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Background: The headful nuclease is essential for genome processing during viral DNA packaging.
Results: The crystal structure of P22 nuclease reveals a seven-stranded �-sheet core with two magnesium ions poised for
catalysis.
Conclusion: P22 headful nuclease is active only in the context of the large terminase.
Significance: The C-terminal headful nuclease is activated by intramolecular cross-talk with the N-terminal ATPase domain.

Packaging of viral genomes into preformed procapsids
requires the controlled and synchronized activity of an ATPase
and a genome-processing nuclease, both located in the large ter-
minase (L-terminase) subunit. In this paper, we have character-
ized the structure and regulation of bacteriophage P22 L-termi-
nase (gp2). Limited proteolysis reveals a bipartite organization
consisting of anN-terminal ATPase core flexibly connected to a
C-terminal nuclease domain. The 2.02Å crystal structure of P22
headful nuclease obtained by in-drop proteolysis of full-length
L-terminase (FL-L-terminase) reveals a central seven-stranded
�-sheet core that harbors two magnesium ions. Modeling stud-
ies with DNA suggest that the two ions are poised for two-metal
ion-dependent catalysis, but the nuclease DNA binding sur-
face is sterically hindered by a loop-helix (L1-�2) motif, which is
incompatible with catalysis. Accordingly, the isolated nuclease
is completely inactive in vitro, whereas it exhibits endonucleo-
lytic activity in the context of FL-L-terminase. Deleting the
autoinhibitory L1-�2motif (or just the loopL1) restores nuclease
activity to a level comparable with FL-L-terminase. Together,
these results suggest that the activity of P22 headful nuclease is
regulated by intramolecular cross-talk with the N-terminal
ATPase domain. This cross-talk allows for precise and con-
trolled cleavage of DNA that is essential for genome packaging.

Packaging of viral genomes into preformed procapsids is a
nonspontaneous reaction catalyzed in DNA bacteriophages
and herpesviruses by a powerful genome-packaging motor
(1–3). This machine consists of two packaging proteins known
as large and small terminases (L- and S-terminases)2 that
assemble onto a dodecamer of portal protein to form a complex
of unknown stoichiometry. The packaging motor inserts DNA
inside empty procapsids with high precision and efficiency, at

translocation rates as high as�2,000 bp/s (4). Structural studies
on bacteriophage T4 L-terminase have revealed the organiza-
tion of a prototypical L-terminase subunit (5, 6), thought to be
conserved in other DNA viruses. The N terminus of T4 L-ter-
minase contains an ATPase domain that is flexibly connected
to a C-terminal nuclease domain. The ATPase burns ATP to
power DNA translocation, whereas the nuclease domain intro-
duces cuts in the viral genome to initiate and to end a packaging
reaction. In contrast, the S-terminase subunit is thought to bind
to a packaging initiation site in preparation for genome pack-
aging and to regulate the ATPase activity associated with
genome packaging (1–3).
P22 is a general transducing phage (7) and is often referred to

as the representativemember of the Podoviridae family of short
tailed bacteriophages (8). Genome packaging in P22 has been
studied mainly by genetic analysis. In this phage, the substrate
for DNA packaging is a repeating polymer (or concatemer)
containing up to 10 copies of phage genome (9). Concatemer
DNA is produced by rolling circle replication of P22 DNA cir-
cularized by homologous recombination (10). DNA packaging
initiates at a particular site (pac) located within gene 3 (11–16)
that encodes S-terminase. Here the nuclease domain of L-ter-
minase breaks the DNA backbone at several points (known as
“series initiation cleavages”), generating a DNA end that is
inserted into the procapsid, unidirectionally from the initiation
cleavage point (10). The S-terminase subunit is thought to
directly recognize the pac site and present it to the packaging
motor (12), which, in analogy to T4 (6), likely consists of an
oligomer of L-terminase assembled onto the portal vertex. Dur-
ing packaging, an individual unit of P22 genome (�43 kb) is
encapsulated inside an empty procapsid by a “headful packag-
ing” mechanism (10). This process is robust but not perfect, as,
in vivo, each round of infection results in �2% of newly repli-
cated particles that carry host DNA instead of the viral chro-
mosome (7). Headful packaging indicates a packaging strategy
where the length of the DNA encapsulated inside the capsid
shell is determined by the interior volume of the mature phage
particle. Critical to this packaging mechanism is the headful
nucleaseofL-terminase that cleavespackagedDNAonlywhen the
phage head is full, releasing the remainder of the concatemer to be
available for a new round of packaging (10). Consistent with their
important role in DNA packaging, the genes encoding L- and
S-terminase subunits are essential for P22 viability in vivo (17).
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Although the basic principles of DNA packaging have been
elucidated, viral genome-packaging motors are poorly charac-
terized. Atomic level structural information is presently avail-
able for a catalytically inactive construct of bacteriophage T4
L-terminase (6) and for the isolated L-terminase nuclease
domains of SPP1 (18) and human cytomegalovirus (humanher-
pesvirus 5 or HHV-5) (19). While no high resolution structure
is available for a L-terminase holoenzyme, a pseudoatomic
model of T4 L-terminase was proposed based on a 32 Å asym-
metric cryo-electron microscopy reconstruction of T4 procap-
sid bound to L-terminase (6). In this model, the nuclease
domain of L-terminase points away from the portal protein,
and its ATPase domain forms a pentameric ring bound directly
to the portal vertex (6). Based on these structural data, Sun et al.
(6) proposed a model for DNA packaging that postulates the
existence of two distinct conformations of L-terminase alter-
nating during packaging to promote DNA translocation. In
analogy to a model previously proposed for the ATPase Rad50
(20), the driving force mediating interconversion between
relaxed and tensed states is generated by the intramolecular
electrostatic contacts between ATPase and nuclease domains
of L-terminase, which are connected by a flexible linker (21).
In this paper, we report the structure of bacteriophage P22

