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ABSTRACT

Tailed bacteriophages and herpes viruses use pow-
erful molecular machines to package their genomes.
The packaging machine consists of three compo-
nents: portal, motor (large terminase; TerL) and reg-
ulator (small terminase; TerS). Portal, a dodecamer,
and motor, a pentamer, form two concentric rings
at the special five-fold vertex of the icosahedral cap-
sid. Powered by ATPase, the motor ratchets DNA into
the capsid through the portal channel. TerS is essen-
tial for packaging, particularly for genome recogni-
tion, but its mechanism is unknown and controver-
sial. Structures of gear-shaped TerS rings inspired
models that invoke DNA threading through the cen-
tral channel. Here, we report that mutations of basic
residues that line phage T4 TerS (gp16) channel do
not disrupt DNA binding. Even deletion of the entire
channel helix retained DNA binding and produced
progeny phage in vivo. On the other hand, large
oligomers of TerS (11-mers/12-mers), but not small
oligomers (trimers to hexamers), bind DNA. These
results suggest that TerS oligomerization creates a
large outer surface, which, but not the interior of the
channel, is critical for function, probably to wrap viral
genome around the ring during packaging initiation.
Hence, models involving TerS-mediated DNA thread-
ing may be excluded as an essential mechanism for
viral genome packaging.

INTRODUCTION

Tailed bacteriophages are probably the most abundant
forms of life on Earth (1). Genome packaging, a key step in
the assembly of these viruses, thus, constitutes a significant
portion of biological energy transactions occurring on the
planet. These phages as well as their eukaryotic descendants
such as herpes viruses employ powerful molecular machines

to forcibly translocate DNA into a preformed empty capsid
known as procapsid or prohead (2–6).

In the myoviridae phage T4, ∼171 kb, 56 �m-long ge-
nomic DNA is packaged into a 120 nm × 86 nm capsid to
near crystalline density (7). The packaging machine con-
sists of three essential components: i) TerS or the small
‘terminase’ (gp16), which recognizes the newly replicated
viral genome, a head-tail concatemer that in T4 is exten-
sively branched (8); ii) TerL or the large terminase (gp17),
which forms a complex with TerS (holo-terminase) and
makes a cut in the genomic DNA to initiate genome packag-
ing (9,10); TerL also contains an ATPase activity that pro-
vides energy for DNA packaging (11–13); and iii) the dode-
cameric portal assembly (gp20), which is located at the spe-
cial 5-fold vertex of the icosahedral capsid (14,15). It pro-
vides a channel through which DNA is transported into the
capsid as well as a platform for assembly of gp17 into an
oligomeric molecular motor. The phage T4 machine pack-
aging at a rate of up to ∼2000 bp/sec is the fastest and most
powerful machine reported to date (16).

The structures of all three packaging components have
been determined from different viruses. They revealed
highly conserved structural features even though there is
no significant sequence similarity (6). For instance, the do-
decameric portal is a cone-shaped structure consisting of
crown and wing domains at the wider mouth located inside
the capsid, stem domain that forms a channel, and clip do-
main that protrudes out at the vertex (15,17–20). TerL con-
sists of two domains, an N-terminal ATPase domain and
a C-terminal nuclease/translocase domain linked by a flex-
ible hinge (21,22). The ATPase domain contains two sub-
domains; subdomain I having all the canonical signatures
such as Walker A, Walker B, and catalytic carboxylate, and
subdomain II having the regulatory sites. Cryo-EM struc-
ture of the prohead–gp17 complex showed a pentameric
motor with five gp17 molecules assembled on the portal’s
clip domain (Figure 1A). An electrostatic force dependent
DNA packaging mechanism was proposed in which the C-
domain bound to DNA, powered by ATP hydrolysis by the
N-domain, moves in a piston-like fashion translocating 2-
bp of DNA at a time (22).
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Figure 1. Components of the bacteriophage T4 DNA packaging machine. (A) Structural model of the minimal phage T4 DNA packaging machine. It
consists of the pentameric motor assembled at the dodecameric portal vertex of the capsid (22). (B) X-ray structures of TerS oligomers from different
phages (T4-related phage 44RR, PDB code: 3TXQ (25); P22, PDB code: 3P9A (23); Sf6, PDB code: 3HEF (24)). The SF6 structure is a model built using
the X-ray structures of full-length TerS (trimer in the asymmetric unit containing two N-domains at different spatial positions; PDB code: 3ZQQ (26))
and truncated TerS lacking the N-terminal domains (amino acids 65–141; nanomer; PDB code: 3ZQP (26)). The structures are shown in rainbow colours
ranging from blue at the N-terminus to red at the C-terminus. The top views of the structures are shown in the center (magenta). The subdomains are
labeled in the Sf6 TerS structure.

TerS from different phages forms stable oligomers, gear-
shaped rings with a central channel (23–26) (Figure 1B).
The proteins fold similarly but the stoichiometry of the
oligomers and the diameter of the channel vary (Figure
1B, top views shown in magenta). Phage Sf6 TerS forms
octamers and nonamers (21,27), SF6 forms nonamers and
decamers (26), SPP1 and P22 form nonamers (23,26), and
T4 and the related phage 44RR form 11-mers and 12-mers
(25,28). But they all contain three domains; an N-terminal
globular domain, a central oligomerization domain, and
a C-terminal �-barrel domain. The N-terminal domain is
predicted to contain a helix-turn-helix motif (2,25,29) that
in phages �, SPP1, SF6 and Sf6 has been shown to bind
DNA (26,30–32). The N-domains encircle the wider end
of the vase-shaped core, often via a flexible linker connect-
ing the N-and oligomerization domains. The C-terminal
domain contains 1–3 �-strands that form a helical barrel
which projects upwards from the centre of the vase (Figure
1B). Swapping this domain between related phages, such as

T4 and RB49, leads to swapping of TerL specificity suggest-
ing that this domain is involved in recruiting TerL (33–35).

One of the most intriguing aspects of viral DNA pack-
aging is how TerS initiates DNA packaging at a single site
(or very few sites) on the concatemeric genome. Most phage
TerS proteins recognize a specific sequence such as cos (�
phages) or pac (P22, SPP1) that spans ∼150–200 bp and re-
sides near or within the TerS coding sequence (31,34,36).
The sequence specificity probably allows the virus to ex-
clude the host genome from packaging into its capsid.
However, phage T4 degrades the unmodified host DNA
and hence, lacks strict sequence specificity. Notwithstand-
ing these differences, a common feature of all TerSs is the
formation of a higher order TerS-DNA complex which by
interaction with TerL forms a ternary holo-terminase com-
plex that cuts DNA and initiates packaging (2,3,36).

