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Tailed DNA bacteriophages assemble empty procapsids that are
subsequently filled with the viral genome by means of a DNA
packaging machine situated at a special fivefold vertex. The packa-
ging machine consists of a “small terminase” and a “large termi-
nase” component. One of the functions of the small terminase
is to initiate packaging of the viral genome, whereas the large ter-
minase is responsible for the ATP-powered translocation of DNA.
The small terminase subunit has three domains, an N-terminal
DNA-binding domain, a central oligomerization domain, and a
C-terminal domain for interacting with the large terminase. Here
we report structures of the central domain in two different oligo-
merization states for a small terminase from the T4 family of
phages. In addition, we report biochemical studies that establish
the function for each of the small terminase domains. On the basis
of the structural and biochemical information, we propose a model
for DNA packaging initiation.

T4-like phages ∣ X-ray crystal structure

Most tailed bacteriophages and some eukaryotic viruses em-
ploy a molecular motor to package their genomic DNA into

preformed empty capsids (procapsids or proheads) (1–3). A large
amount of negatively charged DNA is packaged into the confined
space within the capsid to near crystalline density, creating a
pressure of about 60 atm inside the head (4). To counteract the
increasing pressure during DNA packaging, the motor needs to
generate forces of up to 60 pN (4–6), which is about 20 times the
force generated by myosin motors. The energy for genome packa-
ging is provided by ATP hydrolysis.

Generally, DNA packaging machines consist of three compo-
nents (3, 7). The first component is a dodecameric portal protein
located at the special fivefold vertex of the capsid through which
the DNA is threaded into the head. Crystal structures of portal
proteins from phages φ29 (8), SPP1 (9), and P22 (10) show that
they form cone-shaped structures with a central cylindrical chan-
nel about 36 Å wide. Cryoelectron microscopy (cryo-EM) studies
of phages φ29 (8), SPP1 (11), T4 (12), P22 (13, 14), and ϵ15 (15)
show that the wider end of the cone-shaped portal is inside the
capsid, and the narrower end protrudes out of the capsid. The
portal provides a site of attachment for the DNA packaging mo-
tor to the procapsid and for the tail to the filled capsid. To what
extent the portal participates in DNA packaging is not clear, but
it might act as a valve to stop the DNA from escaping the head
during successive strokes of the packaging motor (16) and when
completely packaged (17). It was also proposed that the portal
might be involved in sensing when the head is fully packaged
(18, 19).

The second component of the DNA packaging machine is the
large “terminase” motor protein which has both an ATPase ac-
tivity to provide energy for packaging and a nuclease activity for
packaging initiation and termination (20). In most DNA phages,
the newly replicated genome is a branched concatemer without
any accessible free ends (3). It needs to be cleaved in order to

create a free end to initiate packaging. After packaging is com-
plete, the genomic DNA is again cleaved to terminate packaging,
and the remaining DNA is transferred to another empty procap-
sid. The crystal structure of T4 large terminase, gene product 17
(gp17), shows that its N-terminal domain has the conserved nu-
cleotide-binding fold found in many ATPases and the C-terminal
domain belongs to the RNase H/resolvase/integrase superfamily
(21, 22). These two domains are in close contact with each other in
the crystal structure, representing a “tensed” conformation (21).
Cryo-EM studies of the T4 packaging motor show that gp17 forms
a pentamer on the procapsid on the outside of the portal. How-
ever, the N- and C-terminal domains are spatially separated, form-
ing a “relaxed” conformation. Sun et al. (21) proposed that gp17
alternates between the relaxed and tensed conformations while
packaging the genomic DNA in a piston-like fashion.

The third component of the DNA packaging machine is a
small oligomeric protein (“small terminase”) that is essential for
initiating packaging (3). The small terminase recognizes viral
DNA and brings it to the large terminase for the initial cleavage.
The DNA-binding aspects of the small terminase in phages λ
(gpNu1) and SPP1 (G1P) have been well-characterized (23, 24).
These proteins bind to specific sequences in their genomes (cos
and pac sites, respectively) from where packaging is initiated. The
T4 phage packages 1.02 genome lengths of DNA (approximately
171 kb) into each procapsid before a “headful” signal is sent to
cleave the DNA and disengage the packaging motor (25). In con-
trast, there is no unique pac site in the T4 genome. The T4 small
terminase, gp16, probably binds only weakly to DNA (26). It is
not clear whether small terminases actively participate in the
packaging process. Although small terminases stimulate the large
terminases’ ATPase activity in the absence of the other packaging
components, most in vitro packaging systems (T4, T3, and λ) do
not require small terminases for packaging precut DNAs (27–29).
Moreover, in a “defined” in vitro T4 packaging system, consisting
of procapsids, gp17, DNA, and ATP, the addition of gp16 inhibits
packaging (30, 31).

