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ABSTRACT

Phage DNA packaging is believed to be driven by a
rotary device coupled to an ATPase `motor'. Recent
evidence suggests that the phage DNA packaging
motor is one of the strongest force-generating
molecular motors reported to date. However, the
ATPase center that is responsible for generating
this force is unknown. In order to identify the DNA
translocating ATPase, the sequences of the pack-
aging/terminase genes of coliphages T4 and RB49
and vibriophages KVP40 and KVP20 have been
analyzed. Alignment of the terminase polypeptide
sequences revealed a number of functional signa-
tures in the terminase genes 16 and 17. Most
importantly, the data provide compelling evidence
for an ATPase catalytic center in the N-terminal half
of the large terminase subunit gp17. An analogous
ATPase domain consisting of conserved functional
signatures is also identi®ed in the large terminase
subunit of other bacteriophages and herpesviruses.
Interestingly, the putative terminase ATPase domain
exhibits some of the common features found in the
ATPase domain of DEAD box helicases. Residues
that would be critical for ATPase catalysis and its
coupling to DNA packaging are identi®ed. Com-
binatorial mutagenesis shows that the predicted
threonine residues in the putative ATPase coupling
motif are indeed critical for function.

INTRODUCTION

Double-stranded (ds)DNA packaging in icosahedral viruses is
a fascinating biological problem. During packaging, a com-
plex, metabolically active, concatemeric DNA is translocated
into the con®nes of an empty capsid and condensed into a
highly ordered, intact structure of near crystalline density. It is
an ATP-driven process that incorporates a number of import-
ant fundamental biological mechanisms, including: reversible

condensation and decondensation of DNA, high ®delity
transport of genomes into daughter cells, DNA movement
along protein complexes and transduction of ATP hydrolysis
energy into mechanical work.

In the late stages of lytic infection, the head assembly and
DNA replication pathways of T4 converge in preparation for
DNA packaging (1). The head assembly pathway produces a
mature empty prohead, whereas the DNA replication pathway
results in a head-to-tail polymeric DNA, referred to as the
concatemer. The terminase links these two pathways by
recognizing the viral concatemer, making an endonucleolytic
cut and joining it to the prohead through speci®c interactions
with the unique portal vertex. Consequently, a DNA trans-
locating pump is assembled, with the terminase as one of the
key components. Following translocation of one headful-
length DNA, terminase makes a second cut, dissociates from
the packaged structure and repeats the DNA linkage to another
prohead in a processive fashion (2±5).

Terminase is a hetero-multimeric complex consisting of one
large and one small subunit, but the stoichiometry of the
subunits in the holoenzyme is unknown. The small subunit has
a weak DNA-binding activity and is thought to be involved in
recognition of the viral genome substrate, whereas the large
subunit is multifunctional and is required for cleavage of DNA
to generate termini, linkage of cleaved DNA to the prohead
connector and translocation of DNA into the empty prohead
(4). In phage T4, the small terminase subunit is encoded by the
18 kDa gp16 and the large terminase subunit by the 70 kDa
gp17 (6,7). gp17 exhibits an endonuclease activity, an in vitro
DNA packaging activity and an ATPase activity, whereas
gp16 lacks any of these activities but stimulates the latter two
activities associated with gp17 (8,9).

Based on the data from the de®ned in vitro DNA packaging
systems of T3 and f29, it was estimated that 2 bp of dsDNA
are packaged for every molecule of ATP hydrolyzed (10,11).
This means that roughly 105 molecules of ATP are expended
to package one molecule of T4 DNA at an estimated catalytic
rate of ~104 ATPs/min/packaging unit. Recent studies using
optical tweezers have indicated that phage DNA is packaged
against considerable internal pressure within the capsid and
that the force generated by the packaging machine is the
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strongest measured for any biological motor (12). However,
one key question remains unanswered in every phage system:
which component of the packaging machine hydrolyzes ATP
to generate this tremendous force?