The structure of the TerS-DNA complex is unknown
and controversial. Two different models have been pro-
posed; DNA wrapping and DNA threading (Figure 2). In
the wrapping model, the putative DNA binding N-domains
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Figure 2. Models of TerS–DNA complex. In the wrapping model, DNA interacts with the N-domains that encircle the central core (26). In the threading
model, DNA passes through the central channel. SF6 TerS was used for generating the models (wrapping model was kindly provided by Dr Fred Antson,
University of York, UK). The central domains and C-domains are shown in gray and the N-domains (wrapping model) are shown in cyan (26). DNA
clashes with the channel residues in the threading model (the N-domains are not shown in the threading model).

by virtue of their location around the perimeter of TerS
oligomer wrap the DNA around the ring (24–26). The
inter-domain linker is supposed to provide flexibility to
bend the DNA in order to allow wrapping (26,32,34). In
the threading model, DNA goes through the TerS chan-
nel with the residues lining the lumen interacting with
the phosphate backbone (DNA threading is defined as
the insertion and/or movement of DNA through a chan-
nel without reference to a specific packaging mechanism)
(3,24,27,37,38) (Figure 2). However, wrapping and thread-
ing need not be mutually exclusive. Wrapping might assem-
ble a nucleosome-like structure while threading might po-
sition the DNA for TerL cutting. Aligned with the TerL
and portal channels, TerS can then activate TerL’s packag-
ing ATPase and help ratchet the cut end into the capsid.

Here, we investigated the central question underlying
the DNA threading models: is the TerS channel essential
for function? We first developed DNA binding assays that
demonstrated that the WT T4 gp16 binds DNA, both in
vitro and in vivo. We then mutated the basic residues that
line the TerS channel which, contrary to the expectation, did
not disrupt DNA binding. Remarkably, even the deletion of
the entire channel helix retained DNA binding in vitro and
produced phage in vivo. Further, we discovered that some
of the mutants produced two types of oligomers; higher
oligomers that are similar in size to the WT (11- and 12-
mers) and lower oligomers that are in the range of trimers
to hexamers. Irrespective of the mutant, higher oligomers
bound DNA but the lower oligomers did not. These results
lead to the conclusion that TerS oligomerization that cre-
ates a large outer surface of the ring, but not the interior of

the channel, is essential for DNA packaging. Hence, models
that invoke TerS mediated DNA threading for phage DNA
packaging may be excluded as a common or essential mech-
anism.

MATERIALS AND METHODS

Bacteria, plasmids and phage

Escherichia coli XL10-Gold Ultra competent cells (Agilent
Technologies, Santa Clara, CA, USA) were used for select-
ing and maintaining the T4 gp16 recombinant plasmids. E.
coli BL21 (DE3) RIPL (sup−) cells (Agilent Technologies)
were used for overexpression of gp16 proteins, construction
of T4 phage mutants, and for marker rescue experiments. E.
coli P301 (sup−) strain was used for amplification of gene 16
(g16) mutants. The expression vector pET-28b (Novagen-
EMD Biosciences, Merck KGaA, Darmstadt, Germany)
was used for construction of gp16 expression plasmids. The
T4.16Q114am (gp16 Q114 amber) phage (39) was used for
selection of T4 phage mutants by marker rescue. T4 phage
DNA purified by the phenol–chloroform extraction proce-
dure was used as a template for PCR amplification of g16
DNA.

Cloning, expression, and purification of gp16 constructs

DNA fragments of g16 were amplified by PCR using Phu-
sion (New England Biolabs, Ipswich, MA) or KOD (NOVA,
LCP Biomed Co., Lianyungang, China) DNA polymerase
with appropriate primers. For point mutations or sequence
deletions in the middle of g16 gene, the PCR-directed splic-
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ing by overlap extension strategy was used (40,41). Am-
plified DNA fragments were digested with appropriate re-
striction enzymes (Thermo Fisher Scientific, Inc., Waltham,
MA, USA) and ligated into pET-28b vector, resulting in the
fusion of a hexa-histidine tag to the N-terminus of each con-
struct. Ligated DNAs were transformed into E. coli XL10-
Gold Ultra competent cells for plasmid amplification. The
plasmid DNAs were purified using the GeneJET plasmid
miniprep kit (Thermo Fisher Scientific, Inc.). Accuracy of
the cloned DNA was ascertained by DNA sequencing (Ret-
rogen Inc., San Diego, CA, USA).

For overexpression of the gp16 constructs, plasmids were
transformed into E. coli BL21 (DE3) RIPL competent cells.
The cells were induced with 0.5 mM IPTG at 30◦C for 2.5-
3.5 h. For gp16 purification, the induced cells were har-
vested by centrifugation at 8200 × g for 15 min at 4◦C
and lysed using an Aminco French press (Thermo Fisher
Scientific, Inc.; buffer used: 20 mM Tris–Cl pH 8, 100
mM NaCl and 20 mM imidazole). Cell lysates were cen-
trifuged at 34 000 × g for 20 min at 4◦C and the super-
natants containing gp16 were subjected to successive chro-
matography on HisTrap HP (affinity for the hexa-histidine
tag) and HiLoad 16/600 Superdex 200 (size-exclusion)
columns using AKTA-PRIME and AKTA-FPLC systems
(GE Healthcare Bio-Sciences Corp., Piscataway, NJ, USA),
respectively. HisTrap chromatography was performed using
the following buffers: binding and washing––20 mM Tris–
Cl pH 8, 100 mM NaCl, and 20 mM imidazole; elution–
linear gradient of 20–400 mM imidazole in 20 mM Tris–
Cl pH 8.0 and 100 mM NaCl. The peak gp16 fractions
were loaded on to the Superdex 200 column and the size
exclusion chromatography was performed in a buffer con-
taining 20 mM Tris–HCl, pH 8 and 100 mM NaCl. The
peak fractions were concentrated using Amicon Ultra15 fil-
ters (10 kDa molecular weight cut-off, Millipore, Merck
KGaA, Darmstadt, Germany) and stored at −80◦C in the
same buffer. These proteins were used in the experiments
described in ‘Results’ section.