headful nuclease refined to a nominal resolution of 2.02 Å. We
complement this structure with a biochemical analysis of its
activity for the pac-containing gene 3. This work expands the
repertoire of viral nuclease structures solved to date and sheds
light on several properties governing the activity and regulation
of a prototypical headful nuclease.

EXPERIMENTAL PROCEDURES

Molecular Cloning and Recombinant Proteins—The gene
encoding L-terminase was PCR-amplified from P22 genomic
DNA (22) and ligated between BamHI and HindIII restriction
sites of expression vectors pMal-2cE (New England Biolabs)
and pET-28a (Novagen). �C-L-terminase, which contains a
stop codon at position 483 and does not express C-terminal
residues 483–499, was generated by QuikChange site-directed
mutagenesis, using the plasmid pMal-FL-L-terminase as a tem-
plate. The full-length nuclease (FL-nuclease) domain of P22
L-terminase (residues 289–499) was PCR-amplified from gene
2 and ligated between BamHI and HindIII restriction sites of
the expression vector pMal-2cE (New England Biolabs). Dele-
tion constructs nuclease-�L1 (that lacks residues 374–382) and
nuclease-�L1-�2 (that lacks residues 374–400) were generated
by long PCRusing the plasmid pMal-FL-nuclease as a template.
All plasmids were sequenced to confirm the fidelity of the DNA
sequence. His-tagged FL-L-terminase (cloned in pET-28a) was
expressed in Escherichia coli strain BL21 (DE3/pLysS). Protein
expression was induced by adding 0.5 mM isopropyl-�-D-1-
thiogalactopyranoside for 16 h at 16 °C. Cell pellets were lysed
by sonication in lysis buffer (20 mM Tris-HCl, pH 8.0, 300 mM

NaCl, 0.1% (v/v) CHAPS, 5 mM �-mercaptoethanol, 1 mM

phenylmethylsulfonyl fluoride. L-terminase was purified by
Ni2� affinity chromatography followed by size exclusion chro-
matography on a Superdex 200 column (GE Healthcare) equil-
ibrated in 20 mM Tris-HCl, 150 mM NaCl, 5 mM �-mercapto-
ethanol, 5% (v/v) glycerol, pH 8.0. �C-L-terminase and

FL-nuclease were expressed in E. coli strain BL21 (DE3/pLysS)
fused to anN-terminalmaltose-binding protein (MPB). Protein
expression was induced by adding 0.1 mM isopropyl-�-D-1-
thiogalactopyranoside for 16 h at 16 °C. Deletion constructs
nuclease-�L1 and nuclease-�L1-�2 were expressed (also fused
to MBP) in E. coli BL21-AITM strain (Invitrogen). Protein
expression was induced by adding 0.1% arabinose plus 0.1 mM

isopropyl-�-D-1-thiogalactopyranoside for 2 h at 30 °C. All
MBP-fused proteins were purified over amylose beads without
the addition of detergent. After cleavage of MBP with Prescis-
sion Protease, the nuclease domainwas separated fromMBPby
heparin chromatography, followed by gel filtration chromatog-
raphy. Finally, expression, purification, and assembly of P22
nonameric S-terminase (23, 24) and dodecameric portal pro-
tein (25, 26) were carried out as described.
Structural Stability—Limited proteolysis was performed by

adding chymotrypsin to FL-L-terminase in a ratio �1:200
(w/w), as described previously (27). Thermal denaturation was
measured by monitoring ellipticity variations at 222 nm while
increasing the temperature by 1 °C/min from 4 to 95 °C, as
described previously (28). The experiment was carried out in
protein simple buffer (3.2 mM Na2HPO4, 0.5 mM KH2PO4, 135
mM NaCl, pH 7.4), using FL-L-terminase at �5 �M final con-
centration. The data were acquired on a Jasco J-715 spectropo-
larimeter equipped with a temperature-controlling unit at the
Kimmel Cancer Center resource facility for x-ray crystallogra-
phy and molecular characterization.
Crystallization, Data Collection, and Structure Determi-