There is good circumstantial evidence to suggest that the
large terminase subunit is likely the DNA translocating
ATPase. For instance, temperature-sensitive (ts) mutations
in gp17 accumulate partially ®lled heads, suggesting a defect
in DNA translocation (13), and conservative substitutions in
the putative ATP-binding site I of gp17 result in complete loss
of DNA packaging activity (14). Recent data from phages l
and T3 also provide evidence supporting the linkage of the
large terminase protein to the DNA translocating ATPase
(15,16).

In this study, we used a sequence alignment approach to
analyze the coding sequences of terminase proteins.
Considering the remarkable structural and functional con-
servation displayed by the components of the phage DNA
packaging machines, we argued that their terminases must
contain the signatures of a common ATPase catalytic center.
This is a testable hypothesis, because the X-ray structures of a
number of ATP-hydrolyzing biological machines show highly
conserved functional motifs and catalytic residues in the
ATPase center, despite their unrelated functions and lack of
overall sequence similarity; indeed, preliminary evidence
already exists to suggest that the terminases contain consensus
Walker ATP-binding motifs (17,18).

We have analyzed four available T4 family terminase
sequences and identi®ed a number of putative functional
motifs that are attributed to known functions of the terminase
proteins. We have discovered an interesting, albeit limited,
sequence similarity between the T4 terminase and the DEAD
box helicases (19), which assisted in the identi®cation of key
elements of an ATPase catalytic center in the large terminase
protein, gp17. These features are remarkably well conserved
among the viral terminase families, including the herpes-
viruses. The functional signi®cance of the predicted motifs
was tested by combinatorial mutagenesis of the gp17 ATPase,
which showed that substitutions at the signature residues are
either not tolerated or are highly restricted. Thus, this study,
for the ®rst time, de®nes a common ATPase center in the
terminases, supporting the hypothesis that the ATPase `motor'
function of the DNA packaging machine is localized in the
large terminase protein.

MATERIALS AND METHODS

Terminase sequences

The amino acid sequences of T4 and RB49 gp16 and gp17
were obtained from GenBank. The KVP40 and KVP20
terminase genes were cloned using standard recombinant
DNA procedures. Sequencing was done by the primer walk
method and the reactions were analyzed on a PRISM 310
Genetic Analyzer (Applied Biosystems). The 5¢-ends of the
genes 16v and 17v were determined by the presence of a
potential ribosome-binding site (AGGA) upstream of the open
reading frame start codon, which corresponded to the analo-
gous positions in the T4 and RB49 genomes. The completed
2993 bp (KVP40) and 2553 bp (KVP20) sequences consisting

of the genes 16v and 17v were deposited in DDBJ (accession
nos: KVP40, AB050094; KVP20, AB075036).

Sequence searches and alignments

Sequence analyses were performed using BLAST, PSI_
BLAST (20) and BLAST 2 (21) which are available on the
National Center for Biotechnology Information (NCBI) server
(http://www.ncbi.nlm.nih.gov/BLAST/). BLAST searches
were conducted with default parameter values, except where
noted.

Hydropathic pro®le of the small terminase subunit

The Kyte±Doolittle hydrophathy pro®le of the small terminase
subunit multiple sequence alignment was done with the
pepwindowall utility available on the Institut Pasteur bioweb
(http://bioweb.pasteur.fr/seqanal/interfaces/pepwindowall.html)
using a hydropathy averaging window size of 9.

Secondary structure predictions

For generating the secondary structure predictions, we used
BLAST-retrieved terminase sequences (see legend to Fig. 5)
to generate multiple sequence alignments. Multiple sequence
alignments were prepared using CLUSTALW (22; http://
barton.ebi.ac.uk/servers/jpred.html), which were then used to
produce a secondary structure prediction by jpred2 (23;
http://barton.ebi.ac.uk/servers/jpred.html). Both programs are
located on the EMBL-European Bioinformatics Institute
server. Other secondary structure predictions for single protein
amino acid sequences were performed using the consensus
secondary structure prediction program on the PoÃle Bio-
Informatique Lyonnais (PBIL) server (http://npsa-pbil.ibcp.fr/
cgi-bin/npsa_automat.pl?page =/NPSA/npsa_ seccons. html).

