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ABSTRACT

Many essential cellular processes rely on substrate
rotation or translocation by a multi-subunit, ring-type
NTPase. A large number of double-stranded DNA
viruses, including tailed bacteriophages and herpes
viruses, use a homomeric ring ATPase to proces-
sively translocate viral genomic DNA into procap-
sids during assembly. Our current understanding
of viral DNA packaging comes from three archety-
pal bacteriophage systems: cos, pac and phi29. De-
tailed mechanistic understanding exists for pac and
phi29, but not for cos. Here, we reconstituted in vitro
a cos packaging system based on bacteriophage
HK97 and provided a detailed biochemical and struc-
tural description. We used a photobleaching-based,
single-molecule assay to determine the stoichiome-
try of the DNA-translocating ATPase large terminase.
Crystal structures of the large terminase and DNA-
recruiting small terminase, a first for a biochemically
defined cos system, reveal mechanistic similarities
between cos and pac systems. At the same time, mu-
tational and biochemical analyses indicate a new reg-
ulatory mechanism for ATPase multimerization and
coordination in the HK97 system. This work there-
fore establishes a framework for studying the evolu-
tionary relationships between ATP-dependent DNA
translocation machineries in double-stranded DNA
viruses.

INTRODUCTION

Homomeric ring nucleoside triphosphatases (NTPases) are
a diverse class of enzymes that activate upon oligomeriza-
tion to drive important cellular processes such as DNA
replication and protein degradation through mechanical
movements coupled to nucleoside triphosphate (NTP) hy-
drolysis. Viral packaging ATPases represent an unusual
family of homomeric ring NTPases. They feature a unique
set of arginine fingers for inter-subunit coordination and,
depending on the virus, they act either as pentamers or
hexamers (1-4). Essential for tailed bacteriophage and her-
pes virus replication, viral packaging ATPases translocate
viral genomic DNA into newly assembled, empty procap-
sids during replication inside the host (5,6). The pack-
aged DNA is highly compacted and stressed within the
viral capsid (7). Hence, a well-coordinated ATPase mo-
tor is necessary to ensure processivity and speed to pro-
duce a maximum number of viable virus particles during
infection. The structure and mechanics of viral packaging
ATPases have been elucidated for two of three archetypal
packaging systems, pac and phi29-like (1,8-11). The third
system, cos, though biochemically and biophysically de-
fined based on extensive work on lambda (12-14), remains
structurally uncharacterized, which has prevented com-
plete understanding of this archetypal viral system. Con-
sequently, it is still unclear whether a universal assembly
mechanism exists among packaging ATPases and whether
their regulatory mechanisms are conserved throughout
double-stranded DNA viruses that employ them for virus
assembly.
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Cos packaging systems rely on precise cleavage of newly
replicated viral DNA, produced as a concatemer of multiple
genome copies, to package successive unit-length genomes
into procapsids (12). By contrast, pac systems feature im-
precise, sequence-independent cleavage of the DNA con-
catemer during head filling, giving rise to variable genome
lengths inside virus particles. Both systems encode a large
terminase (TerL) protein, composed of a viral packaging
ATPase domain and a nuclease domain, and a small ter-
minase (TerS) protein, which recognises the cos or pac site
between genome copies and, upon binding of DNA, re-
cruits TerL to make an initiating DNA cut (15,16). To en-
able translocation into procapsids, the newly cut DNA is
brought to the portal complex at a unique vertex of the pro-
capsid, where TerL oligomerizes to form an active motor.
Once approximately one genome length has been packaged,
the TerL nuclease domain is proposed to reactivate, freeing
the DNA for packaging into the next procapsid. For cos sys-
tems, this cleavage event occurs specifically at the next cos
site (17,18), whereas for pac systems, the cleavage is not spe-
cific (19,20).

The structural details of TerL and TerS are known exten-
sively for pac systems. Crystal structures suggest that pac
TerS proteins form circular assemblies of 9—11 subunits with
helix-turn-helix motifs arrayed on the outside (21-23). Pac
TerL proteins have been shown to oligomerize on the portal
of procapsids, and important residues for mechanochemi-
cal coupling have been biochemically identified (3). How-
ever, the mode of interaction between TerS and TerL is not
yet fully resolved. Analytical ultracentrifugation and native
mass spectrometry analyses of pac phage P22 TerS and TerL
suggest that the proteins interact in a 9:2 ratio (24), whereas
similar measurements with cos phage lambda proteins sug-
gest that they interact in a 2:1 ratio during initial assem-
bly of the packaging machinery. To date, only one cos TerS
structure has been determined, consisting of 9 subunits (295).
Despite cos proteins having similar domain predictions, ow-
ing to a relative lack of structural information, it remains
unclear whether assembly mechanisms are conserved within
the cos family and between the cos and pac packaging sys-
tems.

Compositionally distinct from cos and pac systems, phi29
systems package pre-formed, unit-length, protein-capped
genomes (26). While they do not encode a TerS protein,
they encode a TerL homologue that comprises an AT-
Pase domain and an inactive vestigial nuclease domain
(27,28). The TerLL homologue complexes with a structured
RNA element (pRNA) on the portal of procapsids to se-
lectively package viral DNA (29). Optical tweezers experi-
ments showed that the ATPase pentamer translocates DNA
in bursts of four 2.5-bp steps followed by a long dwell phase
at speeds up to 165 bp/s (7,30). Cryo-EM structures of the
DNA-translocating assembly combined with further single-
molecule studies have identified two frans-acting residues
that participate in nucleotide exchange and catalysis, the lat-
ter acting like an arginine finger, which stabilised the leav-
ing phosphate of ATP in an adjacent subunit during DNA
translocation (1,31,32). Indeed, the establishment of a de-
fined in vitro packaging system was instrumental in the de-
riving of mechanistic understanding from this system (29).
Similar in vitro packaging systems have been built for cos

phage lambda, and pac phages T4 and P23-45, which en-
abled progressive mapping of the viral DNA packaging re-
action and identification of distinct or similar ATPase reg-
ulatory elements (2,33-36).