nation—To crystallize P22 nuclease domain, we set up crystal-
lization droplets using �10 mg/ml of purified �C-L-terminase
in the absence of protease inhibitors. In-drop cleavage of�C-L-
terminase resulted in formation of a stable nuclease core (�C-
nuclease), which gave microcrystals of �30 � 30 � 20 �m3

within 1–2months, in the presence of 0.2 Mmagnesium sulfate
and 20% w/v PEG 3,350, at pH 6.0. The crystals were cryopro-
tected by adding �27% ethylene glycol to the mother liquor.
Several data sets were recorded at the National Synchrotron
Light Source Beamline X6a on an ADSC Quantum-270 CCD
detector. Diffraction data were integrated and scaled using the
HKL-2000 suite (29) and analyzed using CCP4 programs (30)
(see Table 1). Crystals belong to space group P21 with four
nuclease domains per asymmetric unit (referred to as A, B, C,
and D). Assessment of crystallographic data quality with Xtri-
age (31) revealed that crystals of P22 nuclease suffer from pseu-
domerohedral twinning, with twinning fraction between 0.32
and 0.47. The structure was determined by molecular replace-
ment with PHASER (31) using the nuclease domain of bacte-
riophage SPP1 (Protein Data Bank code 2WBN) as a search
model. Initial rigid body and positional refinement followed by
manual rebuilding inCoot (32) resulted in a nonrandomRfree of
42% (calculated using �2,000 reflections chosen in 20 thin res-
olution shells). This structure was then subjected to several
cycles ofmanual rebuilding followed by positional and isotropic
B-factor refinement in Phenix (31) using 4-fold noncrystallo-
graphic symmetry restraints and including a twinning operator
(h, �k, and l). Peaks above 3� in the Fo � Fc difference electron
densitymapweremodeled aswatermolecules. The structure of
P22 L-terminase nuclease domain has been refined to Rwork/
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Rfree of 16.6/19.7%, using all data between 15 and 2.02 Å reso-
lution. The final model contains residues 289–482 for chains
A–D, two magnesium atoms (MgA and MgB), a sulfate ion,
and 1,112 water molecules. Stereochemistry was checked by
PROCHECK (33): the final model has excellent geometry (see
Table 1), with 98.8% residues in themost favored regions of the
Ramachandran plot, and a root mean square deviation of bond
lengths and angles of 0.010 Å and 1.098°, respectively. All rib-
bon diagrams were generated using PyMol. Topological dia-
gram was generated using PDBsum (34) and structural super-
impositions were carried out in Coot (32).
In Vitro Nuclease Assay—The coding region of P22 gene 3

(486 bp) was PCR-amplified from a P22 genomic DNA and
purified using a QIAquick gel extraction kit (Qiagen). In vitro
nuclease assay was carried out by adding 1 �M FL-L-terminase
or FL-nuclease to 100 ng of gp3-DNA, in a 100-�l reaction
volume containing 10mMTris-HCl, pH 7.5, 50mMNaCl, 1 mM

MgCl2. The samples were incubated at 37 °C for up to 60 min,
and aliquots of 20 �l were taken after 10, 20, 30, and 60 min.
Nuclease activity was stopped by adding 50 mM EDTA, and
samples were analyzed by electrophoresis on a 1.2% (w/v) aga-
rose gel run at 100 V for �45 min, followed by ethidium bro-
mide staining. Additional experiments were carried out in the
presence of 1 �M nonameric S-terminase (with and without 1
mM ATP) and dodecameric portal protein. In all cases, bands
corresponding to the gp3-DNA were quantified using ImageJ
(35), and the percentage of gp3-DNA remaining after digestion
was plotted against the time of reaction using the program
Origin.

RESULTS

Domain Organization—The L-terminase subunit of bacte-
riophage P22 consists of 499 residues and presents a bipartite
organization. Analogous to T4 (6), the N terminus of L-termi-
nase contains a Walker A motif, characteristic of an ATPase
(36), followed at its C terminus by a nuclease domain (Fig. 1A).
A linker rich in prolines and glycines connects the two domains
(Fig. 1A). The first 38 residues of P22 L-terminase also contain
a putative coiled coil motif, as predicted by the software Coils
(37). In the test tube, purified P22 L-terminase quickly aggre-
gates under physiological conditions, but it can be solubilized
by addition of mild detergents (38). Removing the highly basic
C-terminal tail spanning residues 483–499 (Fig. 1A) yielded a
soluble and monodisperse protein (referred to as �C-L-termi-
nase) that could be purified without detergents from bacterial
extracts. To probe the flexibility of P22 L-terminase, we sub-
jected the protein to limited proteolysis in the presence of chy-
motrypsin (Fig. 1B). This treatment readily yielded two stable
domains that subsequent mass spectrometry analysis and
N-terminal sequencing mapped to the N-terminal ATPase and
C-terminal nuclease domains, respectively (Fig. 1A). Thus, in
analogy toT4 L-terminase (21), the L-terminase subunit of bac-
teriophage P22 also contains two folded domains linked by a
flexible loop that is readily cleaved by proteases in solution.
To assess the structural stability of L-terminase, we studied

its thermal unfolding using CD. Because purified L-terminase
displays�60–70%helical content in solution (data not shown),
denaturation curves were measured by monitoring variation in