Construction of Thr285, Thr286 and Thr287 mutants

A site-speci®c, PCR-directed, splicing by overlap extension
(SOE) strategy was used to construct combinatorial libraries at
residues T285 and T286 and an amber mutant at T287. As
described earlier (14), four oligonucleotides and three suc-
cessive PCRs were used to incorporate the mutations and
amplify the mutant. The common g17 end primers were: 5¢-
forward primer, 5¢-CGCGGGATCCGATGGAACAACC-
GATTAATGTATTAAATG-3¢ (nt 1±28); 3¢-reverse primer,
5¢-CGCGGGATCCTTATACCATTGACATACCATGAGA-
TAC-3¢ (nt 1836±1810) (italicized nucleotides represent the
tag sequence added to the 5¢-end for ef®cient cutting at the
adjacent BamHI sequence, shown in bold; nucleotide numbers
correspond to the coding sequence of gp17). The forward and
reverse mutant primers were as follows: T285 combinatorial
library, 5¢-CGTTCGAAAATTATTATTNNNACGACTCC-
TAATGGATTAAATC-3¢ and 5¢-GATTTAATCCATTA-
GGAGTCGTNNNAATAATAATTTTCGAAC-3¢; T286 com-
binatorial library, 5¢-CGTTCGAAAATTATTATTACTNN-
NACTCCTAATGGATTAAATC-3¢ and 5¢-GATTTAAT-
CCATTAGGAGTNNNAGTAATAATAATTTTCGAAC-3¢;
T287 amber mutant, 5¢-CGTTCGAAAATTATTATTAC-
TACGTAGCCTAATGGATTAAATC-3¢ and 5¢-GATTTA-
ATCCATTAGGCTACGTAGTAATAATAATTTTCGAAC-
3¢ (the mutagenized nucleotides are shown in bold). The
ampli®ed mutant g17 DNA with BamHI ends was digested
with BamHI and ligated with the BamHI-linearized and
dephosphorylated pET15b vector. The recombinant DNA was
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then transformed into Escherichia coli BL21 and ampR

colonies were selected.
The T4.17T287am phage mutant was constructed by

transferring the T287am mutation from the plasmid into the
T4 genome by recombinational exchange using T4.17K166am
as the infecting phage and recovering the 17T287am mutant
under the genetic background of E.coli-Ser suppressor
(24,25).

To analyze the T285 and T286 combinatorial libraries, about
100 random ampR transformants were picked from each
library and grown in LB-amp medium (1 ml). Each mutation
was independently transferred into the T4 genome by a
recombinational marker rescue strategy (14), using
T4.17T287am as the infecting phage and T4.17K166am
phage as a control. Each mutant was phenotypically scored
as functional (lysis), small plaque (lysis with small plaque
size) or null (no plaques/lysis). A set of 24±36 phenotypes
were selected from each library, colony puri®ed and the
phenotype was con®rmed. The g17 DNA encompassing the
mutagenized site was PCR ampli®ed and sequenced (Davis
Sequencing, CA).

RESULTS

Similarity between T4 and viral terminases

BLAST searches of the NCBI database were performed using
each of the four available T4 type terminase sequences. The
results showed a close relationship between these proteins
(Table 1), which is consistent with the recently established
phylogenetic tree by TeÂtart et al. (26). RB49, a `pseudo T-even
phage', is a coliphage isolated from Long Island sewage (27)
that is morphologically similar to the T-even phages, but has
only a limited sequence similarity to the T4 genome. About
30% of the RB49 genome has no counterpart in T4, with the
closest related region to date coding for the major capsid
protein, which shows 70% identity to gp23*. KVP40 and
KVP20, which are referred to as `schizo T-even phages', are