The cos bacteriophage HK97 shares sequence homol-
ogy with lambda in their tail fibre and proteins involved
in transcriptional regulation, DNA replication, integration
and lysis (37). Sequence homology in the structural pro-
teins such as the capsid protein, TerL and TerS is low, but
the proteins are identifiable based on gene order and AT-
Pase Walker motifs. As one of the classical viral model
systems, the capsid structure of HK97 and its assembly
and maturation mechanisms have been extensively charac-
terized (38). The cos site delineating genome boundaries
is also defined (37). Based on this prior work, we estab-
lished in vitro the DNA packaging system of bacteriophage
HK97 with the aim of elucidating the general mechanisms
of packaging in cos viruses. Our in vitro system consists
of the portal-containing procapsid, the HK97 TerL pro-
tein GP2, TerS protein GP1, and DNA substrate contain-
ing the cos site. We determined that TerS facilitates pack-
aging arrest at the cos site, contributing to specificity in
the termination of packaging. Subsequently, by X-ray crys-
tallography and complementary stoichiometry analyses, we
found that the HK97 TerS and TerL share strong struc-
tural homology with their pac counterparts despite the doc-
umented lack of sequence homology (37). Finally, we identi-
fied by extensive mutagenesis an unusual lysine residue that
is critical for ATPase activity, possibly defining a new sub-
class of viral packaging ATPases among homomeric ring
NTPases.

MATERIALS AND METHODS
Cloning of HK97 TerL, TerS and cos DNA

The coding sequences of TerL and TerS (residues 1-526
and 2-161, respectively) were amplified from CsCl-purified
wild-type HK97 phage particles and cloned into pET22a-
based vectors using the ligation-independent In-Fusion
Cloning system (Clontech) to generate N-terminal His-
SUMO fusions and constructs with a short non-cleavable
N-terminal His-tag (MGSSHHHHHH). A construct con-
taining a short N-terminal His-tag, followed by emerald
GFP with mutations S65T, F64L, S72A, N149K, M153T
and 1167T, a 10-residue G/S linker, and finally large termi-
nase was generated by insertion of the GFP and linker cod-
ing sequence into the His-fusion construct via In-Fusion.
Site-directed mutagenesis of the His-tagged TerL construct
was performed using an adapted Quick Change protocol
(39). The HK97 cos region was recovered by extracting a
784-bp segment (—312 to +472) around the cos cleavage site
by overlap-extension PCR using wild-type phage particles,
and cloned using BamHI and EcoRI sites into a pUCI18
plasmid. All primers used are listed in Supplementary Table
Ss.

Overproduction and isolation of recombinant TerL, TerS and
GP74

Recombinant proteins were overproduced using Escherichia
coli BL21(DE3) pLysS cells in Lysogeny Broth (LB, Miller
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formulation) containing 30 pg/ml kanamycin and 33
pg/ml chloramphenicol. Expression was induced at ODg
= 0.8 with 0.4 mM IPTG at 37°C for 4 h for TerS
and at 16°C for 18 h for TerL. For selenomethionine la-
belling, cells were grown in LB with amino acids added
at ODggo = 0.6 to suppress methionine biosynthesis as de-
scribed by Van Duyne et al. (40) and L-selenomethionine
added to 200 wg/ml concentration on induction with
IPTG.

Cells were harvested by centrifugation and lyzed by son-
ication in 20 mM Tris—Cl, 1 M NaCl, 10% (v/v) glyc-
erol, 20 mM imidazole, 0.05% (v/v) B-mercaptoethanol,
pH 8.0 with 100 wM 4-(2-aminocthyl)benzenesulfonyl flu-
oride (AEBSF), 1 wM leupeptin, 1 uM pepstatin A and 10
pg/ml RNase A. The soluble fraction after centrifugation
was applied to a HisTrap FF Ni Sepharose column (GE
Healthcare) and the protein eluted with a 20-500 mM im-
idazole gradient. Eluate was dialyzed against 20 mM Tris—
Cl, 200 mM NaCl, I mM dithiothreitol (DTT), pH 8.0, at
4°C overnight, with 1:100 (w/w) SUMO protease if neces-
sary for untagged protein production. Further purification
was performed using a 200-1000 mM NaCl gradient on a
cation exchange Mono S column and anion exchange Mono
Q column (Amersham) for TerS and TerL, respectively, and
finally using Superdex 200 and Superdex 75 16/600 size ex-
clusion columns (GE Healthcare). Proteins were concen-
trated using Vivaspin centrifugal concentrators (Sartorius)
with MWCOs 3000 and 30 000, respectively. Proheads were
produced by infection of E. coli 594 cells with HK97 amber
mutant amC2, propagated using Escherichia LE392 cells,
and purified by PEG precipitation, glycerol gradient ul-
tracentrifugation and cation exchange chromatography, as
previously described (41). GP74 was overproduced using E.
coli BL21(DE3) pLysS cells, and was purified by Ni-NTA,
anion exchange and size exclusion chromatography as de-
scribed previously (42).

DNase protection-based packaging assay

HKO97 genomic DNA was isolated from CsCl-purified wild-
type phage particles by phenol-chloroform extraction and
ethanol precipitation. Linear plasmid DNA was prepared
using FastDigest restriction endonucleases (Thermo Scien-
tific). DNA packaging was assayed for using an established
DNase protection assay (43). In 20 .l packaging buffer (20
mM Tris—Cl, 10 mM MgSO,, 30 mM potassium glutamate,
I mM B-mercaptoethanol), 0.5 wg DNA (2, 13.5and 15nM
for HK97 genomic DNA, linear pUC18 and cos-containing
pUCI18 DNA, respectively) was mixed with procapsids in a
1:2 molar ratio, TerL and TerS at 1 and 2 wM monomeric
concentrations, respectively, incubated for 5 min at room
temperature (20-22°C), and ATP (Sigma-Aldrich) added to
1 mM concentration to initiate packaging. After 30 min at
room temperature, unpackaged DNA was digested by in-
cubation with 1 pg/ml DNase I (Roche) for 10 min. DNase
was inactivated and packaged DNA was liberated from cap-
sids by incubation with 25 mM EDTA, pH 8.0, 500 p.g/ml
proteinase K (Roche) at 65°C. Finally, the packaged DNA
was analyzed by agarose gel electrophoresis with ethidium
bromide staining.
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Measurement of ATPase reaction kinetics

ATPase activity was measured using the EnzChek Phos-
phate Assay Kit (Molecular Probes). Reactions contained 1
wM TerL in packaging buffer, with or without 25 nM Scal-
linearized cos-containing pUCI18, 25 nM procapsid and 2
wM TerS. Fitting of the Hill equation was performed in
Origin (OriginLab) against all replicate measurements in a
global fit.

