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Morphogenesis of bacteriophage P22 involves the packaging of double-
stranded DNA into a preassembled procapsid. DNA is translocated by a
powerful virally encoded molecular motor called terminase, which comprises
large (gp2, 499 residues) and small (gp3, 162 residues) subunits. While gp2
contains the phosphohydrolase and endonuclease activities of terminase, the
function of gp3 may be to regulate specific and nonspecific modes of DNA
recognition as well as the enzymatic activities of gp2. Electron microscopy
shows that wild-type gp3 self-assembles into a stable and monodisperse
nonameric ring. A three-dimensional reconstruction at 18 A resolution pro-
vides the first glimpse of P22 terminase architecture and implies two distinct
modes of interaction with DNA—involving a central channel of 20 A
diameter and radial spikes separated by 34 A. Electromobility shift assays
indicate that the gp3 ring binds double-stranded DNA nonspecifically in vitro
via electrostatic interactions between the positively charged C-terminus of
gp3 (residues 143-152) and phosphates of the DNA backbone. Raman spectra
show that nonameric rings formed by subunits truncated at residue 142 retain
the subunit fold despite the loss of DNA-binding activity. Difference density
maps between gp3 rings containing full-length and C-terminally truncated
subunits are consistent with localization of residues 143-152 along the central
channel of the nonameric ring. The results suggest a plausible molecular
mechanism for gp3 function in DNA recognition and translocation.

© 2008 Elsevier Ltd. All rights reserved.
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In the assembly of a double-stranded DNA (dsDNA)
bacteriophage the viral genome is packaged into a
capsid precursor (procapsid) through the action of an
enzyme complex called terminase. The complex is so
named because its nucleolytic activity cleaves over
length replicating DNA to establish the termini of the
packaged viral genome. Similar packaging mechan-
isms occur in Herpesviridae and other eukaryotic
dsDNA viruses. Typically, the terminase contains two
types of subunits, which are responsible for DNA
recognition, phosphohydrolysis, and translocation.'
For the well-studied bacteriophages P22, SPP1, T3, T4,
T7, and N\, the larger of the two terminase subunits

exhibits the requ uired phosphohydrolase and translo-
case activities,>” while the smaller subunit is involved
in the identification of the dsDNA packaging initiation
sites (usually called pac or cos)'%1? and presumably in
enzymatic regulation of the large subunit.3>-*10 Small
terminase subunits are more variable in amino acid
sequence than the large subunits (S. R. Casjens,
unpublished results) and it is not known if all are
true homologues or have structures with different
origins. In the case of P22, the terminase small
subunit (gp3, 162 amino acids, 18.6 kDa) and large
subunit (gp2, 499 amino acids, 57.6 kDa)'*'* func-
tion in concert to package DNA by a “headful”

*Corresponding author. E-mail address:

thomasgj@umkc.edu.

Abbreviations used: dsDNA, double-stranded DNA;

EM, electron microscopy.

mechanism that is initiated through reco%mtlon of a
specific DNA packaging signal (pac site).”>™” Similar
mechanisms have been proposed for the terminases
of phages SPP1 and T4.'81° A common theme in all
of these dsDNA phages is the participation of the

0022-2836/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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terminase large and small subunits in a ternary
complex with the appropriate packaging initiation
site. To form the functional terminase/pac complex,
the terminase small subunit of SPP1 (G1P) assembles
into an approximately decameric ring,” while those
of T4 (gp16) and T7 (gp18) are reported to assemble
into approximately octameric rings.”’** The termi-
nase small subunit of phage N, on the other hand, has
been proposed to form a dimer alone in solution and
bind to specific sequences within the cos site of the N
genome in the form of a hetero-oligomeric ring
constructed from a 2:1 ratio of small (gpNul) and
large (gpA) subunits.”*** While cleavage of \ cos is
required for packaging, the precise roles of the pro-
posed terminase ring and its heterotrimeric pre-
cursor are not known.