vibriophages isolated from highly polluted seawater in Urado
Bay, Kochi, Japan. KVP40 is capable of infecting a broad
range of species from the family Vibrionaceae (28), while
KVP20 has a narrower host range (29). Electron micrographs
of KVP40 and KVP20 show that they are large-tailed phages,
morphologically similar to the T-even coliphages, with an
elongated prolate head and contractile tail (30). Sequence
analysis of the KVP40 and KVP20 major capsid proteins
indicated that they are ~96% identical to one another and
~60% identical to T4 gp23*. In light of these data and the
recent phylogenetic analysis of the gamma subdivision
proteobacteria, which suggests placing the Vibrio genera and
Enterobacteriaceae within the same monophyletic unit (31),
the similarity observed between the small and large terminase
subunits of T4, RB49, KVP40 and KVP20 (Table 1) is most
likely due to divergent evolution from a common ancestor.

The BLAST results also showed a surprising similarity
between the putative ATPase domain of the large terminase
subunits of the T4 family and the broad host range
archaebacterial halophage HF2 (TerL, Table 1) (32), but it
has thus far not been possible to identify the small terminase
subunit by genome sequence analysis (M.Dyall-Smith, per-
sonal communication). This member of the Myoviridae family
uses genome replication strategies that are similar to those of
the dsDNA phages of the Bacteria, such as T3 or T7, which
suggests either a distant evolutionary relationship that pre-
dates the divergence of Archaea and Bacteria or a lateral
exchange of modules of phage genes (33).

Similarity is also evident between the T4 terminase and that
of the lysogenic phage 933W, which was recently isolated
from the enterohemorrhagic E.coli serotype O157:H7 strain
EDL933 (34). 933W is an interesting phage, with a genome
constituted of a mosaic of genes from various phages.
Although much of the 933W genome and its organization
resembles that of phage l, the ends of the genome, like in
phage T4, are apparently circularly permuted. Its large
terminase subunit is more closely related to phage T4 than

Table 1. Small and large terminase subunit protein sequences

No. Phage Protein No. of
amino acids

Identity percentage

1 2 3 4 5a 6b 7c

(A) Small terminase subunit protein sequences
1 T4 gp16 164 100 55 43 44
2 RB49 gp16 158 100 39 39
3 KVP40 gp16v 182 100 87
4 KVP20 gp16v 182 100

(B) Large terminase subunit protein sequences
1 T4 gp17 610 100 69 54 53 25 26 21
2 RB49 gp17 607 100 51 51 25 22 19
3 KVP40 gp17v 600 100 96 27 25 22
4 KVP20 gp17v 600 100 27 25 24
5 HF2 TerL 563 100 20 16
6 933W L0113 568 100 15
7 HSV1 UL15 735 100

aIn three PSI-BLAST iterations: in 160 (T4), 156 (RB49) and 157 amino acids (KVP40/20).
bIn three PSI-BLAST iterations: in 184 (T4), 508 (RB49), 112 (KVP40), 119 (KVP20) and 110 amino acids
(HF2).
cIn three PSI-BLAST iterations: in 145 (T4), 147 (RB49), 143 (KVP40), 114 (KVP20), 309 (HF2) and 210
amino acids (933W).
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to any other phage; on the other hand, the small terminase
subunit shows no similarity to T4 gp16 but does show a low
level of similarity to PacA of phage P1. This mosaic genome
suggests that the large terminase gene and probably many of
the bacteriophage 933W genes were captured by horizontal
gene transfer, rather than by divergent evolution.

Finally, the T4 large terminase shows a striking similarity to
the putative terminase of herpesviruses in the region encom-
passing the Walker A and Walker B nucleotide-binding motifs
(18). Although the small terminase has no clear sequence
homolog in the herpesvirus genome, there is evidence to
suggest that HSV-1 UL28 and its homologs are functionally
equivalent to gp16 (35). Since no cellular counterpart to the
terminase proteins has yet been discovered in eukaryotic or
prokaryotic cells, this detected similarity suggests a distant
relationship between these two viral families, as opposed to an
independent acquisition of the protein from viral hosts (36).