Biochemical and mutational analyses of T4 gp16 suggest that
it consists of three domains: an N-terminal DNA-binding domain,
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a central oligomerization domain, and a C-terminal large termi-
nase-binding domain (32, 33). The first structure of a small
terminase component was that of a dimer of the N-terminal
DNA-binding domain from phage λ (34). The structure has a he-
lix-turn-helix fold, a motif that has often been associated with
DNA binding (35). The first full-length structure of a small
terminase was that of gp1 from phage Sf6, belonging to the
Podoviridae family, which crystallized as an oligomer with eight-
fold symmetry (36). However, when the small terminase, G1P, of
phage SF6 belonging to the Siphoviridae family was crystallized,
it formed oligomers that have either ninefold or tenfold symmetry
depending on the crystallization conditions (reported in the
accompanying paper ref. 37). The central domain of the small
terminase in all these structures is the basis for oligomerization
and forms a ring-like structure (38). The N-terminal domains in
Sf6 gp1 and SF6 G1P, like the N-terminal domain in λ small
terminase, also fold into a helix-turn-helix structure and are lo-
cated around the periphery of the ring. The C-terminal domains
are mostly β structures and intertwine to form a “crown” over the
same end of the ring as are the N-terminal domains.

Here, we report crystal structures of the small terminase
from the Aeromonas salmonicida phage 44RR [also known as
44RR2.8t (39)], a T4 homolog, assembled as an 11-mer and
12-mer. Comparison with the previously known Sf6 and λ small
terminase structures (34, 36) and with the SF6 small terminase
structure (37) suggests that small terminases may have evolved
from a common ancestor. A mechanism for how small terminases
might function in DNA packaging initiation is proposed here on
the basis of biochemical and structural data.

Results
Overall Structure of 44RR gp16 Central Domain. Of numerous
attempts to crystallize the T4 family small terminases and their
mutants, only the phage 44RR gp16 constructs produced crystals
that gave reasonably good X-ray diffraction results. The 44RR
gp16 (154 amino acids long) shares 56% sequence identity with
T4 gp16 (164 amino acids long) and 69% sequence identity in
the central domain. Full-length 44RR gp16 crystallized in space
group P212121 and a 1–125 amino acid fragment crystallized in
space group R3. The P212121 space group crystals had unit cell
dimensions of a ¼ 83.0, b ¼ 106.3, and c ¼ 136.7 Å and dif-
fracted to 2.8-Å resolution. These orthorhombic crystals had
one 11-mer ring in each asymmetric unit. The R3 space group
crystals had unit cell dimensions a ¼ b ¼ 140.6 and c ¼ 53.6 Å
and diffracted to 1.8-Å resolution. These rhombohedral crystals

had four monomers in each asymmetric unit with the crystallo-
graphic threefold axis being coincident with the 12-fold rotation
axis of the dodecamer. Both types of crystals took more than 2 mo
to grow, which indicates that crystal formation most probably re-
quired removal of parts of protein by proteolysis. Electron density
maps showed that the polypeptide chain could be followed for
residues 26–112 and 25–114 for the 11-mer and 12-mer struc-
tures, respectively, representing the central domain with a part
of the N-terminal domain (Fig. 1 and Table S1).