FIGURE 1. Structural stability of P22 L-terminase subunit. A, schematic diagram of P22 L-terminase indicating the presence of an N-terminal ATPase domain
connected to a C-terminal nuclease domain by a flexible linker. Amino acid sequences for the interdomain linker (residues 286 –312) and C-terminal basic tail
(residues 483– 499) are also indicated, with flexible and basic residues colored in gray and blue, respectively. The site of proteolytic cleavage in the linker is
indicated by a red arrow. B, time course of limited proteolysis of purified L-terminase in the presence of chymotrypsin. M.W., molecular mass. C, structural
stability of FL-L-terminase against thermal denaturation monitored by measuring changes in the ellipticity intensity at 222 nm as a function of temperature.
The fraction unfolded of FL-L-terminase was plotted against the temperature, revealing an apTm of 31.3 and 42 °C, in the presence and absence of 1 mM ATP,
respectively. term, terminase.
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ellipticity at 222 nm as a function of the temperature between 4
and 95 °C. Under these conditions, L-terminase unfolded irre-
versibly as a single entity with an apparentmelting temperature
(apTm) of 31.3 °C (Fig. 1C). The shape of the native-to-dena-
tured unfolding transition suggested a cooperative denatur-
ation process, but the observed apTm was lower than that of
most globular proteins (39) and indicative of intrinsic instabil-
ity. To rule out the possibility that such a low apTm was caused
by partialmisfolding caused by detergent solubilization, we also
repeated the thermal unfolding using �C-L-terminase purified
under native conditions. This construct yielded identical apTm,
confirming that neither the use of detergent nor the highly basic
C-terminal tail (Fig. 1A) affects L-terminase overall stability.
Instead, the addition of �1 mM ATP increased the apTm to
�42 °C (Fig. 1C), suggesting that nucleotide binding to the
ATPase domain is crucial to enhance the overall stability of the
protein. This result agrees well with the observation made by
Poteete and Botstein (40) that ATP, and not GTP, stabilizes
L-terminase in partially purified extracts of P22 strain carrying
amber mutations in genes 5 and 8.
Atomic Structure of P22 Headful Nuclease—Consistent with

its structural flexibility, both FL- and �C-L-terminase (Fig. 1A)
failed to crystallize as full-length proteins. In a search for crys-
tallization conditions, we found that omitting protease
inhibitors during crystallization resulted in slow degradation
of L-terminase in the crystallization drop, with subsequent
formation of a stable nuclease core that crystallized within
�1–2 months. Although these crystals were only 30 �m in the
longest dimension, diffraction data to a nominal resolution of
2.02Åwere collected using a 50� 50�m2 sized x-ray beam.We
determined the crystal structure of P22 L-terminase nuclease
domain by molecular replacement using the nuclease domain
of bacteriophage SPP1 as a search model (18). Although the
sequence identity between these two nuclease domains is only
16%, this model was sufficient to yield an initial set of phases
that were dramatically improved using the 4-fold noncrystallo-
graphic symmetry present in crystal. The polypeptide chain of
P22 L-terminase nuclease was unambiguously traced between
residues 289 and 482, and the final model was refined to Rwork/
Rfree of 16.6/19.7%, at a nominal resolution of 2.02 Å (Table 1).
The three-dimensional structure of P22 L-terminase nuclease
domain is illustrated in Fig. 2A. The proteolytic cleavage that
frees the nuclease domain from the N-terminal ATPase occurs
between residues 288 and 289 of the Gly/Pro-rich linker con-
necting the two domains (indicated by an arrow in Fig. 1A).
This linker (residues 289–313) is clearly visible in the electron
density and contains a short �-strand (�0) and a 3/10 �-helix
(�0) (Fig. 2). It wraps around the other surface of the nuclease
core that starts at position 313 (Fig. 2A). The headful nuclease
folds into a roughly globular�/� structure, with average dimen-
sions 65 � 45 � 40 Å, that resembles the classical nuclease
domain of RNase H1 (41). The tertiary structure of P22
nuclease is built by a central seven-stranded �-sheet sand-
wiched between two clusters of�-helices (Fig. 2B). Three of the
central �-strands, �1–�3, are highly bent and curve around
helix �5. Two additional sets of helices (�1-�2 and �3-�4) sur-
round the central core making contacts with the solvent. Over-
all, P22 headful nuclease is very similar to the nuclease domain