A three-dimensional atomic structure has been
determined by nuclear magnetic resonance for the
N-terminal DNA binding domain of the phage \
small terminase subunit.?> However, the protein
fold has not yet been determined for the full-length
small subunit of any terminase. While oligomeric
ring formation may be common among the small
terminase subunits of many dsDNA phages, no
detailed ring structure or uniform oligomer size has
yet emerged. Recently, we reported the confor-
mational properties, assembly states, and DNA-
binding activities of the small (gp3) and large (gp2)
subunits of P22 terminase. Two-dimensional aver-
aging of negatively stained gp3 particles revealed a
nonameric ring structure for the wild-type protein
and a decameric ring structure for the mutant Ala
112—Thr.?® Here, we further characterize DNA
binding properties of wild-type gp3 and report the
first three-dimensional reconstructions of a termi-
nase small-subunit assembly by resolving to 18 A
the nonameric ring structure of wild-type gp3. The
structure provides new insights into the architecture
of the P22 DNA translocation machine and suggests
a molecular mechanism for DNA packaging.

Preparation and purification of gp3 constructs

The plasmid construct employed for overexpres-
sion of full-length wild-type gp3 in Escherichia coli,
the methods used for isolation and purification of
the recombinant protein, and the demonstration of
DNA packaging activity in Salmonella infections
have been described.”® The full-length construct
contained a 20-amino-acid N-terminal addition
consisting of a histidine tag (Hiss) and thrombin
cleavage site encoded by the pET-15b expression
vector plasmid. The N-terminal addition was
removed prior to final purification of the protein.*®
The plasmids used for overexpression of truncated
variants of gp3 were made as site-directed deletions
of the plasmid used for expression of full-length gp3
(QuikChange® Site-Directed Mutagenesis Kit strat-
egy with PFU ULTRA® DNA polymerase, Strate-
gene, La Jolla, CA). Expression and purification of
gp3 truncates followed the same protocols used for
the full-length protein.

Locus of the nonspecific DNA binding activity of
gp3

DNA binding properties of the gp3 nonamer in
the presence of a 50-bp DNA target that incorpo-
rated either the native 21-bp pac site or a functionally
inactive permuted pac site were assayed previously
by native gel electrophoresis.” Similar gp3 binding
affinities were observed for both DNA targets,
indicating the formation of nomspecific gp3/DNA
complexes. This is consistent with the expectation
that genome translocation requires of terminase a
nonspecific mode of DNA recognition in addition to
pac site recognition. Also consistent with this
interpretation is the observation that both of the
50-bp DNA targets are capable of binding several
nonameric gp3 rings when excess nonamer is pre-
sent (data not shown).

To address the question of whether the highly
basic C-terminal region of the 162-residue gp3 sub-
unit'* might be the locus of nonspecific DNA
recognition, we constructed plasmids for over-
expression of C-terminal truncations of gp3. Two
C-terminal truncates, lacking 10 and 20 amino acids

pacDNA + ke kb= =

ctrl DNA - - - -+ + + +
gp3(1-162) — + — — — + — —
gp3(A1-152) — — + — — — + -
gp3(A1-142) — — — + — — — +
(bp) "u Hu
(W] o)
300
50 POUHU- -
>l i
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Fig. 1. The binding of full-length and C-terminally
truncated gp3 rings to 50-bp DNA targets incorporating
either the 21-bp pac site or a permuted (nonfunctional)
sequence of the same AT/GC content®® was examined
by native gel electrophoretic mobility shift assay. Mixtures
of DNA and gp3 rings were incubated at room tempe-
rature for 30 min and loaded onto a 4-20% polyacryla-
mide gel. The total DNA concentration in each lane
was 200 nM. DNA and protein were stained with SYBR
Green and SYPRO Ruby fluorescent dyes, respectively,
and the gel was scanned with a Typhoon 9400 Scanner
(Amersham Biosciences, Piscataway, NJ). The DNA-free
gp3 ring appears at the top of the gel, and protein-free
DNA (50 bp) migrates to the middle of the gel. DNA/gp3
complexes are visualized as dark spots. The full-length
and truncated gp3 rings progress differently into the gel
due to the different net charges of the respective rings.
While rings assembled from full-length gp3 and the gp3
(A1-152) truncate bind DNA comparably, no DNA bind-
ing is observed for the gp3(A1-142) ring.
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and designated, respectively, as gp3(A1-152) and
gp3(A1-142), exhibited stable subunit folds (Raman
data shown below), the same nonameric oligomer
state as the full-length protein (mass spectrometric
data not shown), yet distinctly different nonspecific
DNA-binding activities. The former contains a net
charge of —1 relative to full-length gp3, while the
latter contains a net charge of —5 relative to full-
length gp3. The similarity in charges of gp3(A1-152)
and full-length gp3 leads to comparable DNA
binding, while the removal of 20 C-terminal amino
acids in gp3(A1-142) results in the complete loss of
DNA binding (Fig. 1). Evidently, the highly basic
sequence '“RDKRRSRIK that is removed by the
deletion of amino acids 143-151 plays an important
electrostatic role in nonspecific DNA recognition
and binding.