The central oligomerization domain of gp16 assembles into a
cone-like structure that has a length of about 40 Å. The 11-mer
has an inner diameter of 32.2 Å at the wider end and 24.2 Å at the
narrower end and an external diameter varying from 69.0 to
75.5 Å. The 12-mer has an inner diameter of 37.5 Å at the wider
end and 27.7 Å at the narrower end and an external diameter
varying from 70.5 to 80.6 Å. The conformation of individual
monomers is essentially the same in both oligomeric states with
an average Cα root mean square deviation (rmsd) of 0.35 Å over
the common 87 residues. The central domain of each gp16 mono-
mer consists of two long antiparallel α-helices (α1 and α2) con-
nected by a short turn (t in Fig. 1A). The two helices form a
close-packed interface with the two helices of the adjacent mono-
mer resulting in a contact surface of about 1;300 Å2. The partial
N-terminal domain forms an extended strand (s in Fig. 1A) that
spans across two neighboring monomers on one side. In addition
to an array of residues that form a hydrophobic core, there are
numerous hydrogen bonds and salt bridges that form the inter-
face between subunits (Table S2). Previous mutagenesis studies
showed that mutations of some hydrophobic to hydrophilic resi-
dues in T4 gp16 interfered with the assembly of the small termi-
nase ring structure (38). The equivalent residues in 44RR are
located, as might be expected, at the hydrophobic interface be-
tween neighboring subunits.

Structural Comparison with Other Small Terminases. Among the
three currently available small terminase structures that contain
the central oligomerization domain (36, 37, and this paper), the
oligomerization state varies from eightfold to 12-fold. This var-
iation suggests that the function of the small terminase may
not be strictly dependent on the oligomeric state of the protein
or, alternatively, interaction in vivo with the large terminase or
other factors might produce a small terminase oligomer with
fixed stoichiometry. The domain organization is largely conserved
among Sf6 gp1, SF6 G1P, and 44RR gp16. The central domains of
44RR gp16 and Sf6 gp1 both consist of the two long antiparallel

Fig. 1. Ribbon diagrams of the small terminase of phage 44RR. (A) Ribbon diagram of a monomer from the 12-mer assembly. The termini are labeled N and C,
and selected amino acids are numbered. (B and C) Stereo diagrams of the 12-mer assembly in views related by 90° rotation. The ribbon diagrams were
generated with the Chimera program (51).
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α-helices, α1 and α2, connected by a short turn consisting of four
residues. A total of 44 amino acids could be structurally aligned
with a Cα rmsd of 3.0 Å (Fig. 2A), even though less than 5% of the
aligned residues were found to be identical. In contrast, in SF6
G1P, two short antiparallel α-helices are connected by a β-hairpin.
Although the tertiary structure of gp16 has a closer relationship
to Sf6 gp1 than to SF6 G1P, the quaternary structure of the gp16
ring assembly resembles more closely the SF6 G1P structure. In
gp16 and G1P, helix α2 packs against a crevice formed by α1 and
α2 in the neighboring counterclockwise rotated monomer when
viewed from the crown, whereas in gp1, α2 packs against a crevice
formed by α1 and α2 in the neighboring clockwise rotated mono-
mer (Fig. 2B).

Structural Prediction of the gp16 N-terminal Domain. The sequence
of the N-terminal domain residues 1–40 of 44RR gp16 was sub-
mitted to the Robetta full chain structure prediction server (40).
The lowest energy model predicted contains the highly conserved
helix-turn-helix motif found in many proteins that regulate gene
expression (35). Despite no detectable sequence identity, the
predicted structure superimposes well with the N-terminal DNA-

binding domain of the phage λ small terminase gpNu1 [Protein
Data Bank ID code 1J9I (34)], aligning 24 amino acids with a Cα
rmsd of 3.1 Å (Fig. S1). The predicted structural similarity sug-
gests that there is probably a functional relationship between λ
and 44RR small terminases.

Biochemical Analysis of T4 gp16 Domains. Although the original
functional studies used T4 gp16, because of crystallization diffi-
culties the structural work was performed by using gp16 in the
homologous phage 44RR. Sequence alignments and secondary
structure predictions showed that T4 gp16 has the same domain
organization as 44RR gp16. On the basis of these and previous
functional studies (32, 33), T4 gp16 clones were constructed
of the N domain, of the central oligomerization domain, of
the C domain, and of the N domain fused with the C domain
(“N-C fusion”) for biochemical analyses (Fig. 3A). These con-
structs were used to examine the three major known functions
by which gp16 regulates gp17—namely, ATPase activity (41)
(Fig. 3B), nuclease activity (42) (Fig. 3C), and DNA-translocation
activity (33) (Fig. 3D), by using full-length gp16 as a standard.
These experiments established that the N-C fusion protein lack-
ing the oligomerization domain retained about 20% of gp16’s
ability to stimulate gp17’s ATPase activity and retained more than
50% of gp16’s nuclease inhibition ability. Both the N and C do-
mains alone showed less than 10% ATPase stimulation activity
and no nuclease inhibition activity. The central domain showed
no ATPase stimulation activity and reduced nuclease inhibition
activity.