Similarity between T4 terminases and DEAD box
helicases

Helicases are a class of enzymes that use the free energy of
ATP hydrolysis to translocate along the DNA or RNA
backbone (19,37). Surprisingly, helicases are among the
most frequently found genes in genomes; for example, they
constitute the seventh largest group in the yeast genome (38).
Walker A- and B-type NTP-binding motifs are universal
features of the helicase polypeptide sequence, with additional
motifs serving as identi®ers for categorizing the established
and putative helicases into distinct families, showing strong
homology, or superfamilies (SF), showing a weaker homology
(19). SF1 and SF2, to which the majority of helicases belong,
have seven characteristic signature motifs, while members of
SF3 and SF4 have three and ®ve motifs, respectively. DEAD
and DEXH box helicases, which have the DEAD and DEXH
signatures in the Walker B motif, respectively, are among the
families that form SF2.

We have detected similarities between gp17 and the DEXD/
H box helicases through BLAST alignment of residues
138±291 of gp17 and the 166 amino acid long consensus
sequence of the DEXD/H box helicases, which correspond to
the respective ATPase domains (Fig. 1). This is a signi®cant
discovery for two reasons: ®rst, it allowed the sequence
analysis of terminases in the context of the available X-ray
structural and biochemical information on DEAD box

helicases, which led to the de®nition of an ATPase center
in the N-terminal half of terminases; second, considering
the analogous functions of helicases and terminases, i.e.
ATP-driven translocation on the nucleic acid backbone,
the similarities may have functional implications for the
mechanisms of viral DNA packaging (see below).

Sequence identity among the terminases

As shown in Table 1, the gp16 and gp17 terminase proteins of
T4 have a higher percentage of identity to their respective
homologs in coliphage RB49 than to those of the two
vibriophages KVP40 and KVP20. In addition, the terminase
subunits of these KVP phages show less similarity to the
pseudo T-even phage, RB49, than to T4, suggesting a more
distant relationship between their respective proteins. Twenty-
six percent of the small terminase subunit polypeptide
sequence is identical among the three phages, while the
overall sequence identity of the large terminase subunit is
42%. When the putative large terminase subunit of the
prophage 933W is included in the alignment, the identity
percentage drops to 14%, whereas each individual T-even
large terminase subunit shares ~25% identity with that of the
933W phage.

The T-even large terminase subunits are also ~21%
identical to the HSV-1 terminase, UL15, in the 140 amino
acid region that encompasses the Walker A and Walker B
motifs of the putative ATPase domain. However, similarity in
other regions of the T4 and herpesvirus terminase proteins has
also been noted (18). No signi®cant similarity was detected
between UL15 and the 933W terminase, even when the
BLAST 2 search parameters were adjusted to improve the
likelihood of an alignment.

Functional motifs in the small terminase subunit gp16

Oligomerization site
It is well documented that gp16 readily forms stable
oligomeric rings that consist of an average of eight gp16
subunits per ring (39). gp16 oligomerization may play an
important role in the initiation of DNA packaging and in the
formation of a packaging-pro®cient holo-terminase complex.
The central hydrophobic `domain' of gp16 (Fig. 2A), as
evident from the hydropathy pro®le (Fig. 2B), is a strong
candidate for protein±protein interactions that lead to the
oligomerization of the small subunit (39). Homologous

Figure 1. Alignment of the putative ATPase domains of the T4 family large terminase subunits and the DEXD/H helicases. Alignment of T4 terminases with
DEXDc and P.abyssi Rad25 (accession no. NP_125889) was determined by BLAST with manual adjustment. DEXDc is a consensus sequence of DEAD box
helicases from the Conserved Domain Database (CDD) of functional and/or structural domains; it represents the computed sequence (most frequently
occurring residues at each position) from a collection of 703 DEAD-like helicase sequences (smart00487). Alignment of S.cerevisiae eIF-4a (accession no.
NP_012985; pdb code 1QDEA), the probable ATP-dependent RNA helicase from M.jannaschii MJ0669 (accession no. Q58083; pdb code 1HV8), T.maritima
RecG (accession no. 1GM5A; pdb code 1GM5) and A.fulgidus reverse gyrase (accession no. 1GL9B; pdb code 1GL9) was performed manually by aligning
with the well-characterized helicase motifs. Helicase motifs I, II and III and the putative adenine-binding motif (YQ) are highlighted. The conserved residues
are shown in bold.
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peptides corresponding to this region were recently shown to
interact with gp17 in a random peptide display strategy
(L.Black, personal communication), which suggests that this
region may also be involved in holoterminase assembly. An
analogous hydrophobic region was identi®ed in the phage l
small terminase subunit, gpNu1, the deletion of which resulted
in a loss of oligomerization and holoenzyme formation (40).