The fold of C-terminally truncated gp3

Raman spectra of nonameric assemblies of full-
length and C-terminally truncated gp3 (lacking
either 20 [gp3(A1-142)] or 10 [gp3(A1-152)] resi-
dues) exhibit very similar amide I (1658 cm ) and
amide IIT (1253 cm™ ') markers, as shown in Fig. 2a.
This suggests that the subunit fold is largely
conserved after removal of residues 143-162. Quan-

titative analysis” of the amide I band profile of
the gp3(A1-142) truncate indicates 39+2% a-helix,
214+2% P-strand, and 40+3% irregular structure,
which differs only marginally from the secondary-
structure distribution in full-length gp3.%° The weak
positive difference peaks, which are centered within
the amide I band envelope near 1648 and 1677 cm™*,
are consistent with the presence of ordered a-helical
and p-strand secondary structures, respectively, in
the C-terminal 20 residues of gp3.

The tyrosines (Tyr35, Tyr52, Tyr86, Tyr104) and
tryptophans (Trp10, Trp29, Trp38, Trp45, Trp83) of
gp3 are located in the region of the sequence that
is present in all three variants, and their Raman
markers are potentially informative of any tertiary
structural changes that might result from the
C-terminal truncations. Figure 2a shows that the
diagnostic Raman doublets of the tyrosines (828/
853 cm ™ ')*** and tryptophans (1340/1360 cm ™')™
of gp3(A1-142) are similar to those of full-length
gp3. This supports the conclusion that the tertiary
structure within residues 1-142 is largely invariant
to the C-terminal truncations. The small spectral
differences between gp3(A1-142) and full-length
gp3, which are revealed as positive difference bands
in the three times amplified difference spectrum of
Fig. 2a, can be assigned confidently to the excised
side chains of the 143-162 sequence.”’ Notable
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Fig. 2. Raman spectroscopy of nonameric ring assemblies of the full-length wild-type gp3 protein and C-terminal
truncates gp3(A1-142) and gp3(A1-152). Solutions of purified rings were concentrated to ~20 mg/mL in 10 mM Tris
(pH 7.8), 0.1 M NaCl and sealed in 1-mm glass capillaries maintained at 20 °C. Raman spectra were excited at 532 nm
(Verdi-5 laser, Coherent, Palo Alto, CA) and collected in the 90° scattering geometry (Spex 500M spectrograph, JY Horiba,
Edison, NJ). Standard corrections for contributions of the buffer and glass were applied.”® (a) From top to bottom: spectra
in the region 600-1800 cm™ ' of rings formed by full-length gp3, C-terminal truncate gp3(A1-142), C-terminal truncate
gp3(A1-152), corresponding difference spectra (amplified threefold) between full-length and truncated species, as
labeled. The integrated intensity of the tyrosine marker at 643 cm ' was employed as the internal intensity standard.
(b) From top to bottom: spectra in the region 2450-2650 cm ' of rings formed by full-length gp3, C-terminal truncate
gp3(A1-142), C-terminal truncate gp3(A1-152), and corresponding difference spectra, as labeled. The integrated intensity
of the 2557 cm™ ' band was employed as the internal intensity standard.
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among these are the difference peaks at 622, 755,
1003, 1031, 1081, 1204, and 1606 cm™ 1, all of which
are attributed to the excised Phe1l54 residue, and the
difference peaks near 885, 936, and 1321 cm !,
which are due primarily to arginines and lysines of
the excised C-terminus.