Structure determination by X-ray crystallography

Crystals of His-tagged TerL protein were obtained with
streak-seeding by hanging drop vapor diffusion using 20
mg/ml protein solution in 250 mM NaCl, 5% (v/v) glyc-
erol, 2 mM DTT, 20 mM MgSOy4, 10 mM AMP-PNP, 20
mM HEPES pH 7.5, equilibrated against reservoir con-
taining 1.6 M ammonium sulfate, pH 7.6. To better re-
solve density for the nuclease domain, the native crystals
were soaked in 1.8 M ammonium sulfate, 0.5 M KCl, 320
mM KBr, 10 mM MgSO4, 5 mM AMP-PNP, 20% (v/v)
glycerol before vitrification. Crystals of selenomethionine-
labelled TerL were obtained against 1.5 M ammonium sul-
phate pH 7.6, by streak-seeding first with native crystals,
then with its own crystals, and finally cryo-protected in 5
mM MgSOy4, 4 mM AMP-PNP, 1.9 M ammonium sulfate,
21% (v/v) glycerol, 10 mM HEPES pH 7.5. Crystals of
TerS (22 mg/mL in 300 mM potassium glutamate, 20 mM
HEPES pH 7.0) were obtained by hanging drops with reser-
voir containing 9% (w/v) PEG 3350, 0.1 M succinic acid
pH 7.0. For experimental phasing, crystals were soaked in
solution containing 10 mM HEPES pH 7.0, 50 mM suc-
cinic acid pH 7.0, 18% (w/v) PEG 3350, 15% (v/v) glyc-
erol, 500 mM KI. A quick pass in the same cryo-protectant
but with 250 mM KI did not produce useful anomalous sig-
nal but improved the quality of diffraction to 1.4 A. Data
were collected at 100 K at Diamond Light Source beam-
lines 102 and 103, integrated and scaled with XDS (44).
Initial phasing was performed with SHELX (45) by MAD
and SAD for TerL and TerS, respectively. Density modifi-
cation and auto-tracing were performed using SHELXE,
followed by iterative cycles of model building and refine-
ment in BUCCANEER and REFMAC (46,47). Halide ions
were placed based on anomalous difference Fourier maps
calculated using ANODE (48) or log-likelihood gradient
maps calculated using Phaser (49). Models were completed
in COOT (50) and refined against the higher-resolution
native datasets. Despite the presence of AMP-PNP and
magnesium during the crystallization of TerL, no elec-
tron density corresponding to either was observed. Molec-
ular graphics were generated using PyMol (Schrodinger)
and UCSF Chimera (51). Electrostatic potentials were
calculated using APBS (52) under the SWANSON force
field (53).

Photobleaching step analysis to determine TerL stoichiome-
try in assembled motor complex

DNA for motor assembly and surface attachment was pre-
pared by amplifying a 230-bp DNA segment across the
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HKO97 cos cleavage site (—80 to +150) using unmodified for-
ward and 5'-biotinylated reverse primers. Imaging sample
chambers were constructed by applying 25 L 1 mg/mL
biotin-BSA (Sigma) in PBS with 0.1 mg/ml 5-pm diameter
silica beads (Bangs Laboratories) to a quartz slide (UQG
Optics) and covering with a washed coverslip (No. 1, 22
mm x 64 mm, Menzel-Gléser), then sealing with nail var-
nish over the short sides to create a flow cell. After 10
min, unbound biotin-BSA was washed out and the flow
cell was equilibrated with two volumes of imaging buffer:
20 mM Tris—Cl, 10 mM MgSOy, 30 mM potassium gluta-
mate, | mM ATP-vy-S, 0.1 mM B-mercaptoethanol, 0.5 mM
Trolox (Sigma-Aldrich), 0.1 mg/ml acetylated BSA (Sigma-
Aldrich), 0.25% (w/v) PEG 6000 (Santa Cruz Biotech), 380
nM BOBO-3 stain (Thermo Fisher). 100 nM DNA was
incubated with 3.7 uM BOBO-3 stain (Thermo Fisher),
100 nM streptavidin tetramer, 200 nM proheads, 1 puM N-
terminal GFP-TerL fusion protein and 2 pM TerS for 20
min at room temperature. Adding ATP to 1 mM, the mix-
ture was immediately chased with 10 volumes of imaging
buffer. 25 pl of this diluted mixture was drawn into the flow
cell and the long sides sealed subsequently with nail var-
nish. The sample was visualized by prism-coupled TIRFM
on a modified inverted IM35 microscope (Carl Zeiss
AG). Fluorophores were excited with 488-nm and 561-
nm lasers (Coherent) operating at 10 and 30 mW, respec-
tively. Incident 488-nm light was circularly polarized us-
ing a 488-nm quarter-wave plate (Edmund Optics) to min-
imise orientation-dependent excitation. Fluorescence emis-
sion was captured through a Plan-Apochromat 100x /NA
1.4 oil-immersion objective (Carl Zeiss AG). A dual-view
image splitter (OptoSplit 1I, Cairn Research) with 1.6x
magnification, 580 nm long-pass emission dichroic (Zeiss)
and bandpass filters for GFP (ET525/50M, Chroma) and
BOBO-3 (ET605/20M, Chroma) was used to view the im-
age in two fluorescence emission channels. Video data were
recorded using an Evolve 512 electron-multiplying CCD
camera (Photometrics), cooled to —70°C and operated
through MicroManager (54) with 33 ms exposure at 200
electron multiplier gain. Pixel width in the magnified im-
age was 96 nm, determined using a USAF calibration tar-
get (Edmund Optics). An excess of TerL during slide prepa-
ration was required to observe multi-step photobleaching
events, though this led to a higher background of spots
that photobleached in one step. Despite an excess of TerL,
the proportion of DNA co-localising with protein was low.
The packaging assembly was therefore likely unstable at the
concentrations used. Colocalization was determined based
on whether the intensity-weighted centroid of the GFP sig-
nal is within experimental error of the BOBO-3 signal cen-
troid. We define experimental error as the precision with
which the x- and y-position of one GFP monomer could
be assigned in time relative to another monomer as de-
scribed previously (55) (see Supplementary Note). For each
event, the GFP fluorescence intensity trace was subjected to
Chung-Kennedy filtering (56) and step-wise photobleach-
ing was fitted using the Progressive Idealization and Fil-
tering (PIF) algorithm (57). Over-fitted events were re-
jected according to the chi-squared statistic-based criterion
as implemented for the analysis of microtubule assembly
data (58).