Structural modeling of gp16 oligomerization domain

The 12-mer structural model of phage T4 gp16 was gen-
erated by using the X-ray structure of the 12-mer gp16
oligomerization domain from the T4-related phage 44RR
(PDB code 3TXS) which shows 86% sequence similar-
ity (69% sequence identity) to the T4 domain (25). Ini-
tial models were generated using the SWISS-MODEL au-
tomatic comparative protein modeling server (42,43). The
pairwise sequence alignment of TerS domains from T4 and
44RR was done using the ClustalW alignment protocol (44)
and the result was submitted to the alignment interface of
SWISS-MODEL. Energy minimization of the model was
then performed by PHENIX (45). The model is fully con-
sistent with the mutational analyses performed in previous
studies (39).

Analysis of in vivo-bound gp16-DNA complex

The gp16 expressed in E. coli binds to the DNA present
in the cell and purifies as gp16-DNA complex. The gp16
proteins purified as above were electrophoresed on a 4–
20% gradient native polyacrylamide gel (Life Technologies,

Thermo Fisher Scientific, Inc.) under non-denaturing con-
ditions using 1× Tris/borate/EDTA buffer (89 mM Tris–
HCl, pH 7.6, 89 mM boric acid, and 2 mM EDTA). The
gel was stained with SYBR Green I (Life Technologies,
Thermo Fisher Scientific, Inc.) for DNA and then with
Coomassie blue R-250 for protein.

Analysis of gp16 binding to DNA in vitro

The gp16 proteins (20–75 �M) purified as above were mixed
with the 500-bp PCR amplified g16 DNA (5 nM) in a buffer
containing 15 mM Tris–HCl, pH 8 and 75 mM NaCl) and
incubated at room temperature for 15 min. The reaction
mixture was electrophoresed on a 4–20% gradient polyacry-
lamide gel in 1× Tris/borate/EDTA buffer (89 mM Tris, pH
7.6, 89 mM boric acid and 2 mM EDTA). The gel was first
stained for DNA with SYBR Green I and then for protein
with Coomassie blue R-250.

Marker rescue

Escherichia coli BL21 (DE3) RIPL (sup−) cells contain-
ing the gp16 mutant plasmid constructs were mixed with
g16Q114am phage and incubated at 37◦C for 7 min. The in-
fection mixtures were spotted on a lawn of E. coli P301 and
the plates were incubated at 37◦C overnight. This enabled
recombinational exchange of the g16 mutant sequences into
T4 genome. The plasmids of WT and functional g16 se-
quences were able to rescue the amber mutant and formed
plaques and lysed the E. coli present in the spot. Those car-
rying non-functional g16 mutant sequences were unable to
form plaques (40).

Transfer of gp16 mutations into phage T4 genome

The E. coli BL21 (DE3) RIPL cells (sup−) carrying the
gp16 mutant recombinant plasmids were infected with
g16Q114am mutant phage at a multiplicity of infection
(MOI) of 4 and the infected cultures were incubated at 37◦C
for 1 h. The E. coli cells were lysed by addition of a few drops
of chloroform to release the progeny phage. The phage were
titered on E. coli P301 (sup−) and individual plaques were
recovered and plaque-purified. Single plaques were used for
amplification of g16 and the PCR products were sequenced
to confirm incorporation of the respective mutation into the
T4 genome. Single plaques for each of the mutants were
used to make phage stocks on E. coli P301.

Phage yield of the gp16 mutants

The average yield of progeny phage produced by each gp16
mutant phage was determined by infecting E. coli P301 with
the mutant phage at an MOI of 1 and lysing the cells with
chloroform after 30 min at 37◦C. The WT T4 phage was
used as a control in the same experiment. The cell debris
was removed by centrifugation at 8200 × g for 15 min at 4◦C
and the supernatant was titered on E. coli P301. The average
phage yield per E. coli cell was calculated by dividing the
total number of phage produced by the number of E. coli
cells at the time of infection.



Nucleic Acids Research, 2016, Vol. 44, No. 9 4429

RESULTS

Analysis of in vivo-bound gp16-DNA complex

When T4 gp16 was expressed in E. coli from recombinant
clones, it was bound to cellular DNA and purified as a
protein–DNA complex. This was demonstrated by native
polyacrylamide gel electrophoresis (PAGE), which showed
that the Coomassie blue-stained gp16 protein bands also
stained with the DNA stain SYBR Green I (Figure 3A and
B, lane 1). Control proteins or certain gp16 mutant pro-
teins that lost the ability to bind DNA were not stained with
SYBR Green (see below, and data not shown). Also consis-
tent with these results is the observation that gp16 eluted
as a broad peak the shoulder of which overlapped with
the void volume, suggesting the presence of high molecu-
lar weight gp16 oligomer–DNA complexes (39). The gp16-
DNA interaction is strong as most of the bound DNA was
resistant to pancreatic DNAse I or Benzonase (Benzonase
results are shown in Figure 3C and D, lanes 2–4); only the
smear (Figure 3D, lane 2), presumably the loosely bound
DNA was degraded by the nucleases, while the DNA as-
sociated with the protein band showed no significant loss
(Figure 3D, lane 3). The gp16 proteins from other T4-
related phages such as RB69, RB49, KVP40 and 44RRR
also showed similar behaviour, purifying as protein–DNA
complexes (Figure 3A and B, lanes 2–5). However, the ra-
tio of DNA to protein varied. The KVP40 and 44RR gp16s
showed lower amount of bound DNA, while the RB49 gp16
showed the highest amount (Figure 3B, lane 3). Some of the
latter complex dissociated during electrophoresis (see ar-
row). To determine the size of the DNA protected by gp16,
the T4 and RB49 gp16s were treated with Benzonase to di-
gest the loosely bound DNA followed by Proteinase K (Fig-
ure 3D, lanes 4 and 7). The size of the protected DNA was
about 200-bp in the case of T4 gp16 (Figure 3D, lane 4;
see arrow), and 40–60 bp in the case of RB49 gp16 (Figure
3D, lane 7; see arrows; similar results were obtained with
DNAse I; data not shown). That this protected nucleic acid
was indeed DNA was further confirmed by its sensitivity to
DNAse I but not to RNAse A. In another control experi-
ment, removal of the hexa-Histidine tag of gp16 by throm-
bin cleavage did not affect the gp16-bound DNA, demon-
strating that the hexa-Histidine tag is not involved in DNA
binding (data not shown).

