tion and nature of the translocation ATPase are
largely understood, the mechanics of translo-
cation are yet to be defined in detail. Further-
more, how the translocation complex is assem-
bled/disassembled, how the packaging ATPase
is stimulated, and how the endonuclease and

translocase activities are coordinated to orches-
trate DNA processing and packaging are is-
sues about which we know little. Understanding
the biochemical and structural basis for force
generation, and the dynamics of DNA com-
paction as well as the precise measurement of
viral genome are sure to elicit some surprises.
Happily, remarkable progress in understanding
the structure and biophysics of the packaging
motor, founded on strong genetics and bio-
chemistry, is leading to a clearer picture of the
motor and its dynamics. Sufficient knowledge is
available now for researchers to design experi-
ments that can critically address the mechanism
of viral DNA translocation.

SUMMARY POINTS

1.

The DNA packaging machinery of the tailed dsDNA bacteriophages and the herpes
viruses may have been derived from that of a common ancestor virus.

. The DNA packaging machine utilizes energy from ATP hydrolysis to translocate DNA

into a preformed empty shell. In the packaging machine, the packaging enzyme termi-
nase docks on the special portal vertex of the icosahedral shell. The portal vertex is occu-
pied by the dodecameric portal protein. The translocation ATPase and the concatemer-
processing endonuclease reside in the large terminase subunit.

. The packaging motor is an extraordinarily powerful biological motor, generating forces

of about 60 pN. The bulk energy budget is about 2 bp translocated/ATP hydrolyzed.
Translocation proceeds against a force that rises sharply as the shell is filled, resulting
from extensive DNA bending and charge repulsion. The internal pressure is sufficient
to power injection of much of the viral DNA during an infection.

. Packaging models focus on terminase and/or portal protein as the mechanical center

of the motor. Models suggest that conformational changes brought about by the ATP
hydrolysis cycle cause domains of the terminase and/or the portal protein to translocate
DNA into the shell.

. The translocation ATPase center has a classic nucleotide binding fold and an ATPase

catalytic pocket similar to that found in RecA and other ATPases. Structure and sequence
alignments show the closest similarity to the ATPase domain of monomeric helicases.

. For the first time, in recent years, researchers have been able to design and execute

hypothesis-driven experiments testing the predictions of translocation models. For ex-
ample, genetic and biophysical experiments indicate that the portal protein does not
rotate relative to the capsid shell during translocation, challenging models that invoke
portal rotation during translocation.

. An inchworm translocation model is proposed: Series of ATP hydrolysis cycles by a

pentamer of the large terminase protein are accompanied by domain movements that
translocate DNA into the shell.
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