Cryo-electron microscopy imaging and reconstruction

DNA packaging reactions containing 125 nM prohead, 125
nM Scal-linearized pUC18 DNA, TerL and TerS at 1 and
2 wM monomer concentrations, respectively, were applied
to Quantifoil R 2/2 copper grids (Quantifoil Micro Tools
GmbH, Jena, Germany) within ~30 s after addition of ATP
to 1 mM final concentration, then blotted and vitrified using
a Vitrobot Mark II1. Data were collected on a Tecnai Polara
cryo-electron microscope operating in nanoprobe mode at
300 kV accelerating voltage and at a nominal magnification
of 78 000x. Using EPU, images were recorded on a Fal-
con 2 detector with an image pixel size of 1.37 A/px. 30
frames were collected per micrograph with a dose rate of
40 e /A?/s and total exposure time of 1.65 s. All cryo-EM
equipment and control software were supplied by Thermo
Fisher Scientific, Waltham, MA. Drift correction was per-
formed using MotionCor2 (59), and CTF estimation using
CTFFIND4 (60). Prohead particles were picked automati-
cally (icosahedral reconstruction) or manually (asymmetric
reconstruction) in X3D (61). All reconstructions were per-
formed with AUTO3DEM according to gold standard (62).
For asymmetric reconstruction, the manually oriented par-
ticles were first subject to an icosahedral reconstruction pro-
cedure to determine accurate particle centers. Angles were
then reassigned to approximate values defined by the portal
vertex recorded during manual picking, and a local angu-
lar refinement was performed in AUTO3DEM around these
values with 5- and 6-fold symmetry to resolve TerL and por-
tal, respectively, and with a regular icosahedral capsid as an
initial model.

Native mass spectrometry analysis

High-resolution native MS measurement was performed
using a modified Q-Exactive hybrid quadrupole-Orbitrap
mass spectrometer (Thermo Fisher Scientific) optimized for
high mass measurement and retention of non-covalent in-
teractions (63,64). TerS protein was buffer-exchanged into
200 mM ammonium acetate, pH 7.5 using Micro Bio-Spin
P-6 Gel columns (Bio-Rad) at 4°C. Tons were generated in
the positive ion mode from a static nanospray source us-
ing gold-coated capillaries prepared in house. The instru-
ment was operated in “native mode” with a wide-pass iso-
lation window. Transmission parameters used were as fol-
lows: capillary voltage 1.2 kV, capillary temperature 80°C,
inject flatapole 7 V, inter flatapole lens 6 V, transfer multi-
pole 4V, C-trap entrance lens 5.8 V. Ions were trapped in the
higher-energy collisional dissociation (HCD) cell before be-
ing transferred into the C-trap and Orbitrap mass analyzer
for detection, with 100 V applied to the HCD cell to aid ion
de-solvation. Argon was used as the collision gas and the
pressure in the HCD cell was increased until UHV pressure
was ~1.2 x 1072 mbar. Transient time was 64 ms (resolution
of 17 000 at m/z 200), automatic gain control (AGC) tar-
get was 1 x 10° with a maximum fill time of 100 ms, micro-
scans were set to 15, with no averaging, and the threshold
parameter was set to 3 (reduced from default of 4.64). Cal-
ibration using clusters of CsI was performed prior to mass
measurement up to m/z 11 304. Spectra were averaged us-
ing Xcalibur 2.2 (Thermo Fisher Scientific) and deconvo-
luted using Unidec 2.7.3 (65). To estimate the error in the
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Figure 1. Reconstituting the HK97 DNA packaging system. (A) Schematic of the DNA packaging assay and DNA substrates. The HK97 genome boundary
is defined by cos ends which contain 10-nt 3’-overhangs. A 784-bp region around the cos end (—312..+472, dashed line) was inserted into pUCI18 plasmid
DNA and the DNA linearized with Scal. Under conditions of excess TerL and TerS proteins, ATP was added to initiate packaging of DNA through
the portal complex of purified procapsids in solution. (B) Packaging of the HK97 genome. Input, reaction with no DNase treatment. Reaction, with
DNase treatment. Negative, reaction with no ATP but with DNase treatment. Densitometric analysis of the background-corrected band intensity yielded
a packaging efficiency estimate of 22-35% (n = 3). (C) Packaging of linear pUC18 DNA with or without cos DNA, with blunt (Scal) or sticky ends (4arll,
EcoRI). (D) Packaging of cos-containing DNA using different protein combinations (LT, large terminase; ST, small terminase). (E) ATP titration and
stalling of the HK97 motor. (F) GP74-induced cleavage of the DNA substrate. Arrows in (C-F) indicate the two non-full-length fragments protected and
the expected size of products after cleavage at the internal cos site of the linearized DNA substrate. (G) Cryo-EM micrograph of the reconstituted DNA
packaging assembly. Scale bar = 50 nm. White arrowhead indicates a terminase assembly on the portal of the HK97 procapsid. Black arrowheads indicate

the path of DNA emerging from the terminase assembly.

fit, the mass was calculated from the four most abundant
charge states using the MaCSED software tool available
from http://benesch.chem.ox.ac.uk/resources.html.

RESULTS
Reconstitution of a HK97 DNA packaging system

To reconstitute an in vitro DNA packaging system based
on bacteriophage HK97, we combined recombinant HK97
TerS and TerL proteins with empty, portal-containing pro-
capsids isolated from E. coli infected with a previously
characterized packaging-deficient mutant amC2 (41). We
showed by DNase protection assays that the assembled sys-
tem can package viral genomic DNA isolated from wild-
type bacteriophage into procapsids (Figure 1A and B). In-
triguingly, the assembled system could also package lin-
earized plasmid DNA, irrespective of whether the HK97 cos
site was present, and irrespective of whether the DNA sub-
strate had blunt ends or 5’ or 3’ overhangs (Figure 1C). Fur-

thermore, the presence of TerS appeared to stimulate DNA
packaging (Figure 1D).

Given that DNA translocation can be initiated in vitro
by providing a free DNA end, we further probed the bio-
chemical requirements of efficient DNA translocation using
linearized plasmid DNA (Supplementary Figure S1). We
found that packaging required magnesium or manganese
and was inhibited by zinc. The system was active from pH
6 to 9 and tolerated up to 300 mM potassium glutamate or
150 mM sodium chloride. The charge-neutralising spermi-
dine was essential for the packaging of long genomic DNA
(39.7 kb) but dispensable for the packaging of shorter lin-
ear DNA (3.5 kb). These observations indicated that the
HK97 system responds to pH, divalent metals and monova-
lent salts similarly to other DNA packaging systems such as
lambda (66) and phi29 (29), and even other NTP-dependent
DNA-processing machineries such as DNA polymerase I11
(67).