gp16 binds DNA in vitro

The ability of gp16 to bind DNA in vitro was tested by in-
cubating the purified gp16 with a 500-bp g16 DNA frag-
ment and analyzing the reaction mixture by Native-PAGE
(Figure 4). As described above, the purified gp16 contained
the in vivo-bound DNA as it could not be removed by Ben-
zonase treatment. The size of the 500-bp DNA band shifted
as evidenced by the appearance of a slow-migrating band
(and a few minor ones) in the presence of gp16 and the in-
tensity of this major band increased significantly with in-
creasing amount of gp16 (Figure 4B, lanes 2–4; position
marked with a dotted line; note that this band is absent in
the control lane 5). However, there was no visible protein
stain associated with this band (Figure 4A, lanes 2–4) sug-
gesting that only a small amount of gp16 that is unoccupied

by in vivo-bound DNA is available to participate in DNA
binding. This is consistent with the above data showing that
most of the purified gp16 was already associated with DNA
bound in vivo, which, as expected, stained positive for both
protein and DNA (Figure 4, higher molecular weight bands
in lanes 2–5). Similar results were obtained when DNA frag-
ments from other parts of the T4 genome were used in the
binding experiments suggesting the lack of sequence speci-
ficity (data not shown).

The central channel of gp16 TerS contains potential DNA
binding residues

The 11-mer and 12-mer structures of gp16 from T4-related
phage 44RR and the homology models of T4 gp16 show a
40Å-long channel formed by two long anti-parallel helices
(�1 and �2) connected by a sharp turn (Figure 5A and B)
(25). These helices show 86% sequence similarity (69% iden-
tity) and have been extensively characterized in the case of
T4 gp16 by mutational analyses (39). The functional data
are fully consistent with the inter-helical interactions de-
termined by X-ray structures of 44RR or the gp16 model.
Furthermore, no significant differences in the inter-helical
interactions or orientation of the channel residues were ob-
served between the 11-mer and 12-mer structures (r.m.s.d.
of 0.43Å (25)). The �2 helices line the inner surface of the
channel whereas the �1 helices form the outer layer of the
barrel. The 11-mer channel has an inner diameter of 32 Å at
the wider end and 23 Å at the narrower end, whereas the 12-
mer has an inner diameter of 38 Å at the wider end and 27
Å at the narrower end. Thus, the channel, whether formed
by an 11-mer or 12-mer gp16 oligomer, can accommodate
the 23 Å diameter dsDNA.

The helix �2 consists of four positively charged residues;
R98, K102, K105 and K108. Of these, the K105 residue
forms electrostatic interactions with the residues D106 and
D109 of the helix �2 of the neighboring subunit. These
are part of the two heptad repeats, a signature character-
istic of coiled-coils (heptad-1 amino acids 100–106 includes
K105 and D106 and heptad-2 amino acids 107–113 includes
D109; Figure 5C and D) (39). K105 is therefore involved the
coiled-coil interactions and hence unlikely to participate in
DNA binding. However, the side chains of R98, K102 and
K108 are projected into the central channel and could make
contacts with the phosphate backbone of dsDNA (Figure
5C).

The positively charged residues in gp16 channel are not essen-
tial for DNA binding

DNA threading models predict that the residues in the
channel, in particular the four positively charged residues,
bind the DNA during the ratcheting process. To test if
these residues are involved in DNA binding, we constructed
two mutants, 3M and 4M. In the mutant 3M, the residues
R98, K102 and K108 of helix �2 were substituted with ala-
nine (Figure 6A). In the mutant 4M, the fourth positively
charged residue, K105, was also mutated to alanine. Size-
exclusion chromatography profiles showed that both mu-
tants, similar to the WT gp16, produced high molecular
weight oligomers that eluted immediately after the void vol-
ume (Figure 6B, peaks a). However, not unexpectedly, the
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Figure 3. Analysis of in vivo-bound gp16-DNA complex. (A and B) Purified gp16 from phage T4 and related phages (8 �g each) were electrophoresed on
a native 4–20% gradient polyacrylamide gel. The same gel was stained with Coomassie blue for protein (A) and SYBR Green I for DNA (B). The arrow
corresponds to a fragment of DNA that was dissociated from RB49 gp16 during electrophoresis (panel B, lane 3). (C and D) Most of the gp16-bound
DNA is resistant to Benzonase. The purified T4 and RB49 gp16 proteins (1 mg) were treated with Benzonase (Novagen) overnight at room temperature to
digest the loosely-bound DNA fragments. Benzonase was removed by passing the samples through a HiLoad 16/600 Superdex 200 size-exclusion column.
The tightly bound nuclease-protected DNA was then released by digesting gp16 with Proteinase K (Thermo Scientific) at 65◦C for 30 min. Samples were
analyzed on a 4–20% gradient polyacrylamide gel. The gel was stained with Coomassie blue for protein (C) and SYBR Green I for DNA (D). The positions
of the DNA bands released from Proteinase K digestion are marked with arrows (panel D, lanes 4 and 7).
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Figure 4. gp16 binds DNA in vitro. The purified phage T4 gp16 (25–75 �M) was incubated with the substrate DNA (500-bp amplified g16 DNA) (5 nM) in
a 12 �l reaction mixture for 15 min. The reaction mixture was electrophoresed on a 4–20% gradient native polyacrylamide gel and stained with Coomassie
blue for protein (A) and SYBR Green I for DNA (B). Control lanes were missing either the gp16 protein (lane 1) or the DNA (lane 5). Position of the
shifted DNA band is indicated by a dashed line.

Figure 5. Potential DNA binding residues in the helix �2 of gp16’s central channel. (A and B) Side- and top-views of the ribbon diagram of gp16 12-mer
model showing positions of the potential DNA binding residues. The helix �2 in the lumen of the channel is shown in white and the helix �2 on the surface
of the barrel is shown in gray. (C) Top- and side-views of the relative positions of the four potential DNA-binding residues facing the central channel (R98
in red, K102 in magenta, K105 in blue, and K108 in green). (D) Enlarged view showing residue K105 of the helix �2 from one subunit (n) interacting with
the Asp residues D106 and D109 of the helix �2 from the neighboring subunit (n + 1).
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Figure 6. The positively charged residues of gp16 channel are not essential for DNA binding. (A) Schematic of the mutations introduced into the helix
�2 of T4 gp16. Numbers represent the amino acid positions in the gp16 coding sequence. Positions of the mutated residues are indicated as black bars in
helix �2. (B) Elution profiles of WT gp16 (black) and mutants 3M (blue) and 4M (red). The void volume is indicated by an arrow. The hexamer size of
gp16 species in peak b of mutant 4M was calculated from the elution volume using the column calibrated with molecular weight standards. (C and D)
The peak gp16 fractions from B were electrophoresed on a 4–20% gradient native polyacrylamide gel and stained with Coomassie blue for protein (C) and
SYBR Green I for DNA (D). Lanes 4M-a and 4M-b represent the fractions from peak a and peak b of the mutant 4M. (E) In vitro DNA binding of gp16
mutants 3M and 4M. Proteins (20–60 �M) were incubated with the 500-bp g16 DNA (5 nM) in 12 �l reaction mixture for 15 min. Samples were then
electrophoresed on a 4–20% gradient native polyacrylamide gel and stained with SYBR Green I. The control lane 1 contained no gp16.