Each cysteine (Cys32, Cys33) of gp3 is also ex-
pected to generate a Raman marker that is infor-
mative of the local environment of the side-chain
sulthydryl (5-H) group.32 The single symmetrical
band observed at 2557 cm™ ! (Fig. 2b) in the full-
length gp3 assembly indicates that the S-H donors
of Cys32 and Cys33 are not exposed to the aqueous
solvent but participate in robust S-HX interactions
with other protein acceptor groups. These inter-
actions are unaffected by C-terminal truncations.
Strong S-H~X bonding by the Cys32 and Cys33 side
chains suggests that this region of the gp3 chain is
either buried within the subunit fold or protected
from solvent exposure by the intersubunit interface.
The results are also consistent with very little change
in the subunit fold after removal of residues 143-
162, as noted above.

The spectral differences observed between the gp3
(A1-152) truncate and full-length gp3 (Fig. 2) are
consistent with the above results. In combination
with the gel binding assays of Fig. 1, the Raman
spectra thus show that (i) the region of the gp3
sequence responsible for nonspecific DNA recogni-

()

tion (residues 143-162) adopts a stable o/ fold, and
(ii) excision of the putative DNA binding segment
does not appreciably perturb either the secondary or
tertiary structure of the remaining gp3 sequence
(i.e., residues 1-142).

Three-dimensional structure of the gp3
assembly

Recently, we reported that the terminase small
subunit of P22 assembles into a highly stable and
symmetric ring.”® Two-dimensional averaging of the
gp3 assemblies identified in electron micrographs of
negatively stained particles revealed a central hole
of approximately 20 A in diameter with electron
density emerging radially from the central annulus.
Here, we have further analyzed the structure of the
gp3 ring assembly by three-dimensional single-
particle analysis of negatively stained gp3 ring
particles.

The three-dimensional reconstruction of the gp3
assembly at 18 A resolution, as reported by
RMEASURE,” reveals a morphology that is roughly
funnel-like in shape, being much wider at one end
than the other (Fig. 3a). Despite the relatively low

Fig. 3. (a) 3D reconstruction of the gp3 ring assembly
from negatively stained particles. The map was rotated
30° about the horizontal axis in the top two images, and
viewed from above and below in the central images. The
funnel-like morphology is evident when viewed from the
side in the lowest two images, and a cutaway view on the
right is colored by density strength. The ringlike structure
of gp3 is clearly divided into two domains—the wider
spike domain, in which 9 protrusions can be seen reaching
out from the central channel at a skewed orientation, and
the annulus domain, which forms a thin-walled channel
extending away from the spike domain. The central
channel accommodates the passage of double-stranded
(B form) DNA, as shown in Fig. 4a, with a slightly smaller
opening at the annulus than at the spike domain.
Dimensions are listed in Table 1. The 9-fold symmetry of
the wild-type gp3 particles discerned in previous negative
stain work was confirmed by performing a reference-free
classification of selected top view particles. The resulting
class averages presented only 9-fold views, without the
enforcement of symmetry. To rule out the possibility of
symmetrization bias, we performed separate 3D recon-
structions enforcing either 8-fold (C8), 9-fold (C9), or 10-
fold (C10) symmetries, each with a single radially
averaged starting model. While the C8 and C10 recon-
structions resulted in smooth featureless ringlike densities,
the C9 reconstruction showed structural details for which
the top-view projections matched those of the reference-
free classification. Further discussion of the assembly
architecture and its relevance to terminase function are
discussed in the text. (b) 3D reconstruction (side and cut-
away views) of the nonameric truncated gp3(A1-127)
ring, along with the difference density shown in red. This
difference, which corresponds primarily to the C-terminal
35 amino acids (see text), suggests that the C-terminal
residues involved in nonspecific DNA recognition are
localized mainly along the inner surface of the central
channel.
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resolution of this structure, certain features and
dimensions can be clearly distinguished. Protruding
structures approximately 27 A in height surround
the wider end or mouth of the funnel, extending a
distance of 38 A from the inner edge at the narrowest
opening of the central channel. Although these
“spikes” have a definite skewed appearance relative
to the central channel, the handedness of the recons-
truction cannot be determined without further
experiments. The spike domain of the structure
accounts for nearly 80% of the total mass of the ring
assembly and, due to its complexity, is likely to be
involved in multiple recognition events (see below).
The annulus region, which may be important for
intersubunit association and DNA passage, may
also provide surfaces for binding of gp2 or other
proteins involved in the formation of an active
translocation complex. Given that the electron den-
sity of proteins correspond on average to 0.8 Da/A?,
the reconstructed density was depicted at a contour
level corresponding to 167.4 kDa (the mass of
nonameric gp3). At this contour level salient fea-
tures of the structure emerge, including an overall
height of 57 A and a maximum outer diameter of
99 A in the spike domain that narrows to a dia-
meter of 49 A at the annulus. At the funnel mouth
(top surface as oriented in the bottom images of
Fig. 3a), the central channel entrance has a diameter
of ~25 A. This opening widens slightly to ~28 A
before narrowing to ~20 A in diameter at the neck of
the annulus domain. The channel appears to be
sufficient to accommodate the passage of B-form
DNA. The height of the channel opening between
the neck and mouth of the funnel is roughly 42 A.
(See also Table 1).