DNA-binding site
T4 gp16 exhibits a weak dsDNA-binding activity (39). This,
combined with other genetic observations, led to the hypo-
thesis that the small terminase protein is responsible for the
recognition of the viral DNA substrate for packaging
initiation. Analogous to the small terminase subunits of
phages l (41) and SPP1 (42), a helix±turn±helix (H-T-H)
DNA-binding motif was predicted in the N-terminus of gp16
(39). These predictions were based on regional similarity with
the H-T-H residues of other DNA-binding proteins and the
presence of the characteristic `pivot residues' S13, G17 and I23

(43; Fig. 2A). In the 434 Cro family H-T-H, glycine often
initiates the connecting turn between the two helices, whereas
the serine and isoleucine maintain the angle between them by
Van der Waals interactions (43). The sequence alignments,
however, show that glycine is the only residue of the putative
H-T-H motif that is strictly conserved among all the small
subunits, whereas substitutions are clearly evident with regard

to the other two pivot residues (Fig. 2A). In the RB49 small
terminase subunit, S13 is replaced by leucine, whereas I23 is
replaced by aspartate or proline in the RB49 and vibriophage
subunits, respectively. Secondary structure prediction pro-
grams do not predict this region to be strictly a-helical and
oftentimes predict a b-strand instead (data not shown).
Nevertheless, dsDNA-binding proteins with variations in the
classical H-T-H DNA-binding domain have been identi®ed,
including some with a longer linker between the helices or
with interrupting b-strands that either precede or follow the
helices involved in DNA binding (44). Therefore, it is possible
that this motif in the small terminase subunit represents a
variant H-T-H motif, instead of the conserved H-T-H signa-
ture observed in many DNA-binding proteins. It may also
re¯ect an apparently unique mode of DNA substrate recog-
nition in the circularly permuted phages.

ATP-binding site
Although T4 gp16 is shown to have a weak ATP-binding
activity (39), it does not exhibit detectable levels of ATPase
activity (9). The presence of a Walker A or Walker B ATP-
binding motif is not supported by the sequence alignment
(Fig. 2A). The context of the sequence surrounding the two
conserved lysine residues of T4 gp16 (K105 and K108) does not
resemble the highly conserved Walker A P-loop motif (GKT/
S) or any of its known variants. A Walker B-type motif was

Figure 2. (A) Alignment of T4 family small terminase subunits. The polypeptide sequences were aligned by BLAST. The highlighted regions correspond to
the following motifs: purple, helix±turn±helix; green, arginine switch; yellow, oligomerization. The clustered polar and charged residues in the C-terminus are
shown in color [red, acidic (D and E); green, neutral hydrophilic (C, N, Q, S, T andY); blue, basic (H, K and R)]. The terminase small subunit polypeptide
sequences are available from GenBank: T4 (accession no. P17311); RB49 (accession no. AAF18445); KVP40 (accession no. BAB41132); KVP20 (accession
no. BAB96803). (B) Hydropathy pro®le of the small terminase multiple sequence alignment.
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predicted in the central region of gp16 by Franklin and Mosig
(45), presumably based on the predicted ATP reactive sites
within the small terminase subunits of l and SPP1 (46,47).
However, neither of the aspartate residues located downstream
of K105 and K108 are strictly conserved at the analogous
positions of the RB49 and KVP40/KVP20 small terminase
subunits and are, therefore, unlikely to be the metal-chelating
aspartate of a Walker B motif. Furthermore, the mostly a-
helical secondary structure prediction for the small subunit
(data not shown) suggests that the protein does not contain the
classic nucleotide-binding fold, which consists of b-strands at
its core (48). The observed weak ATP-binding activity of gp16
must, therefore, be due to an anomalous ATP-binding site.