4M mutant showed a second peak (peak b), approximately
corresponding to a hexamer. This is consistent with the pre-
diction that the K105A mutation would affect the coiled-
coil interactions, and in turn, the oligomerization properties
of gp16.

Upon native-PAGE, the WT gp16 showed one major
band and a few minor bands below and above the ma-
jor band (Figure 6C, lane 1; bands 1–3). We refer to
these, collectively, as ‘higher oligomers’ (Figure 6C, peak

a), which presumably contained a mixture of 11-mers, 12-
mers, and multimers of these oligomers, as has been previ-
ously reported (11,28,29,39). On the other hand, the gp16
from peak b of mutant 4M showed a fast-migrating band
but no higher oligomers (Figure 6C, lane 4). We refer
to this and similar oligomers produced by other mutants
(see below) as ‘lower oligomers’. Interestingly, however, the
higher oligomers of mutants 3M and 4M, unlike the WT
oligomers, were unstable and dissociate into, or in equi-



Nucleic Acids Research, 2016, Vol. 44, No. 9 4433

librium with, the putative ‘hexamers’ (Figure 6C, note the
presence of the fast-migrating band 4 in lanes 2 and 3, but
not in lane 1; the molecular weight of this species corre-
sponded to gp16 hexamer based on its elution volume from
Superdex 200 size-exclusion column calibrated with molec-
ular weight standards).

DNA staining showed that the higher oligomers (bands
1–3) bound DNA in vivo (Figure 6D, lanes 1–3), but the
lower oligomer (hexamer) band showed no bound DNA
(lane 4; compare the bands in panel D with the correspond-
ing ones in panel C). in vitro DNA binding assays fully
agreed with these results. The higher oligomers of both the
mutant proteins (3M and 4M) showed mobility shift in the
presence of DNA (Figure 6E, lanes 2–7), whereas the lower
oligomer from peak b of mutant 4M failed to show any mo-
bility shift (lanes 8–10).

These analyses suggest that the positively charged
residues present in the channel interior are not essential
for DNA binding. Further, the data uncovered a new phe-
nomenon; that gp16 must assemble into a large oligomer in
order to be able to bind to DNA, either in vivo or in vitro.

Deletion of channel helix �2 did not disrupt DNA binding

Three deletion mutants in helix �2 that lines the channel
were constructed to determine if any of the channel residues
are essential for DNA binding. These include: Del-1 in
which the C-terminal half of helix �2 was deleted, Del-2
in which the deletion extended to 11 more amino acids in
the C-terminal domain, and Del-3 in which the entire helix
�2 was deleted (Figure 7A). In these mutants, especially the
Del-3 mutant, the internal surface of the channel would be
completely different if it did still assemble into an oligomer.

Size-exclusion chromatography profiles showed that all
the deletion mutants produced two types of oligomers:
higher oligomers (Figure 7B, peak a) and lower oligomers
(Figure 7B, peak b). The sizes of the lower oligomers
roughly corresponded to hexamers in Del-2, tetramers in
Del-1 and trimers in Del-3. Having lost its entire helix �2,
the Del-3 mutant still showed a peak at the higher oligomer
position but a much larger peak at the trimer position (Fig-
ure 7B, green elution profile). Nevertheless, significant pro-
duction of both types of oligomers despite large deletions
in helix �2 allowed comparison of the DNA binding prop-
erties of higher and lower oligomers.

Native PAGE data (Figure 7C) were in agreement with
the elution profiles of the oligomer species by size-exclusion
chromatography (Figure 7B). The high molecular weight
peak a fraction contained higher oligomer species (Figure
7C, lanes 1, 3 and 5). However, unlike the WT gp16, these
species are more hetero-disperse, migrating as a diffused
band corresponding to bands 1–3 of the WT (shown in
Figure 6C). In addition, this fraction, like the mutants 3M
and 4M, showed a faster-migrating lower oligomer band
(black arrow in Figure 7C), which was due to dissociation
of some of the higher oligomers into lower oligomers. The
position of this band corresponded to the position of the
lower oligomer band from peak b (Figure 7C, lanes 2, 4 and
6; compare with the same in lanes 1, 3 and 5, respectively),
and of band 4 described above (Figure 6C).

Only the higher oligomer species were associated with
DNA in vivo, as shown by a smear of DNA at the same po-
sition as the higher oligomer protein staining (Figure 7D,
lanes 1, 3, and 5), while the small oligomer band showed no
DNA staining (Figure 7D, lanes 2, 4, and 6). This was fur-
ther confirmed by in vitro DNA binding studies (Figure 7E),
which showed that the higher oligomers showed a shift in
the mobility of the DNA (lanes 2–4, 8–10, 14–16), whereas
the small oligomer fractions showed none (lanes 5–7, 11–
13, 17–19). Curiously, however, the Del-2 peak b fraction
showed a faint protein band at the higher oligomer position
(Figure 7C, lane 4, the upper faint band; see arrow), which
also stained for DNA (Figure 7D, lane 4), indicating that
some of the lower oligomers might be able to re-associate
into higher oligomers. This was also consistent with a slight
shift observed in the DNA mobility in the in vitro DNA
binding experiment (Figure 7E, lanes 12 and 13; see arrow).
Also of note is that the Del-3 higher oligomers bound DNA
better and differently from the WT higher oligomers, titrat-
ing out all the DNA into DNA–gp16 complexes most of
which were retained in the well (see arrows in lanes 14–16).

The above analyses further supported the conclusions
from the 3M and 4M mutant studies in that the channel
helix is not essential for DNA binding whereas the size of
the oligomer is.