The elongated subunit shape in the gp3 assembly
(Fig. 3a, bottom right) implies a multidomain struc-
ture in which at least one domain (the central
annulus) plays a role in subunit/subunit recognition
and one or more domains interact with DNA, with
the terminase large subunit (gp2), and possibly with
the DNA entry channel of the procapsid (portal
protein, gpl). Details of these structure-function
relationships remain to be determined. Our recon-
struction shows, however, that the subunit elec-
tron density is significantly elongated in a direction
close to perpendicular to the plane of the ring, thus
providing a channel with large surface area for re-
cognition and/or passage of agents of appropri-
ate cross-sectional diameter (~20 A).

Table 1. Dimensions of the reconstructed gp3 ring

Outer diameter (A)

Spike domain 99

Annulus R 49
Inner diameter (A)

Spike domain 25

Annulus 20
Maximum channel diameter (A) 28
Channel height QA) 42
Overall height (A) 57

Location of the gp3/DNA interface

Figures 1-3 show that the excision of gp3 residues
143-162 eliminates nonspecific DNA binding, but
does not impact either the native subunit fold of
residues 1-142 or the overall nonameric ring
structure that is visualized by negative-stain electron
microscopy (EM). We attempted to further localize
the nonspecific DNA-binding interface of gp3,
within the context of the ring assembly, by com-
puting a protein density difference map between
rings consisting of full-length gp3 and the truncate
gp3(A1-142). However, the result was inconclusive
(data not shown), owing to the relatively small mass
difference between rings consisting of the full-length
and truncated subunits (<22 kDa). We therefore
examined the difference between reconstructed
rings of full-length gp3 and the more radically trun-
cated variant gp3(A1-127). The greater mass differential
in this case (~37 kDa) does allow visualization a part of
the truncated C-terminus in the computed difference
map, as shown in Fig. 3b. The external and cutaway side
views of Fig. 3b indicate that at least a portion of the 35
amino acids of the gp3 C-terminus (***KEQSQ-
VEDVTPDKGDRDKRRSRIKELFNRGTGRDS),
which includes the interface for nonspecific DNA
recognition, is localized principally along the inner
surface of the central channel and proximal to the
neck opening.

Function of gp3 in the DNA packaging machine

The overall dimensions of the reconstruction of
Fig. 3a are given in Table 1. These parameters sug-
gest intriguing possibilities for DNA binding, pac
site recognition, and genome translocation. For
example, the central hole of the gp3 ring exhibits a
diameter that is appropriate to the passage of
dsDNA. It could thus provide a DNA-translocating
channel that is dimensionally compatible with the
translocating channel of the procapsid portal. The
likely location of gp3 sites of nonspecific DNA bind-
ing activity (residues 142-162) along this channel
(Fig. 3b) is consistent with a DNA translocation
model like that shown in Fig. 4a.