In addition to protection of the full substrate, we ob-
served protection of shorter DNA fragments when an in-
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Figure 2. Crystal structure of the HK97 TerL. (A) Ribbon representation. Secondary structure elements unique to the HK97 protein are colored in red
and blue. The conserved B-hairpin of viral terminase nucleases is colored in beige. The putative ATPase and nuclease active sites, depicted in (C) and (D),
are indicated with a black and white arrowhead, respectively, with important residues shown as sticks. (B) Topology diagram of the HK97 protein. The
location of the Walker A, B residues, and aspartate residues in the nuclease active site are marked. Close-up view of the (C) ATPase and (D) nuclease active

sites.

tact internal cos site was present (Figure 1C-E). The sizes
of these fragments corresponded to the cleavage products
of a cos cleavage reaction, which are 1245 and 2200 bp
in length. However, the absence of fragments in the non-
DNase-treated controls (input) indicated there has been no
cleavage of the substrate; rather, the motor had stalled on
the cos site at the point when DNase was added. This be-
havior was dependent on the presence of TerS protein and
became less apparent with increasing ATP concentrations
(Figure 1E). We reasoned that an internal cos site in the
substrate would represent a downstream cos signal at the
next boundary between genome copies in the viral DNA
concatemer. TerS bound to the cos site could thus present
a roadblock to the translocation machinery, while an excess
of ATP helped by ensuring continual turnover by TerL, in-
creasing its chances of overcoming this roadblock. We note
that the ~1.3 kb fragment was more defined and stronger in
intensity at all ATP concentrations tested, indicating that
the roadblock was more specific and efficient in the for-
ward direction, which perhaps confers a directionality in
this packaging system.

HNH endonuclease GP74 has been reported to stimu-
late cos DNA cleavage in vitro by TerL (42). Indeed, ad-
dition of recombinantly produced GP74 to the packaging
reaction caused the above observed DNA fragments to ap-
pear in the non-DNase-treated controls (input), signifying
cleavage (Figure 1F), with the ~2.2 kb fragment also ap-
pearing more defined. Taken together, our biochemical ob-

servations suggest that the minimal components for DNA
packaging in vitro are TerL and the procapsid only, pro-
vided a linear substrate with free ends. TerS was not neces-
sary in the in vitro packaging reaction, but it could stimulate
packaging and conversely contribute to stalling and possi-
bly site-specific cleavage at a downstream cos signal, acting
perhaps synergistically with the slowing of translocation as
the procapsid fills as observed in other packaging systems.
Excitingly, cryo-EM imaging of the assembled system at a
sparse particle density revealed protrusions from the pro-
capsid at the unique portal vertex followed by DNA-like
densities (Figure 1G), which suggested the HK97 system
assembles with a similar architecture as the pac and phi29
systems.

Structure of the HK97 TerL reveals a classical viral packag-
ing ATPase and nuclease

To gain structural insights into the active ATPase of the
HK97 system, we determined the crystal structure of the
apo HK97 TerL at 2.2 A resolution (Figure 2A and Supple-
mentary Table S1). The structure comprises both ATPase
and nuclease domains, with the two connected by a short
linker and a unique B-strand (Figure 2A and B, red) that is
absent in pac TerL proteins. This unique 3-strand forms a
three-stranded B-sheet with the auxiliary hairpin of the nu-
clease domain (Figure 2A and B, beige). An additional a3
element was observed within the nuclease domain relative to
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SF6 A

Figure 3. Crystal structure of the HK97 TerS. (A) Ribbon representation of the TerS oligomer, with residues 21-124 displayed. No electron density was
observed for residues 1-20 and 125-161. (B) Solvent-accessible surface of the TerS oligomer, colored by electrostatic potential from —1 to 1 kT/e. White
circles indicate the location of solvent-accessible positive residues. (C) Comparison of subunit structure with pac phage SF6 GP1 (PDB 3ZQQ) and cos
phage lambda gpNul (PDB: 1J9I). Putative DNA-binding helix-turn-helix motifs are colored in yellow. Residues important for DNA binding in SF6 and
lambda are displayed as sticks. Corresponding residues in the HK97 TerS are indicated with orange text.

pac TerL proteins (Figure 2 and Supplementary Figure S2,
blue), possibly serving as a platform for interactions with
HNH endonuclease GP74 or simply part of an adaptation
of cos TerL proteins towards sequence-specific endonucle-
ase activity.

Movement between the ATPase core and lid during ATP
turnover has been implicated in driving DNA transloca-
tion. The ATPase core comprises an eight-stranded B-sheet,
with six parallel strands and two anti-parallel strands (Fig-
ure 2), a topology that is conserved across viral packaging
ATPases, which build on the ASCE 51432 topology (Sup-
plementary Figure S3A) (68). The Walker A motif is found
between strands B1 and B2. Unlike in lambda gpA, a ly-
sine residue, K60, occurs at the expected position; however,
like in lambda (69,70), a second lysine residue, K57, oc-
curs N-terminal to the classical position (Figure 2C and

Supplementary Figure S3B). Interestingly, this second ly-
sine residue is conserved within herpes virus TerL proteins
(Supplementary Figure S3B). The Walker B motif resides
at the end of strand B6 with catalytic residues D153 and
E154 (Figure 2C). Further downstream is residue T186,
which superposes well with the C-motif of the T4 TerL gp17
and, in general, the sensor I residue of ASCE ATPases,
a hydrogen-bonding residue that helps to position water
molecules for nucleophilic attack of ATP (Supplementary
Figure S4) (71). A putative adenosine-binding pocket is
formed by a conserved glutamine residue (3), Q33, and
hydrophobic residues F239 and M27 (Figure 2C). Lastly,
residue Q92 superposes with the glutamate switches Q72 of
P74-26 and R53 of phi29 (8), which have been shown to cou-
ple ATP binding to DNA gripping during DNA transloca-
tion.
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Figure 4. Photobleaching step analysis to determine TerL stoichiometry in
the HK97 DNA packaging assembly. (A) BOBO-3-stained 5'-biotinylated
DNA was pre-incubated with procapsids, TerS and GFP-labelled TerL
protein. ATP was added to initiate translocation and chased with ATP-y-S.
The complex was immobilized on a streptavidin-coated surface for visual-
ization by total internal reflection fluorescence microscopy. GFP, Nex/Aem
=488 nm/509 nm. BOBO-3, Nex /Aem = 570 nm/602 nm. (B) GFP fluores-
cence trace of one protein spot that co-localized with DNA. (C) Number of
photobleaching steps observed for protein spots co-localizing with DNA
(n = 65), which indicated an upper limit of 5 TerL subunits.

The HK97 TerL nuclease domain has an RNase H-like
fold, with residues D302, D388 and D471 at the catalytic
center. Adjacent to the catalytic center, we found an aux-
iliary B-hairpin that is conserved among pac TerL nucle-
ase domains (Figure 2D). Residue K463, which follows the
hairpin, protrudes into the active site, forming potential
salt bridges with D302 and D471 and coordinating a wa-
ter molecule. A similarly placed lysine in pac phage Sf6 has
been proposed to act as a switch for metal binding and al-
ters DNA accessibility to the nuclease domain (Supplemen-
tary Figure S4) (11,72). As stated earlier, a B-strand stacks
against the hairpin and connects the nuclease domain with
the ATPase lid. We speculate that this structure could play
a role in switching TerL activity between DNA cleavage
and translocation. Despite local variations in the Walker
A sequence and secondary structure elements in both AT-
Pase and nuclease domains, the HK97 TerL showed high
structural homology to its pac counterparts, hinting at a
common set of structural mechanisms that regulate their
activity.