The above results suggest that the regulatory activities of gp16
are at a maximum when the N and C domains are associated with
the oligomerization domain to form a ring structure. However,
the ring structure is not absolutely required for the regulatory
functions, because the N-C fusion construct showed substantial
activity in the absence of the central oligomerization domain.

The full-length gp16 stimulates DNA packaging 50- to 100-fold
in a crude in vitro DNA packaging system, which mimics in vivo
packaging because it contains the endogenous concatemeric
DNA and all the T4 components produced during infection
(27). However, in the defined system containing only procapsids,
gp17, and linear DNA, full-length gp16 completely inhibits DNA
packaging (30, 31). In order to explore the mechanism by which
gp16 inhibits packaging, we tested the effects of various gp16 con-
structs on DNA packaging. It was found that in the defined sys-
tem the central domain construct inhibited DNA translocation
(Fig. 3D). Two other constructs containing the central domain
combined with either the N domain (C-del, amino acids
1–115) or C domain (N-del, amino acids 36–162) (Fig. 3A) also
inhibited DNA packaging. On the other hand, the C domain and
the N-C fusion construct stimulated DNA translocation. Similar
results were obtained whether the packaging substrate was λ
DNA or T4 DNA. Thus, inhibition of gp17’s DNA-translocation
activity occurred only when the central domain of gp16 and linear
DNA coexist. A possibility might be that the free end of linear
DNA in the in vitro assay, which would not be present under
in vivo conditions, binds into the central channel of gp16 in a non-
physiologically relevant manner and creates a dead-end product
(see Discussion).

Discussion
Possible Binding Modes of Small Terminases to dsDNA.The small ter-
minase structures presented here and elsewhere (36, 37) as well
as previous mutational studies (32, 33, 38) have established that
the subunit structure of the small terminase in many tailed phages
consists of an N-terminal DNA-binding domain, a central oligo-
merization domain, and a C-terminal large terminase binding
domain. The small terminase subunits assemble into oligomers
surrounding a central channel with eight- to 12-fold rotation
symmetry.

Fig. 2. Structural comparisons with other small terminases. (A) Superposi-
tion of 44RR gp16 (cyan) with Sf6 gp1 (yellow) and SF6 G1P (magenta).
(B) Ribbon diagrams of two neighboring monomers from three small termi-
nases showing that the relationship between the monomers are different in
44RR and SF6 compared to Sf6. In 44RR and SF6, helix α2 packs against a cre-
vice formed by α1 and α2 in the neighboring counterclockwise rotated mono-
mer when viewed from the crown, whereas in Sf6, α2 packs against a crevice
formed by α1 and α2 in the neighboring clockwise rotated monomer.
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The distance between equivalent positions of neighboring
DNA-binding domains in the available small terminase structures
(36, 37) is about 34 Å, independent of the oligomerization state.
This distance is the same as the 34-Å distance of one complete
turn in the B-form DNA helix. A bent piece of DNA could match
the circular arrangement of the DNA-binding domains on the
small terminases such that each DNA-binding domain is asso-
ciated with a similar DNA structure. Although the crystal struc-
tures of SF6 and Sf6 small terminases suggest that the DNA binds
to the small terminase roughly parallel to the axis of the central
channel, it is possible that the DNA-binding domains can rear-
range their orientations. Indeed, in the accompanying paper

(37), the DNA-binding domains are arranged in a highly flexible
manner, and, in the paper by Zhao et al. (36), every alternative
DNA-binding domain has high temperature factors. Moreover,
the inability to form crystals of 44RR gp16 that includes the
N-terminal domain also suggests that this domain is flexible.