The channel mutants produce infectious phage in vivo

Although the channel residues are not essential for DNA
binding, they might be essential for another aspect of DNA
packaging and hence critical for phage production. To test
this possibility, all the channel mutations described above
were transferred into phage T4 genome by recombinational
rescue (46) (Figure 8A). The sup− E. coli [BL21 (DE3)
RIPL] cells containing the mutant plasmids were infected
with 16am phage which has an amber mutation in helix
�2 at residue Q114 (Figure 8A, step a). These were spot-
ted on a lawn of sup− E. coli P301 (step b). If plaques ap-
peared resulting in lysis and clearing of E. coli in the spot,
it would mean that exchange of Q114 amber mutation with
the channel mutations resulted in mutant phage that are vi-
able. This was, indeed, the case (Figure 8B and D). Several
plaques obtained from each lysed spot were purified on sup−
E. coli P301 by serial dilution up to ∼105 and the g16 frag-
ment from individual plaques was amplified by PCR and
sequenced. Sequencing of several independent plaques con-
firmed that each mutant phage contained the deleted mu-
tant sequence (step c). Surprisingly, all the channel mutants
including the Del-3 mutant in which the entire helix �2 was
deleted retained plaque forming ability (step d). No signifi-
cant difference was observed in the plaque size (Figure 8B),
nor was the yield of the mutant phages different from that
of the WT phage (Figure 8C).

These data demonstrate that the channel helix is not es-
sential for DNA packaging in vivo. It is remarkable that the
entire helix �2 could be deleted without destroying gp16
function but it is important to note that helix �1 forms a
series of coiled coil interactions with its neighbors (two hy-
drogen bonds, three salt bridges, and three hydrophobic in-
teractions with each of its neighbors) (25). Furthermore,
the C-terminal �-strands oligomerize to form a �-barrel
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Figure 7. Deletion of channel helix �2 did not disrupt DNA binding. (A) Schematic of the central domain helix �2 deletion mutants. Numbers represent
the amino acid positions in the gp16 coding sequence. Deleted sequences are shown by polylines and the amino acid residues flanking the deletions are
shown in blue. (B) Elution profiles of mutants Del-1 (magenta), Del-2 (blue) and Del-3 (green). The void volume is indicated by an arrow. The oligomeric
state of the gp16 species in peak b of the mutants was calculated from the elution volume. (C and D) The peak gp16 fractions from B were electrophoresed
on a 4–20% gradient native polyacrylamide gel and stained with Coomassie blue for protein (C) and SYBR Green I for DNA (D). ‘a’ and ‘b’ correspond
to the fractions from the peaks a and b of the respective mutant. (E) In vitro DNA binding of the deletion mutants. The purified proteins (20–60 �M)
were incubated with the 500-bp g16 DNA (5 nM) in 12 �l reaction mixture for 15 min. Samples were then electrophoresed on a 4–20% gradient native
polyacrylamide gel and stained with SYBR Green I. The control lane 1 contained no gp16 and shifted bands are shown by arrows in lanes 12–16.

(23,24,26). Thus, it is not entirely surprising that the he-
lix �2 deletion mutant can still oligomerize and functional,
even though its oligomer structure might be different from
that of the WT (see above). It is also consistent with our
other observations that suggest that a larger surface of gp16
oligomer which exposes the DNA binding N- and/or C-
domains, but not the helix �2 channel, is what is important
for function.

The oligomerization domain is essential for function

Next we constructed a series of additional deletions (Fig-
ure 8D), including two mutants that extend beyond helix
�2 into the C-domain (amino acids deleted: 94–119; 94–
123) and another mutant that lacks both helix �1 and he-
lix �2 (amino acids deleted: 36–118) (see Figure 7A for the
boundaries of helix �1 and helix �2). In the latter mutant,
the N- and C-domains are fused together and also referred
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Figure 8. T4 phage mutants in the channel helix �2 produce infectious phages in vivo. (A) A flow chart showing the recombination strategy used to transfer
the mutations in the central domain helix �2 into the phage T4 genome. (a) During infection, recombinational exchange occurs between the g16 mutant
sequences on the plasmid and the g16Q114am mutation in the T4 genome. Infectious progeny formed plaques on E. coli P301 (sup-) strain (b). Individual
plaques were purified by titrating on E. coli P301 and isolating single plaques (c). The g16 plasmids obtained from the single plaques in (c) were PCR-
amplified and sequenced to confirm that the phage genome contained the expected g16 mutant sequence. The mutant plaques were grown on E. coli P301
to produce phage stocks (d). (B) The deletion gp16 helix �2 mutant phage stocks were tested for plaque forming ability on a lawn of E. coli P301. The
WT T4 phage was used as a control. (C) Comparison of the average yield of the gp16 helix �2 mutant phages with the WT phage. (D) Marker rescue of
additional gp16 helix �2 deletion mutants.

to as N-C fusion (25). These mutants were tested for plaque
formation by the marker rescue assay. Consistent with the
above results, none of the deletions involving helix �2 in-
cluding the one that extended by eight amino acids into the
C-domain affected gp16 function as they all showed pos-
itive marker rescue. However, the N-C fusion mutant that
lacked the oligomerization domain showed null phenotype
as it produced no plaques. This protein also lost the abil-
ity to oligomerize and produced only dimers, as determined
by size-exclusion chromatography. Previous studies showed
that it retained some of the functions of gp16, stimulation of

gp17 ATPase and inhibition of gp17 nuclease (25). Collec-
tively, these data showed that even though deletion of inner
layer of TerS channel was tolerated, deletion of the entire
oligomerization domain was not.

The oligomerization domain alone is unable to bind DNA

To determine if the oligomer ring itself is sufficient for DNA
binding, we constructed a gp16 mutant consisting of only
the oligomerization domain by deleting both the N- and C-
terminal domains (Figure 9A). Size-exclusion chromatog-
raphy profile showed that this mutant eluted as a sharp sym-
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Figure 9. The oligomerization domain alone is insufficient for DNA binding. (A) Schematic of the oligomerization domain deletion construct. Numbers
represent the amino acid positions in the gp16 coding sequence. (B) Elution profile of the gp16 oligomerization domain deletion mutant. The void volume
is indicated by an arrow. Oligomeric state of the domain was calculated from the elution volume. (C) The peak fraction from (B) was electrophoresed on
a 4–20% gradient native polyacrylamide gel and the gel was stained with Coomassie blue for protein (lane 1) and SYBR Green I for DNA (lane 2). (D) In
vitro DNA binding of the oligomerization domain deletion mutant. The purified protein (25–75 �M) was incubated with the 500-bp g16 DNA (5 nM) in
a 12 �l reaction mixture for 15 min. Samples were then electrophoresed on a 4–20% gradient native polyacrylamide gel and stained with SYBR Green I.
The control lane 1 contained no gp16.