The HK97 TerS forms a circular 9-subunit assembly

Our biochemical data indicate that the HK97 TerS can
stimulate and arrest DNA packaging. To understand the
molecular basis of these effects, we sought to elucidate its
structure. By size exclusion chromatography with multi-
angle laser-light scattering (SEC-MALS) and native mass
spectrometry, the HK97 TerS measured 160.5 kDa and
165.020 £ 0.005 kDa, respectively, in mass (Supplemen-
tary Figure S5), corresponding to an oligomer of nine 18.3-
kDa subunits. By X-ray crystallography, we determined

the structure of the protein to 1.4 A resolution (Figure
3A and Supplementary Table S2). The protein crystal-
lized with three subunits in the asymmetric unit around
a crystallographic 3-fold axis, ultimately forming a 9-
subunit circular oligomer, in agreement with the biophysical
measurements.

Of the 161 residues in each protein chain, residues 21—
124 had well-resolved electron density. The N-terminal re-
gion superposes loosely with the a2 and a3 helices of the
helix-turn-helix (HTH) motif of pac phage SF6 GP1 (73),
the winged HTH domain of cos phage lambda gpNul (74)
(Figure 3C), and the N-terminal HTH motif of cos phage
PaP3 TerS (25). Two strong helix-breaking proline residues,
P28 and P29, prevent an a1 helix from forming in the HK97
protein. Despite this, an overall HTH-like structure is main-
tained owing to a local network of intramolecular interac-
tions (Supplementary Table S3). Following the N-terminal
region, two long helices form the basis of oligomerization
for the HK97 TerS oligomer (Figure 3C). Unlike in pac
phage SF6 GP1 and cos phage PaP3, we did not observe 3-
strands C-terminal to these helices which would constitute
a B-barrel. The HK97 oligomer has a van der Waals outer
diameter of roughly 85 A, with an inner tunnel 55 A long
and 18 A wide at its narrowest point. Residues K36, K37,
R47, K77 and K81 form a positive belt around the out-
side of the complex (Figure 3B). However, positive charges
from R86, K96, K100, R107 and R114 also line the inner
tunnel, which is solvent-exposed and almost wide enough
to accommodate double-stranded DNA. Two models of
DNA binding have been proposed for TerS proteins in gen-
eral, with DNA wrapped around the oligomer or feeding
through the oligomer. Our structure presented here does
not confirm or reject either of these possibilities. At the C-
terminus, 37 residues are unmodelled. These could assist
with DNA binding as has been shown in pac phage P22 (23).
Though the exact mechanism of DNA binding remains un-
known for cos TerS proteins, similarities in structure and
stoichiometry suggest that HK97 and pac viruses employ a
similar viral DNA recognition mechanism to initiate pack-
aging, but it remains to be seen how specificity is conferred
for packaging arrest and termination.

The HK97 DNA packaging assembly has an upper limit of 5
TerL subunits

TerL proteins of pac bacteriophages pentamerize when
they assemble to form an active motor (3). To ascertain
the stoichiometry of the HK97 TerL in an active DNA-
translocating complex, we conducted a single-molecule sub-
unit counting assay, where we monitored the step-wise
photobleaching of N-terminal GFP-TerL fusion proteins
by total internal reflection fluorescence microscopy (Fig-
ure 4A). We initiated packaging with a 230-bp DNA frag-
ment that encompassed the HK97 cos site and was 5'-
biotinylated on the downstream end, in the presence of TerS
and ATP. Stalling immediately with ATP-y-S, we tethered
the complex to a streptavidin-coated slide surface for imag-
ing. We detected spatially co-incident GFP-TerL and DNA-
staining BOBO-3 signal to localise individual complexes on
the imaging surface. The number of GFP photobleaching
steps under continuous illumination indicated the number

220z 1snBny $z uo 1sanb Aq £986599//190e)B/1BU/S60 | 01 /10P/a[0IB-80UBAPE/IBU/WOD dNO"0IWSPEI.//:SdNY WO} POPEOjUMO(]



Nucleic Acids Research, 2022 9

R240 D244

A B G
Q) 2
= = $<5%
= 5. 3S3S58T%  Re
= [=3 © +~ W ~ @
5 £ xlocr e
nq; - — R3
R90
K140
C
2
- 3 TR EE R EEEEE R
8_|_m<<mooomc\|<r<ru)®|\<ro o
- M © — A O —~ AN A A AN NN AN~ [0}
BRIV ol < ol v e < ol s i ol s s 4 c
- O — — e s
D E F
< @ 50 w15
58 z 0 z
gxg o £ 30 :,10
s, sisgs 2% i, &°
a YR RS a,
£2Exar¥¥ e Fo et If'.@" I o1l DD
ESISESSES ESSKSES
A dnd A g =3385833R =3 O ¥ 10K
¥~ ¥ r~-q A - PAEYEVEY]
L oooo w oo

Figure 5. Critical residues for HK97 TerL ATPase activity and DNA translocation. (A) ATP hydrolysis rates, based on inorganic phosphate release, of
free TerL (blue) and TerL in the presence of DNA, TerS and procapsids (red) as a function of ATP concentration. Fitting of the Hill equation suggested a
Viax of 22.7 n1M/s, Ky, of 0.32 mM and n of 1.4 for TerL in the DNA packaging assembly. The average physiological ATP concentration, 1.5 mM (84), is
indicated with a dotted line. (B-D) DNA packaging by ATPase alanine TerL mutants. (E) ATPase activity of mutant TerL in the presence of DNA, TerS
and procapsids at | mM ATP concentration. The mean and range of three initial rate measurements are reported for each condition. (F) ATPase activity
of free mutant TerL at 10 mM ATP concentration. (G) Ribbon representation of the HK97 TerL structure with ATPase active site residues indicated in
orange, and other catalytically important arginine or lysine residues purple. (H) Topology diagram with the same residues marked. Superposition of the
HKO97 structure with (I) the trans-acting residues of the phi29 packaging ATPase (gold, PDB 7JQQ) and (J) the arginine finger of NTP-binding domain 1
of Thermus thermophilus AAA+ ATPase ClpB (gold, PDB 1QVR). (K, L) Side-chain interactions involving residues R240 and R270, respectively.

of TerL subunits in a stalled complex (Figure 4B). Packag-
ing assays in solution indicated that fusion of GFP to the
N-terminus of TerL did not impair DNA packaging (Sup-
plementary Figure S6A). The assembly remained proces-
sive as only the full-length product was observed. On the
imaging surface, we counted a range of GFP photobleach-
ing steps coincident with DNA (Figure 4C, Supplementary
Figure S6B, and Supplementary Table S4). Accounting for
a naturally occurring non-fluorescent GFP population (57),
missed steps due to fast consecutive photobleaching, and er-
ror in step detection (see Supplementary Note), we conclude
that the HK97 DNA packaging assembly has an upper limit
of 5 TerL subunits.