The recruitment of concatemeric DNA and the
specific recognition of the pac site by nonameric gp3
might be initiated by DNA contact along the spikes
of the gp3 nonamer at high ring radius. Such a
model for pac site recognition would appear to be
favored over monomer-initiated binding because of
the very rapid self-assembly kinetics of gp3.%° This
hypothesis for nonamer/pac site recognition is par-
ticularly attractive given the apparent circumferen-
tial spacing between adjacent spikes of protein
density (~34 A), which is close to the contour length
of one turn of the DNA helix (~33 A pitch).34 The
model depicted in Fig. 4b would allow interaction of
adjacent subunits of the ring with phosphate-
binding sites along a single face of DNA. Bending
of the 21-bp pac site by ~40° would be sufficient to
facilitate cooperative binding of three neighboring
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Fig. 4. Models for interaction of the gp3 ring assembly
of Fig. 3 with double-stranded B DNA and the P22 portal.
The dsDNA, terminase ring and portal vertex are plotted
on the same scale. (a) Passage of dsDNA through the
central hole of the gp3 ring assembly. (b) Binding of
dsDNA to the periphery of the gp3 ring assembly. Docking
of the funnel-shaped gp3 ring at the portal neck is depicted
in neck-to-neck (c) and mouth-to-neck (d) orientations.

subunits of the gp3 nonamer, thus suggesting a
plausible structural basis for pac site selection.
Studies of phages N, T3, SPP1, and T4 provide
strong evidence that the translocation of DNA into
the procapsid is powered by the ATPase activity of
the terminase large subunit. However, little is known
about the molecular structures of the terminase
motor components or the three-dimensional organi-
zation of its parts. To generate a force for DNA
packaging, a terminase complex must be bound to
the procapsid. In the phages N\ and T4, current evi-
dence indicates that the terminase large subunit
binds directly to the portal protein of the procapsid
during DNA packaging.3>-3” These findings do not
preclude additional contacts to the procapsid invol-
ving the terminase small subunit. In fact, for phages
SPP1 and T3, experimental evidence has been ob-
tained for direct procapsid contact by both the small
and large subunits.?>3% A phylogenetic analysis of
terminase large subunits of many phages suggests
also that the terminase of P22 is most closely related
to that of SPP1.% While it is not known if terminases
of different phages bind to their respective procap-
sids via different or similar mechanisms, the possi-
bility exists that both the large and small subunits
of P22 terminase may make contact with the pro-
capsid. Docking of the terminase ring at the portal
vertex could thus provide an effective translo-
cating channel, as noted above. Using the present
and plrevious40 EM reconstructions, we illustrate
two feasible coaxial arrangements for such a DNA
translocating channel in Fig. 4c and d. In both
arrangements, the conical shape of the gp3 ring
elongates the stalk of the portal that emerges from

the procapsid. While the models depicted in Fig. 4c
and d allow for significant contact surfaces, it is not
known whether a rigid or flexible interface would be
required to accommodate the obvious symmetry
mismatch between the two rings. It is conceivable,
however, that a trio of subunits of the 9-fold gp3 ring
could interact with a quartet of subunits of the 12-
fold portal ring, since both have 120° radial spacing.
In Fig. 4c and d, the end of the gp3 funnel that
protrudes outwardly from the portal ring would
presumably serve as the locus for contact with the
terminase large subunit during ATPase- and DNase-
directed activities. Because a lobe of portal subunit
(gp1) density would extend beyond the gp3 ring in
either Fig. 4c or d, both allow the terminase large
subunit to simultaneously contact gp3 and gpl
subunits. Experiments in progress, which are
designed to identify the gp3/gp2 and gp3/gpl
interaction surfaces, are expected to shed further
light on the mode of portal docking.
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Note added in proof. Recent refinements of the EM reconstructions of the nonameric rings formed by full-length gp3 and
truncated gp3(A1-127) have enabled marginally improved visualization of the difference electron density corresponding
to the deleted C-terminal 35 residues. The results suggest that, in addition to localization along the channel surface
(colored red in Fig. 3b), a portion of the C-terminal 128-162 sequence may extend above the mouth of the funnel
proximal to the channel. This finding is consistent with the model proposed for nonspecific DNA recognition during

translocation (Figs. 4c and d).

Further details of the molecular mechanism will depend upon obtaining EM

reconstructions of significantly improved resolution. Such studies are currently in progress.
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