Table 1. Diameters at the narrowest points of the TerS channel from different phages

TerS from phage
Channel diameter at the narrowest
Point of the central ringa

Channel diameter at the narrowest
point of the �-barrela PDB code (reference)

44RR (11-mer) 24 Å – 3TXQ (25)
44RR (12-mer) 28 Å – 3TXS (25)
T4 (11-mer) 23 Å – (25)
T4 (12-mer) 27 Å – (25)
SF6 11 Å 10 Å 3ZQP (26)
Sf6 11 Å 11 Å 3HEF (24)
P22 19 Å 16 Å 3P9A (23)

aThe diameters of the channel are determined by including all the atoms present in the respective structures.
The diameters of the channel are determined by using Pymol and including all the atoms present in the respective structures. The PDB files corresponding
to the TerS structures are as follows: T4-related phage 44RR (11-mer), PDB code: 3TXQ (25); T4-related phage 44RR (12-mer), PDB code: 3TXS (25);
SF6, PDB code: 3ZQP (26); Sf6, PDB code: 3HEF (24); and P22, PDB code: 3P9A (23).

metrical peak with an estimated size corresponding to 11-
mers and 12-mers, similar to WT gp16 (Figure 9B; the tiny
peak at the void volume contains contaminating proteins
but not gp16), and also migrated as a single relatively sharp
band at the higher oligomer position (Figure 9C, lane 1;
compare to WT shown in Figure 6C, lane 1). But contrary
to the full-length gp16, the purified oligomerization domain
showed no in vivo-bound DNA (Figure 9C, lane 2), nor did
it show any DNA mobility shift in the in vitro DNA binding
assay (Figure 9D). These results further demonstrate that
the oligomerization domain alone, which contains the in-
tact WT channel, is insufficient to bind DNA.

DISCUSSION

Genome packaging in large DNA bacteriophages and
herpes viruses occurs by translocating DNA into a pre-
assembled capsid through a channel created by the packag-
ing machine (2–5). The packaging machine consists of two
stacked rings of dodecameric portal and pentameric motor
aligned through their central orifices. While the exact mech-
anism is still being debated, it is abundantly clear that the
motor protein, the large terminase (TerL; gp17 in T4), by
utilizing the energy released from ATP hydrolysis ratchets
DNA into the capsid (12,13,47). Forces as high as 80 pN
are generated (4,16). Whether the small terminase (TerS,
gp16 in T4) participates in the translocation mechanism is
not known and controversial (3,24–27,37,38). It was pro-
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posed that the gear-shaped TerS might allow DNA thread-
ing through the central channel for genome recognition and
DNA cutting during packaging initiation and for ratcheting
DNA during translocation (24,26,27,38). In these models,
there will be three concentric rings in the packaging ma-
chine, TerS, TerL and portal with completely mismatched
symmetries.

We tested the threading models by a combination of mu-
tational, biochemical and genetic approaches. We first es-
tablished DNA binding assays to assess the ability of gp16,
the T4 TerS, to bind DNA. These experiments demon-
strated that the E. coli-expressed gp16 binds DNA, both in
vivo and in vitro. Indeed, gp16 purifies as a DNA–protein
complex and elutes as a broad high molecular weight
peak near the void volume of the size-exclusion column.
Upon separation by gel electrophoresis, the Coomassie
blue-stained protein bands also stained for DNA. About
200-bp DNA was tightly bound to gp16 and was resistant
to DNAse. But it was released after degradation of gp16 by
Proteinase K. On the other hand, certain mutants of gp16
or lower gp16 oligomers failed to bind DNA. These data
were further corroborated by in vitro DNA binding assays.

We argued that if TerS participates in DNA threading,
some of the residues in the lumen of TerS channel must in-
teract with the DNA. However, our analyses of a series of
mutants showed no evidence of such an interaction. For in-
stance, mutation of several basic residues whose side chains
project into the channel (mutants 3M and 4M) did not re-
sult in loss of DNA binding. In fact, their binding behaviour
was similar to that of the WT TerS, both in vivo and in
vitro. Most striking, progressive deletions of the inner �-
helix that layers the channel lumen, including a mutant that
lost the entire helix retained DNA binding. Remarkably,
all these mutations, when transferred into T4 genome, pro-
duced plaques and a burst of progeny similar to that of the
WT, attesting to their functionality.

Many of our gp16 mutants assembled two types of
oligomers, as determined by size-exclusion chromatogra-
phy and mobility by native PAGE. These include: higher
oligomers that, like WT gp16, presumably contained 11-
mers and 12-mers (and multimers of these), and lower
oligomers that ranged from trimers to hexamers. This is not
unexpected because some of the mutated residues either are
involved in, or indirectly affected, the coiled coil interac-
tions that are responsible for oligomerization (37). DNA
binding data showed that, regardless of the mutant, only the
higher oligomers bound to DNA, either in vitro or in vivo,
but the lower oligomers did not. This means that the size of
the oligomer, but not the channel per se, is critical for DNA
binding. Furthermore, another mutant that contained only
the oligomerization domain, i.e. it has intact WT TerS chan-
nel but lacked the N- and C-domains, exhibited no DNA
binding at all, further confirming that the channel as such
has no DNA binding activity.

Why are higher TerS oligomers competent for DNA bind-
ing? Clearly, higher oligomers expose larger surface area
and contain more N- and C-domains per oligomer than the
lower oligomers. There is evidence that the N-domains of
phages � (30), SPP1 (31), and Sf6 (32) TerSs and the N- and
C-domains of phage P22 TerS contain a DNA binding site
(37). In T4, like P22, both the N- and C-domains of gp16

are involved in DNA binding (unpublished data). Conse-
quently, the number of interactions in TerS-DNA complex
will be greater, hence more stable, in a higher oligomer than
in a lower oligomer. Furthermore, if, as proposed by the
wrapping model, the DNA winds around the oligomer (Fig-
ure 2), the larger surface area of higher oligomers would
cause less severe bending of DNA when compared to lower
oligomers, thus requiring less energy to generate TerS–
DNA complex (48). There is evidence that the cos/pac se-
quences contain an intrinsic DNA bend and DNA bending
was demonstrated in the TerS-DNA complexes of phages
�, SPP1, Sf6, and P1 (31,32,36,49). Furthermore, phage �
needs a special DNA bending protein, the E. coli integra-
tion host factor (IHF), for cos cutting (36,50). Thus, our
data on differential DNA binding of higher vs lower gp16
TerS oligomers combined with the available data from other
phages support the DNA wrapping models (26,32) and ar-
gue against DNA threading through TerS channel.