If DNA were to bind small terminases in a “wrap-around”
fashion as suggested by Nemecek et al. (43) and above, the bound
DNA would be approximately 80 or 120 bp in length for an 8-mer
or 12-mer small terminase oligomer, respectively, consistent with
the length of the small terminase recognition sequences, approxi-
mately 100–200 bp long depending on the specific phage (23, 24).
It is also consistent with the presence of about 200-bp-long DNA
that is tightly associated with T4 gp16 when purified from Escher-
ichia coli culture (Fig. S2). Furthermore, this mode of binding is
not dependent on a specific number of subunits within a small
terminase ring. As was observed in P22, a single point mutation
switches the oligomerization state of the small terminase from a
9-mer to a 10-mer without losing its function (44).

Another possible way for DNA binding to the small terminase
would be for DNA to go through the central channel (36, 43).
However, in the currently determined structures, the oligomeric
state of the small terminases ranges from 8 to 12 subunits and the
narrowest dimension of the channel in the central domain varies
from 17 to 28 Å. A more constant size of the channel would be
expected if DNA, with a diameter of about 23 Å, were to bind into
the central channel. In contrast, if DNA binds to small terminases
in a wrap-around fashion, the periodicity of the DNA matches
approximately with the periodicity of the DNA-binding domains
on the small terminase oligomer and therefore does not demand
a unique oligomeric state. In addition, before the large terminase
cleaves the concatenated DNA, there is no free DNA end. Thus,
if the DNA were to bind into the gp16 channel, the oligomer
would have to open up, which would seem to be unlikely because
the interaction surface between subunits of the small terminase is
extensive. Furthermore, it was shown that the large terminase
gp17 forms a pentameric ring under the special vertex on the
T4 procapsid. As it was proposed that the C-terminal domain
of gp17 moves in a piston-like fashion to package DNA (21),
if DNA were to bind to the small terminase in its central channel,
the small terminase ring would be situated underneath the large
terminase and would inhibit the movement of large terminase
C-terminal domains. Finally, it is apparent that the ring structure
is not absolutely essential for gp16’s regulatory function (see
Results). However, the ring structure is likely to be required for
DNA recognition to initiate packaging.

Interaction Between Small and Large Terminases. The small termi-
nase recognizes phage genomic DNA and provides it to the large
terminase to generate a free end for initiating packaging. In
phages T4 and λ, part of this interaction with the large terminase
is with the C domain of the small terminase (33, 45). Two cleavage
reactions by gp17, one on each strand at the same base pair, are
needed to generate the blunt end DNA (42). EM, mass spectro-
scopy, and biochemical evidence show that the small terminase
rings can associate in pairs (26, 38, 41, 46), perhaps as a result
of being linked by DNA. Biochemical data show that regulation
of gp17 activities by gp16 occurs optimally at a ratio of one gp16
oligomer to one gp17 monomer (20, 38). Therefore, the initiation
complex could be formed by two gp16 rings, each wrapped with
the packaging sequence such that the ring structures would be
related to each other by virtue of an approximate twofold rota-
tion, with one gp17 molecule binding to each ring. The gp17 mo-
lecules bound to each ring could then be related to each other by
twofold symmetry that would be coincident with the twofold sym-
metry of the DNA molecule at the anticipated cleavage site
(Fig. 4). As a result, the two gp17 large terminase molecules
would cleave the DNA, generating a blunt end. Following clea-
vage, there would be two free DNA ends, each with a ring of gp16