In the aforementioned cryo-EM imaging of the packag-
ing complex at sparse particle density, we obtained 1024
particles where we could define the long axis of the particle
based on portal density. Using the protocol described in the
Material and Methods, where icosahedral and 5-fold sym-
metry was applied, we were able to unambiguously resolve
the procapsid in association with TerL at the unique portal-
containing vertex of the procapsid (Supplementary Figure
S7A and B). To resolve the portal complex, we applied 6-
fold symmetry instead of 5-fold symmetry during the final
local angular refinement. This revealed a dodecameric por-
tal that extends ~140 A inside the procapsid and contains
all characteristic domains (75), including the crown, wing,
stem and the clip (Supplementary Figure S7C, inset). Dis-
ordered densities distal to the portal suggested a dynamic
terminase/DNA assembly. We docked into this distal den-

sity a HK97 TerLL model generated based on our crystal
structure and the 5-fold symmetric pac phage P74-26 model
(2), to create a hybrid model of the HK97 packaging assem-
bly. While this superposition did not reveal a clear candi-
date for a trams-acting arginine finger, it provided a work-
ing model where the ATPase lid of one subunit contacts
the core of another. Docking of the HK97 TerL against the
phi29 packaging assembly (1) and the herpes simplex virus
type 1 (HSV-1) hexameric complex (4) suggested a similar
inter-subunit arrangement (Supplementary Figure S8). Due
to the limited resolution here and the expected flexibility
between domains, the orientation of the nuclease domain
with respect to the ATPase domain in the active packaging
assembly remains unresolved. However, based on structures
of the phi29 assembly (1), Forster resonance energy transfer
measurements for T4 (76) and mutant analysis for lambda
(77), we speculate that the nuclease domain faces the portal.

An unusual critical lysine residue for HK97 TerL. ATPase ac-
tivity and DNA translocation

In solution, the HK97 TerLL appeared as a monomer,
measuring 52.7 kDa and 52.5-56.7 kDa in mass by
SEC-MALLS and AUC, respectively (Supplementary Fig-
ure S9). We found that as a monomer at physiological ATP
concentrations TerL was a poor ATPase, but it became ac-
tive on formation of the packaging assembly in vitro (Fig-
ure 5A and B). While maximal activity was observed only
when all components of the system were present, TerS and
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procapsid could individually stimulate ATPase activity in
the presence of DNA (Supplementary Figure S10A). Since
TerL activity has direct implications on ATP usage during
virus assembly in the cell, we wanted to understand what
drives and regulates ATPase activity.

Mutation of Walker A residue K60 and Walker B residue
E154 to alanine abrogated DNA packaging and ATPase ac-
tivities as expected (Figure 5B, E and F). Mutation of pu-
tative Sensor I residue T186 led to a small reduction in the
amount of DNA packaged. This mutation also slightly in-
creased ATPase activity, suggesting that the residue does
not act as a Sensor I and perhaps indicating instead a break-
down in mechanochemical coupling or inter-subunit coor-
dination. Mutation of R56 affected both packaging and
ATPase activity negatively. R56 corresponds to R162 of T4
gpl7, thought to be a cis-acting arginine finger that reposi-
tions upon oligomerization to allow contact with the ATP
v-phosphate (10). The same residue in P74-26 TerL, R39,
was thought to be a sensor II-like residue, which instead of
having a catalytic role, coordinates conformational changes
during ATP turnover for mechanical movement. More re-
cent work on lambda gpA suggested that this arginine tog-
gles between the catalytic Walker B glutamate and a glu-
tamate residue in the ATPase lid to coordinate movement
during ATP turnover (36). However, there is no glutamate
residue in the HK97 ATPase lid that approaches R56 in our
apo structure. Therefore, the role played by R56 remains
ambiguous. Nevertheless, it is an important and conserved
arginine residue for viral packaging ATPases.

Trans-acting elements important for nucleotide exchange
or catalysis have been identified in P74-26 and phi29 on the
opposite side of the B-sheet away from the catalytic cen-
ter (2,31) (Supplementary Figure S3A). While no positive
residues occur in the vicinity corresponding to phi29 residue
R 146, a residue known to be important for nucleotide ex-
change, K140 of the HK97 TerL aligns well with the argi-
nine finger of both phi29 and P74-26 (Figure 51 and Sup-
plementary Figure S10C). However, mutation of K140 to
alanine did not impair DNA packaging (Figure 5C). Mu-
tation of R90 in the vicinity also did not impair packag-
ing. Furthermore, mutation of K204 and K206, which align
with the double fingers of Thermus thermophilus AAA+ AT-
Pase ClpB (78), did not impair activity (Figure 5C, D and
J). These results suggest that there are no classical arginine
fingers in the HK97 TerL. To widen our search, we gener-
ated alanine mutants for every arginine residue in the do-
main and every lysine residue on the surface of the B-sheet
distal to the catalytic center (Figure 5G and H). In case
of redundancy in closely spaced residues, double mutants
were also generated. Of all mutants tested, only R240A,
R254A and R270A had reduced activities (Figure 5C, E
and F), which were not due to protein unfolding (Supple-
mentary Figure S10B). These mutants could not be rescued
by addition of the Walker B E154A mutant (Supplemen-
tary Figure S10D and E), which supplemented the system
with intact arginine fingers, indicating that the residues do
not participate in catalysis in trans. Given the local envi-
ronment, we speculate that R240 and R270 mediate move-
ment between the ATPase core and lid through salt bridges
and hydrogen bond interactions during ATP turnover (Fig-
ure 5K and L). Docking against known TerL assemblies,

R254 consistently positions close to the oligomerization in-
terface (Supplementary Figure S8). Thus, R254 may have a
role in oligomerization or inter-subunit coordination. Sim-
ilarly, residue R90 appears to line the central pore of the
assembly. The corresponding residues, R101 and K56 of
P74-26 and phi29, respectively, have been shown to con-
tribute to DNA binding (1,2). Mutation of R90 did not
impair packaging in our end-point assays. However, we
cannot rule out that the rate of the assembly was not af-
fected. Other basic residues also line the central pore, for
example, K121 and K122. Therefore, it is also possible
that a single mutation was not disruptive enough to impair
packaging.