Other observations are also consistent with the above
conclusion. As mentioned earlier, the stoichiometry of TerS
oligomers varies in different phages (24–26,37), and even
in the TerS produced from the same phage (25,27,37,38).
If TerS is essential for DNA threading, a conserved stoi-
chiometry would be expected in order to allow for specific
interactions between the channel and the DNA. Further-
more, the diameter of Sf6, SF6, and P22 TerS channel at
the narrowest point is too small to accommodate the 23 Å
double-stranded DNA. Only the T4 channel with a diame-
ter of about 23–27 Å is large enough (Table 1). Even in this
case, as our data demonstrated, the channel is not essen-
tial. It can be argued, however, that the TerS stoichiometry
might be different and the channel might be wider when
assembled in the presence of TerL. While this cannot be
ruled out, evidence suggests otherwise. In phage P22, the
TerS–TerL complex is a nanomer of TerS bound to two
molecules of TerL and the stoichiometry of TerS is the
same whether it is assembled in the presence or absence of
TerL (51). The phage � TerS (gpNu1)-TerL (gpA) complex
is a tetramer of heterotrimers, (TerS2:TerL1)4 (52,53). This
complex is highly active for cos-cutting and is reported to
form a ring structure, presumably containing an octamer
ring of gpNu1. Considering that gpNu1 has similar size and
domain organization as the other TerSs, an octamer channel
of gpNu1 would unlikely be wide enough for DNA thread-
ing.

Extensive sequence analyses by Casjens and co-workers
revealed that unlike the TerL sequences that are relatively
well-conserved, the TerS sequences, even among the related
phages, are variable (34). Our data implicate that these vari-
ations, in addition to modifying the genome recognition site
(34), alter the stoichiometry of TerS oligomer in order to
optimize its outer surface for capturing the viral genome.
Indeed, certain phage P22 mutants selected for high fre-
quency transduction of host genome show a switch in TerS
stoichiometry from nanomer to decamer (3,27,38), as the
latter probably increased the promiscuity of genome recog-
nition. An optimal TerS outer surface might be essential
to generate a metastable TerS–DNA–TerL ternary complex
that upon cleavage by TerL would be destabilized and re-
modelled as a translocation complex. TerL can then at-
tach the complex to its portal partner and TerS activates
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TerL’s packaging ATPase to jump-start DNA translocation
(23,25,54).

TerS’s function has probably evolved to link the newly
replicated viral genome to the packaging machinery. This
must occur at high fidelity and efficiency because, other-
wise, it could lead to mismatching of genomes and cap-
sids in a host infected with more than one virus, a com-
mon occurrence in nature. The three-domain architecture
of TerS allows evolutionary flexibility to optimize this pro-
cess, for instance by exchanging domains, to modulate
genome recognition (N-domain), stoichiometry (oligomer-
ization domain) and/or TerL regulation (C-domain). In ad-
dition to capturing the right genome, this would allow tight
regulation of packaging initiation that in some ways is rem-
iniscent of the regulation of genome expression by nucleo-
some structure in higher organisms (55,56). It might also al-
low incorporation of novel genes from host or another virus
into the capsid, thus providing survival advantages to the
virus as well as aid in the horizontal evolution of the host
genome (34).
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Echols,N., Headd,J.J., Hung,L.-W., Kapral,G.J. and
Grosse-Kunstleve,R.W. (2010) PHENIX: a comprehensive
Python-based system for macromolecular structure solution. Acta
Crystallogra. D: Biol. Crystallogr., 66, 213–221.

46. Mitchell,M.S. and Rao,V.B. (2004) Novel and deviant Walker A
ATP-binding motifs in bacteriophage large terminase-DNA
packaging proteins. Virology, 321, 217–221.

47. Dhar,A. and Feiss,M. (2005) Bacteriophage lambda terminase:
alterations of the high-affinity ATPase affect viral DNA packaging. J.
Mol. Biol., 347, 71–80.

48. Vologodskii,A. and Frank-Kamenetskii,M.D. (2013) Strong bending
of the DNA double helix. Nucleic Acids Res., 41, 6785–6792.

49. Sternberg,N. and Coulby,J.N. (1988) Processing of the bacteriophage
P1 packaging site (pac) is regulated by adenine methylation. Gene, 74,
203.

50. Xin,W., Cai,Z.H. and Feiss,M. (1993) Function of IHF in lambda
DNA packaging. II. Effects of mutations altering the IHF binding
site and the intrinsic bend in cosB on lambda development. J. Mol.
Biol., 230, 505–515.

51. McNulty,R., Lokareddy,R.K., Roy,A., Yang,Y., Lander,G.C.,
Heck,A.J., Johnson,J.E. and Cingolani,G. (2015) Architecture of the
complex formed by large and small terminase subunits from
bacteriophage P22. J. Mol. Biol., 427, 3285–3299.

52. Maluf,N.K., Gaussier,H., Bogner,E., Feiss,M. and Catalano,C.E.
(2006) Assembly of bacteriophage lambda terminase into a viral
DNA maturation and packaging machine. Biochemistry, 45,
15259–15268.

53. Andrews,B.T. and Catalano,C.E. (2013) Strong subunit coordination
drives a powerful viral DNA packaging motor. Proc. Natl. Acad. Sci.
U.S.A., 110, 5909–5914.

54. Vafabakhsh,R., Kondabagil,K., Earnest,T., Lee,K.S., Zhang,Z.,
Dai,L., Dahmen,K.A., Rao,V.B. and Ha,T. (2014) Single-molecule
packaging initiation in real time by a viral DNA packaging machine
from bacteriophage T4. Proc. Natl. Acad. Sci. U.S.A., 111,
15096–15101.

55. Zhu,P. and Li,G. (2016) Structural insights of nucleosome and the
30-nm chromatin fiber. Curr. Opin. Struct. Biol., 36, 106–115.

56. Cutter,A.R. and Hayes,J.J. (2015) A brief review of nucleosome
structure. FEBS Lett., 589, 2914–2922.