of SPP1 (18), T4 (6), andHHV-5 (19). Despite the low sequence
identity (16% with SPP1, 14% with T4, 12% with the T4-like
phage RB49, and 12% with HHV-5), the four viral nucleases are
structurally superimposable. P22 and SPP1 have the greatest
structural similarities, with root mean square deviation of�2.2
Å, whereas HHV-5 and T4 are more distantly related (root
mean square deviation of 2.5 and 2.9 Å, respectively).
Organization of the Active Site—The active site of P22 head-

ful nuclease lies within the discrete acidic pocket formed at the
interface between strands�1-�3 and helix�5 (Fig. 2). Twomag-
nesium ions (namedMgA andMgB) were identified in the elec-
tron density as �10 � peaks of positive density (Fig. 3A). The
two ions have similar B-factors (�35 Å2) but different chemis-
try of coordination to the nuclease active site. MgA is octahe-
drally coordinated to Asp459/Asp321 and four (clearly visible)
water molecules (named H1–H4 in Fig. 3A). MgA lies in the
active site of P22 nuclease at a position equivalent to the mag-
nesium seen in the high resolution structure of T4/RB49
nuclease (6) or the manganese ion visualized in SPP1 (18) and
HHV-5 nucleases (19). The second site, MgB, is surrounded by
four less defined water molecules (of which only one was
included in the final model), likely consistent with a tetrahedral
coordination (42) (Fig. 3A). MgB sits nicely in a pocket formed
by the main chain of Gly323-Trp324-Asn325-His326; water mole-
cules coordinating MgB hydrogen bound main chain atoms as
well as the side chains of Asn325 andHis326 (Fig. 3A). In contrast
to the first metal ion, MgB is missing in SPP1 (18) and T4/RB49
(6) and occupies a different position in HHV-5 nuclease (19).
To account for such differences, we superimposed the four
nuclease domains of P22, SPP1, T4/RB49, and HHV-5 and
focused on five active site residues responsible for nuclease
activity (indicated as sites I–V in Fig. 3B). This structural align-
ment revealed that Asp321 (site I in Fig. 3B) is the only residue
universally conserved in all four nucleases, whereas the position

TABLE 1
Crystallographic data collection and refinement statistics
The numbers in parentheses refer to the statistics for the outer resolution shell
(2.09–2.02 Å).
Data collection statistics
Space group P21
Unit cell dimensions (Å) a � 60.92, b � 139.76, c � 61.02
�-Angle (°) � � 95.10
Resolution range (Å) 15–2.02
B value fromWilson plot (Å2) 27.0
Observations (total/unique) 258,985/60,520
Completeness (%) 90.8 (55.0)
Redundancy 2.4 (1.9)
Rsym (%)a 7.8 (61.0)
�I�/��(I)� 18.4 (2.2)

Refinement statistics
Number of reflections (30–2.02Å) 60,494
Rwork/Rfree (%)b 16.6/19.7 (31.8/37.9)
Number of water molecules 1,112
B value (Å2) nuclease/Mg/solvent 39/35/36
Root mean square deviation from ideal

bond length (Å)
0.010

Root mean square deviation from ideal
bond angles (°)

1.097

Ramachandran plot (core/allowed/
generously allowed/disallowed, %)

86.8/12.1/1.2/0.0

a Rsym � �i,h�I(i,h) � �I(h)��/�i,h �I(i,h)� where I(i,h) and �I(h)� are the ith and
mean measurement of intensity of reflection h.

b The Rfree value was calculated using 2,000 reflections chosen in 20 thin resolu-
tion shells.
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and frequency of occurrence of other residues vary in these
viruses. For instance, P22 nuclease has a proline at position 374
(site V in Fig. 3B) that is occupied by an acidic residue (Glu/Asp)
in all the other nucleases. The lack of an acidic residue at this
position of P22 is likely compensated by Asp462 (site IV in Fig.
3B), which is replaced by Met545/Ile654 in T4 and HHV-5,
respectively. Likewise, the position of the catalytic pair His400/
Asp272 (sites II and III in Fig. 3B) in SPP1 (18) is inverted in P22,
which contains Asp459/His326. Thus, the superimposable
RNase H1 fold of viral headful nucleases defines a nonidentical
arrangement of metal ions and active site residues, likely
reflecting an evolutionary adaptation for recognizing different
viral DNA sequences.

The DNA Binding Surface—The surface of P22 nuclease is
mainly negatively charged, consistent with an isoelectric point
of 5.7. To identify residues involved in DNA binding, we super-
imposed the structure of P22 nuclease on that of RNase H1
determined in complex with a DNA:RNA hybrid (41) (Fig. 4A).
This structural alignment allowed us to predict the position of
DNA bound to P22 nuclease and indicated three important
aspects of this interaction. First, several basic residues in L-ter-
minase (e.g., Arg447, Lys452, Lys455, Arg465, Lys382, etc.) face the
surface of DNA and are good candidates to mediate DNA-pro-
tein interaction. Some of these residues are conserved in other
viral L-terminases; for instance, Arg447, Lys452, and Arg465 in
P22 are replaced by Gln383, Arg393, and Lys529 in SPP1 and

FIGURE 2. Crystal structure of P22 L-terminase nuclease domain at 2.02 Å resolution. A, ribbon diagram of P22 headful nuclease colored by secondary
structure elements with �-helices, �-strands, and loops in red, yellow, and green, respectively. The site of proteolytic cleavage (residue 289) and the beginning
of the nuclease domain (residue 313) are indicated. B, topological diagram of P22 nuclease (color coded as in A) showing all secondary structure elements
identified in the crystal structure. Loops L1 and L2 are also indicated by arrows.