Fig. 3. Biochemical characterizations of gp16 domain constructs. (A) Sche-
matic of the gp16 domain constructs. Numbers represent the number of ami-
no acids in the gp16 coding sequence. The gp16 domain construct
polypeptides are shown as horizontal bars with different colors representing
different gp16 domain sequences. (B) Stimulation of gp17-ATPase. The
0.5 μM gp17 and 5 μM gp16 constructs were used for the ATPase assays. Each
construct was assayed in duplicate, as indicated by the bracket. (C) Inhibition
of gp17-nuclease. Various gp16 constructs were incubated with 100 ng of
phage λ DNA (48.5 kb) and gp17 at the concentrations indicated. (D) Mod-
ulation of DNA packaging. Increasing concentrations of gp16 constructs were
added into a reaction mixture containing 600 ng of phage λ DNA, 1010 T4
head particles, 2 μM gp17, and 1 mM ATP to investigate their modulation
of DNA packaging. Levels of stimulation were calculated by dividing the ele-
vated DNA packaging amount with the amount of DNA that was packaged
without addition of any gp16 constructs. Levels of inhibition were calculated
by dividing the amount of DNA packaged in the absence of any gp16 con-
structs with decreased amount of DNA that is packaged when gp16 con-
structs were present. Note that the N-del (▪) and C-del (□) symbols at 3
and 12 μM are not completely visible because the WT symbol (♦) which
has the same level of inhibition masks the N-del and C-del symbols. Details
on ATPase, nuclease, and DNA-packaging assays are described in SI Materials
and Methods. (E) Table summarizing the characterizations of the gp16
domain constructs. Rough estimates of the nuclease inhibition activities
are represented by “þ” and “−” with more þ representing more activity
and − indicating no detectable activity. The 11-mer and 12-mer oligomeric
states of gp16 constructs were determined by crystallographic data, and
the dimer state was determined by gel filtration. Stimulation of DNA packa-
ging activity is shown by “↑” and inhibition shown by “↓”.
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and one bound gp17 molecule. On the basis of experimental ob-
servations, further digestion is prevented by the presence of gp16
(32, 42). Although the cleavage of the two strands of DNA occurs
symmetrically, only one of the free ends is capable of initiation,
which could be controlled by the difference in DNA sequence
(3, 23, 24, 47). The initiation complex as discussed here (Fig. 4C)
is similar to what has been proposed for phage λ except that in
T4-like phages two rings of small terminases bind to the genomic
DNA, whereas in phage λ a dimer of small terminase binds to the
initiation sequences (23, 48).

Because gp17 exists as a monomer in solution and formation of
the pentamer occurs when gp17 binds to the fivefold symmetric
head, the pentameric gp17 motor probably does not assemble on
the gp16 oligomer. However, the initiation complex would donate
one gp17 molecule and its associated free-ended DNA toward the
assembly of the packaging machine and initiates the formation of
the pentameric motor. It was shown that gp16 greatly stimulates
gp17’s ATPase activity (41, 49). This stimulation could serve as a
“jump start” for packaging by pushing the free end of DNA into
the head through the portal channel. Once packaging is initiated,
DNA is rapidly packaged into the procapsid, probably causing
gp16 to dissociate, which is consistent with the observation that

gp16 is not required for DNA translocation in vitro or in vivo
(30, 31, 50).

A Model of Packaging Initiation by the Small Terminase.On the basis
of the above discussion, we propose here a model for packaging
initiation in dsDNA bacteriophages (Fig. 4). The small terminase
forms an oligomer which has DNA-binding domains arranged to
bind bent dsDNA around its periphery. When the small termi-
nase finds the recognition sites on the genome, two rings of
the small terminase and two large terminase molecules form an
initiation complex with the DNA in a twofold symmetric manner
(Fig. 4 A and B). The large terminase makes one cut on each
strand of DNA to generate free ends (Fig. 4 C and D). The in-
itiation complex then finds a procapsid and delivers one gp17 mo-
lecule and the free end of DNA (Fig. 4E). This process would
nucleate the assembly of the remaining four gp17 molecules that
constitute the packaging motor (Fig. 4F). The small terminase
initiates DNA translocation by stimulating the ATPase activity
of the motor (Fig. 4E). The small terminase is then released from
the complex and packaging continues (Fig. 4F).

Materials and Methods
Cloning, overexpression, purification, crystallization, and structure determi-
nation are all described in SI Materials and Methods. Similarly, assays for

Fig. 4. Amodel for packaging initiation by the small terminase. Framed area: The small terminase subunits are represented in rainbow colors. The N-terminal
ATPase domain of the large terminase is colored purple and the C-terminal nuclease domain cyan. (A) Packaging initiation sites on the phage genomic DNA.
(B) Two small terminase oligomers bound to the initiation sites. (C) Two large terminase molecules are recruited and cleave the DNA backbones associated with
the same base pair. The nuclease domain of the large terminase on the left-hand side is obscured by the twofold related nuclease domain of the large ter-
minase on the right-hand side. (D) Two free ends are generated on the DNA, and further digestion is prevented by the small terminase. (E) The initiation
complex binds to an empty procapsid. (F) Four more large terminase molecules are recruited to assemble the pentameric motor and rapid DNA translocation
causes the dissociation of the small terminase.
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ATP hydrolysis, nuclease activity, and DNA packaging are also described in SI
Materials and Methods.
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