Contrary to the P74-26 and phi29 ATPase, the HK97
TerLL ATPase contains a second lysine residue, K57, up-
stream of the Walker A lysine. Unexpectedly, mutation
of this residue abrogated packaging and ATPase activities
(Figure 5D-F). Comparison of the HK97 active site to
the ADP-BeF3-bound structures of P74-26 (2) and HSV-
1 (4) suggests that K57 is able to contact the gamma-
phosphate of ATP (Supplementary Figure S4). In the ab-
sence of a frams-acting arginine finger, K57 could pro-
vide the additional charge needed for ATP coordination.
Since herpes viruses and phage TS also encode an addi-
tional lysine upstream of the Walker A lysine (Supplemen-
tary Figure S3B), a second lysine at this position may in-
deed be a defining feature of a previously uncharacter-
ized subfamily of viral packaging ATPases, with subtly dif-
ferent ATPase regulatory mechanisms. Given the differ-
ences in activity observed between free TerL and TerL dur-
ing DNA translocation, however, a conformational switch
likely still exists to activate the ATPase domain upon
oligomerization.

DISCUSSION

Studies on bacteriophage HK97 have enabled several im-
portant discoveries, in particular, the identification of the
universal HK97 capsid protein fold (79), which is now
known to be conserved among tailed bacteriophages and
herpes viruses (80,81). Just as they share a capsid protein
fold, many phages and herpes viruses encode similar pack-
aging machinery for the insertion of their genomes into cap-
sids (82). However, mechanistic differences exist between
the packaging machineries of different viruses, stemming
from a difference in terminase structure and in the overall
architecture of the active packaging motor (3,13,31). The
outcome is a packaged genome with different but charac-
teristic ends depending on the packaging strategy used: cos,
pac or phi29-like.

The packaging machineries of pac and phi29-like sys-
tems are well characterized. However, the lack of molecu-
lar structures for cos TerL and TerS proteins such as those
of lambda and HK97 has limited our understanding of the
evolutionary relationships among these viruses in the con-
text of packaging. In our reconstitution of the HK97 pack-
aging assembly, we discovered an important trait that marks
HKO97 as a cos virus, that is, the ability of TerS to facilitate
sequence-specific stalling of the motor at an intact cos DNA
signal (Figure 1E). Our study also revealed strong similar-
ities between the HK97 terminase proteins and their pac
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counterparts, both in structure and in biophysical proper-
ties. The HK97 TerS has similar N-terminal HTH-like ele-
ments and exists as a stable, circular 9-mer assembly in solu-
tion (Figure 3 and Supplementary Figure S5). Likewise, the
ATPase and nuclease domains of the HK97 TerL are simi-
lar to their pac counterparts (Figure 2, Supplementary Fig-
ure S2 and Supplementary Figure S3). Our photobleaching
step analysis suggested that the HK97 TerL, too, oligomer-
izes on the portal of the procapsid to form a pentamer (Fig-
ure 4). In contrast, the stoichiometry of TerS and TerL in-
teractions prior to DNA packaging remains unclear. Pac
phage P22 TerS and TerL interact in a 9:2 ratio, whereas
lambda gpNul and \ associate in a 2:1 ratio in solution,
and tetramerize to form a maturation complex for DNA
processing (13,15). Our assays showed that the HK97 TerS
can stimulate TerL ATPase activity in the presence of DNA
(Supplementary Figure S10A), suggesting the two proteins
can interact directly or indirectly. It remains an open ques-
tion how this initial interaction occurs and how the complex
subsequently rearranges, or perhaps changes in stoichiom-
etry, to form an active translocation assembly.

At cellular ATP concentrations, the HK97 TerL ATPase
becomes activated only upon formation of the packaging
assembly (Figure 5). Despite a complete mutagenesis study
of arginine residues in the ATPase domain, we were unable
to identify a classical frans-acting arginine finger that could
be rescued by a Walker B active site mutant. This is un-
like in pac phage P74-26 and in phi29 (2,31,32). Instead,
the HK97 ATPase contains an additional critical positive
residue, K57, in the Walker A region. This residue, along
with R56, could provide the electrostatic potential required
for ATP discrimination and coordination of ATP hydrol-
ysis in the absence an arginine residue from a neighbour-
ing subunit. An alternate trans-regulatory mechanism has
been proposed recently for P-loop NTPases, which involves
monovalent cation binding stabilising ATP in a catalytically
competent conformation (83). The exact conformational
switch that activates HK97 TerL upon oligomerization is
still unknown. However, we identified additional residues
around the ATPase lid that contribute to DNA packag-
ing with possible roles in mechanochemical coupling, inter-
subunit communication or oligomerization.

Cleavage of cos DNA in lambda generates 10-nt 5" over-
hangs, whereas in HK97 12-nt 3’ overhangs are generated
(37). Our in vitro packaging system did not appear to dis-
tinguish between DNA ends, though this may be due to the
excess of TerL and TerS protein added. It remains ambigu-
ous whether specific ends are preferred for translocation,
which could confer additional specificity in packaging be-
yond cos site-specific cleavage of the viral genome. Unlike
lambda, HK97 encodes an HNH endonuclease, GP74 (42).
As observed before and reproduced in our in vitro system,
GP74 promotes cleavage at the cos site (Figure 1F). Com-
pared to homologues among viruses, the HK97 TerL nucle-
ase features additional secondary structure elements (Fig-
ure 2). Since the structure of lambda gpA is still unknown,
it is yet unclear if these elements are a general feature of cos
TerL proteins for site-specific DNA cleavage or regulation
between the ATPase and nuclease domains, or a specific fea-
ture for protein-protein interactions in viruses that encode
an HNH endonuclease.
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This study establishes the minimal components required
for in vitro packaging by cos bacteriophage HK97, a widely
studied viral model system. This breakthrough has enabled
us to address long-standing questions about the biochemi-
cal and structural differences between a cos packaging sys-
tem and other well-characterized archetypal packaging sys-
tems (pac and phi29) employed by double-stranded DNA
viruses. We presented here crystal structures of TerL and
TerS from HK97, and with them stoichiometric informa-
tion on TerS in isolation and on TerL as part of an in vitro
reconstituted motor. Our biochemical, structural and bio-
physical analyses highlight that there are no specific criteria
based on overall protein fold that delineate a cos phage, a
pac phage and a phi29-like phage; rather, a continuum of
assembly and regulatory strategies likely exists and this has
been adapted in the HK97 phage to package unit-length
genomes into capsids.
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