FIGURE 3. Architecture of P22 nuclease active site. A, left panel, ribbon diagram of P22 nuclease domain highlighting only active site residues and metal ions.
In the right panel is a magnified view of the active site, which includes essential residues involved in catalysis, two magnesium ions (MgA and MgB) colored in
purple, and several water molecules (small red spheres). The Fo � Fc electron density map (in cyan) overlaid to the magnesium sites is contoured at 7 � above
background and was computed at 2.02 Å resolution by omitting the magnesium atoms from the final model. B, comparison of five active site residues from the
crystal structure of the L-terminase nuclease of P22, SPP1 (18), T4 (6), and HHV-5 (19). Acidic residues are colored in red, and nonacidic amino acids are in gray.
The two metal ions are also shown in yellow.
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Arg447 and Lys452 are replaced by Lys529 and Arg406 in T4. This
suggests that DNA binds in the vicinity of the active site by a
combination of shape complementarity and charge-charge
interactions. Second, the structural alignment locates the DNA
backbone exactly in between the two active site magnesium
ions (Fig. 4B), providing strong structural evidence in support
of the two-metal ion-dependent catalysis model (42). However,
the distance between these twoMg atoms in ourmodel is 7.9 Å,
greater than the�4Å expected for two-metal ion catalysis (42).
Third, a tryptophan residue in L-terminase nuclease domain,
Trp324 protrudes on the surface of the turn connecting strands
�1-�2 (Figs. 3A and 4B). This residue, located in close proximity
of the DNA minor groove, may engage in contacts with
nucleobases.
The structural alignment also suggested that the positions of

the Pro374–Gly385 loop L1 and helix�2 (residues 386–395) (Fig.
2B) are incompatiblewithDNAbinding, because the loop-helix
(L1-�2) motif would sterically obstruct DNA binding (Fig. 4A).
Interestingly, loop L1, which links helix �2 to strand �4 (Fig. 2B)

is dramatically longer in P22 than in other viral nucleases (12
versus 2–3 residues in SPP1/T4/HHV-5). Furthermore, this
loop is poorly visible in our structure (with average B-factor of
�90 Å2 versus �27 Å2 for the rest of the protein) and adopts
slightly different conformations in all analyzed crystal forms of
P22 L-terminase (data not shown). On the opposite side, helix
�2 is connected to helix �3 by a long, mainly random coil linker,
L2, that spans residues Gly396–Val412 (Figs. 2B and 4A). Given
the loose association of helix �2 with the rest of the nuclease
core, it is possible that a conformational change in this region
allows for efficient binding to DNA and enhances nuclease
activity.
The Nuclease Domain Is Active Only in the Context of

FL-L-terminase—We used an in vitro nuclease assay to charac-
terize the endonucleolytic activity of P22 L-terminase. As sub-
strate for L-terminase, we used P22 gene 3 (gp3-DNA) that
contains a pac site between nucleotides 265–286 (11). This is
the site wheremost L-terminase cuts occur in vivo, usually con-
centrated in 20-bp intervals (12). The nuclease reaction was

FIGURE 4. Modeling the DNA binding surface of P22 headful nuclease. A, model of P22 nuclease domain (in gray) bound to a DNA-RNA hybrid (in orange).
The nucleic acid model was obtained by superimposing the structure of the human RNase H1�DNA-RNA complex (Protein Data Bank code 2QKB) to that of P22
nuclease and removing the atoms for the RNase H1. In this model, helix �2 (in red) and the loop L1 (in green) adopt a conformation incompatible with DNA
binding. B, magnified view of the active site highlighting the position and distance (�7.9Å) of the two metal ions (purple sphere) symmetrically located in the
vicinity of the DNA phosphate backbone.
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carried out by incubating homogeneously purified FL-L-termi-
nase or FL-nuclease with the gp3-DNA for up to 60 min. At
time intervals, the samples were removed, the nuclease was
inactivated, and samples were subjected to separation by elec-
trophoresis on agarose gels (Fig. 5, A and B). Quantification of
gp3-DNA bands suggested that FL-L-terminase is catalytically
active and degrades (both in the presence and absence of ATP)
�70–75% of gp3-DNA over the course of 60 min (Fig. 5C).
Instead, the isolated nuclease domain incubatedwith gp3-DNA
under identical experimental conditions was essentially inac-
tive (Fig. 5D). This result is consistent with previous reports
that the nuclease domain of SPP1 L-terminase is not active
when expressed in isolation (18), and deletion of the ATPase
domain of T4 L-terminase reduces nuclease activity by �13-
fold (41). To test the putative inhibitory role of loop L1 and helix
�2 (Fig. 4A) on nuclease activity, we generated two deletion
constructs of FL-nuclease that lack either loop L1 (nuclease-
�L1) or loop L1 plus helix�2 (nuclease-�L1-�2). Strikingly, both

mutants efficiently digested gp3-DNA over 60 min of reaction
(Fig. 5B), displaying comparable endonucleolytic activity as FL-
L-terminase (Fig. 5, C andD). Interestingly, although nuclease-
�L1-�2 had the highest activity (digesting �95% of substrate in
60min), the construct lacking only loop L1, (nuclease-�L1) also
displayed nearly fully restored nuclease activity, digesting
�90% of gp3-DNA within 60 min of reaction (Fig. 5D). Thus,
the loop L1 is the main determinant for intramolecular autoin-
hibition of P22 headful nuclease.
Using the same in vitro assay, we also tested the effect of the

nonameric S-terminase (23, 43) and dodecameric portal pro-
tein (26) on the nuclease activity of FL-L-terminase (Fig. 5A). In
the presence and absence of ATP, a stoichiometric quantity of
S-terminase significantly inhibited nuclease activity within the
first 20 min of reaction, resulting in a 40% higher recovery of
gp3-DNA (Fig. 5, A and C). However, over 30–60 min in the
presence of ATP this inhibitory effect was completely lost,
whereas it was partially retained in the absence of ATP, where

FIGURE 5. In vitro nuclease assay. A, time course of nuclease digestion obtained by incubating gp3-DNA with 1 �M of FL-L-terminase, FL-L-terminase � ATP,
FL-L-terminase � nonameric S-terminase (referred to as gp3) with and without ATP and FL-L-terminase � dodecameric portal protein. B, time course of
nuclease digestion obtained by incubating gp3-DNA with 1 �M of purified FL-nuclease, nuclease-�L1, and nuclease-�L1-�2. In both panels, samples were
separated on a 1.2% agarose gel followed by ethidium bromide staining. The abnormal migration of gp3-DNA in the presence of gp3 in A is caused by
S-terminase tight binding to DNA and was also observed in control experiments where L-terminase was omitted (24). C and D, quantification of agarose bands
in A and B. The percentage of gp3-DNA left on the gel is plotted as a function of time. The error bars are based on three independent repeats. term, terminase.

The Nuclease Domain of P22 L-terminase

28202 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 33 • AUGUST 10, 2012



twice as much gp3-DNA remained on gel after 60 min (�50%),
as compared with its counterpart with ATP (Fig. 5C). Finally,
consistent with the observation that series initiation cleavages
occur in the absence of procapsids in P22 extracts (10), the
addition of a stoichiometric quantity of P22 dodecameric portal
protein (which is known to bind to L-terminase (44)), did not
dramatically affect nuclease activity (Fig. 5, A and C). Thus, the
headful nuclease of bacteriophage P22 is inactive when in iso-
lation and active in the context of the FL-L-terminase (or when
the autoinhibitory L1-�2 motif is removed), and its activity is
partially modulated by the S-terminase subunit and ATP.

DISCUSSION

Two endonucleolytic cuts are required to sustain efficient
packaging of concatameric genomes in viruses that package
DNA by a headful mechanism. A first initiation cut allows
insertion of a linear end of the genome into the procapsid, and
a final headful cut terminates packaging into a head, thereby
releasing the remainder of the genome for new rounds of
packaging. Both cuts are catalyzed by the nuclease domain of
L-terminase, which represents the catalytic core of a viral
genome-packaging motor (1–3).
Conservation and Specialization of Viral Headful Nucleases—

The 2.02 Å crystal structure of P22 L-terminase nuclease
domain reveals the detailed architecture of a headful nuclease,
related in fold and catalytic mechanism to the RNase H1 family
of retroviral integrase superfamily (45). Despite minimal
sequence identity (below 16%), P22 nuclease domain is remark-
ably similar to those previously observed in SPP1 (18), T4 (6),
and HHV-5 (19). The identification of two magnesium ions in
the active site strengthens the idea that P22 headful packaging
nuclease uses a two-metal ion-dependent catalysis to hydrolyze
the phosphate ester backbone of DNA (42). By superimposing
the active sites of the four viral nucleases solved crystallo-
graphically, we determined that Asp321 is the only invariant
active site residue. The positions of other active site residues
and the exact number and location of metal ions vary in differ-
ent nucleases (Fig. 3B), possibly underscoring a different degree
of DNA sequence specificity. For instance, in pac phages like
P22 (10) and SPP1 (46, 47), the nuclease first cleaves within a
pac site and then cleaves a second time after �102–110%
genome length is packaged. Because the first cut always occurs
at a pac site, the headful nuclease is likely to have (weak)
sequence specificity in vivo. In support of this hypothesis, Cas-
jens et al. (12) observed that P22 headful nuclease cleavages are
not random but are concentrated at 20-bp intervals across
�120 bp of the gp3-DNA. Intriguingly, the structure of P22
nuclease described in this paper reveals a tryptophan residue,
Trp324 (Tyr269 in SPP1) in close proximity to the putative DNA
binding surface (Fig. 4B), at a position where the tryptophan
indole could make specific contacts with DNA nucleobases.
Because a tryptophyl residue can intercalate specifically with
DNA (48, 49), Trp324 is a potential determinant for sequence
specificity. In contrast, in other phages like T4 (that has Glu404
in lieu of Trp324), although a pac site has been reported (50), the
first cut does not strictly occur in the proximity of a unique pac
sequence (51). Regardless of differences in the position of the
first cut site, all viral nucleases make a second headful cut after

one equivalent of genome length has been encapsulated. Thus,
we propose that only the first initiation cut inDNApackaging is
biased by the DNA sequence and reflects the degree of
sequence specificity intrinsic to different L-terminases. The
second headful cut, instead, is mechanically determined exclu-
sively by the volume of the procapsid and by how much DNA
can be efficiently packaged inside.
Regulation of Nuclease Activity by Interdomain Cross-talk—

Several lines of evidence presented in this paper support the idea
that P22 L-terminase is regulated by interdomain cross-talk
between itsN-terminalATPaseandC-terminalnucleasedomains.
First, the two domains are linked together by a protease-sensitive
linker (Fig. 1,A andB) but do not function as separate entities (e.g.
“beads on a string”). The addition of ATP results in an overall
stabilizationof L-terminase by�11 °C (Fig. 1C) and renders a pro-
tein that is unstable at physiological temperature (apTm �
�31 °C) into a stable enzyme (apTm � �42 °C). The energy of
stabilization is likely provided by intramolecular contacts
between the two domains within the tertiary structure of L-ter-
minase, as proposed by Sun et al. (6) for T4 packaging motor.
Second, the nuclease domain of P22 L-terminase was inactive
when activity was measured using the isolated nuclease
domain. It is unlikely that protein misfolding explains the lack
of enzymatic activity, because this domain could be readily
crystallized, andmost of its structure iswell folded and visible in
the electron density (Fig. 2A). Instead, modeling studies sug-
gested the isolated nuclease adopts an inactive conformation,
with theDNAbinding surface autoinhibited by the flexible loop
L1 and helix �2 (Fig. 4A). In this autoinhibited state, the two
active site magnesium ions are �7.9 Å far apart (Fig. 4B),
approximately twice the distance required for two-metal ion-
dependent catalysis (�4 Å) (42). The hypothesis of an inactive
conformation of the headful nuclease was experimentally
tested and successfully validated by deleting the L1-�2 motif or
just the loop L1, which yielded two gain of function mutants
displaying wild type endonucleolytic activity. Based on these
results, we hypothesize that binding of both ATPase and
nuclease domains to a pac sequence induces a conformational
change in the tertiary structure of FL-L-terminase that brings
the two metal ions closer to each other (�4 Å) in a catalytically
active conformation. This conformational change would move
helix�2 away from the crystallographic conformation by swing-
ing it counter-clockwise onto the surface of the nuclease core,
to which it is flexibly connected by loops L1 and L2 (Fig. 4A). A
similar regulation by interdomain cross-talk was previously
hypothesized for T4 (52) and SPP1 (18). However, in both of
these cases, the authors identified a �-hairpin in the headful
nuclease (�7-�8 in P22 nuclease; Fig. 4A), thought to mediate
interdomain cross-talk. In P22, this �-hairpin does not appear
to be amajor determinant for autoinhibition, because unlike its
14 residue length in SPP1, in P22 the �-hairpin is only eight
residues long and is predicted to clash minimally with DNA
(indicated by an arrow in Fig. 4A). Finally, our results shed light
on the role of P22 nonameric S-terminase in inhibiting nuclease
activity. At a time scale comparablewith that ofDNApackaging
(1–20min), S-terminase inhibited nuclease activity, both in the
presence and absence ofATP.However, at longer times of incu-
bation, the inhibition was lost in the presence of ATP but per-
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sisted in the absence of ATP (Fig. 5C). The molecular basis for
this time-dependent inhibition of nuclease activity is unclear.
In P22, as in other viruses (3), S-terminase is also involved in
stimulating theATPase activity of L-terminase (24). The inhib-
itory effect of S-terminase on nuclease activity may reflect
conformational changes in the ATPase active site induced by
S-terminase that disrupt interdomain cross-talk with the
nuclease domain, thereby preventing its activation. In sum-
mary, the structure of P22 headful nuclease that we present in
this paper provides new clues to dissect the complex chemistry
of P22 genome-packaging motor. Further structural analysis of
the L-terminase in complexwith the S-terminasewill be instru-
mental to fully understand the molecular nature of the intra-
molecular cross-talk between ATPase and nuclease domains
probed biochemically and predicted by our structure.
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