Stimulation of the gp17 ATPase activity
Perhaps the most interesting and well-documented feature of
gp16 is its ~50-fold stimulation of the ATPase and in vitro
DNA packaging activities of gp17. Although the mechanism
of this stimulation remains unknown, we have hypothesized
that, analogous to the G protein GTPases, formation of the
gp16±gp17 holoenzyme induces a conformational change in
the large subunit which positions an arginine residue in the
ATPase catalytic center (14). By stabilizing the transition
state, this arginine stimulates nucleotide hydrolysis and the
DNA translocation that is coupled to it. The conserved
arginine residue could be provided either in cis by gp17 or in
trans by gp16, analogous to the GTPase-activating proteins
(GAPs) (49). In view of the latter possibility, the three strictly
conserved arginine residues, R41, R53 and R81 (and possibly
K105 and K108), should be considered as candidates for a role
in ATPase stimulation. Mutagenesis experiments and the use
of gp16 peptides for ATPase stimulation are currently
underway to test this hypothesis.

Large terminase sequence analysis

ATPase catalytic center
Walker A motif. The consensus Walker A sequence, (G/A)-
XXXXGK(T/S), is present in a large number of enzymes
capable of nucleotide binding and/or hydrolysis (50).
Extensive X-ray structure analyses of numerous ATP-binding
proteins reveal that the residues of this motif form a fairly rigid
phosphate-binding loop (P-loop) that aligns the e-amino group
of lysine to interact with the b- and g-phosphates of ATP and
positions the hydroxyl group of the adjacent threonine (or
serine) residue to directly bind to the Mg2+ of the MgATP
complex.

Two putative Walker A motifs have been identi®ed in gp17:
the N-terminus proximal SRQLGKT161±167 (Walker AI) and a
centrally located TAAVEGKS299±306 (Walker AII) (7,17). As
shown in Figure 3, Walker AI is strictly conserved in all four
T4 family terminases, suggesting its critical nature. Extensive
combinatorial mutagenesis of this site revealed a striking
conservation of its features, consistent with numerous studies
of canonical Walker A P-loops. For example, substitutions in
the highly conserved GKT signature sequence of the T4 gp17
Walker A motif, including the conservative substitutions
G165A, K166R and T167A, resulted in a null phenotype (14). It
is interesting, however, that the P-loops of KVP gp17v begin
with proline, instead of the usual glycine or alanine. In T4
gp17, this residue is a rare serine, though mutagenesis
studies showed that both glycine and alanine can substitute

successfully. On the other hand, threonine substitution results
in a cold-sensitive phenotype and an S161P substitution results
in a null phenotype (14). These data and a shorter Walker A
motif in gp17 (seven residues instead of eight) represent a
slight departure from the classic Walker A P-loop and may
re¯ect a greater structural ¯exibility in the region.

We have also identi®ed a well-conserved Walker A
signature among the numerous terminase sequences available
in the database (Fig. 4). Not only is this Walker A motif
positionally conserved in the N-terminus of the large
terminase protein, it also showed a conserved arginine in the
`variant' positions of the canonical Walker A signature (X of
the G/AXXXXGKT/S sequence). This may represent a
terminase Walker A signature, having functional signi®cance
to viral DNA packaging (see below). Interestingly, seven of
the 24 terminases in Figure 4 show a variant Walker A motif in
which the critical K residue in the GKT/S signature is present
at the beginning of the Walker A motif. For example, the
phage l terminase has the sequence K76SARVGYS83 and the
phage HF2, K74GRRIGVS81. Consistent with this attribution,
while this manuscript was under review, Duffy and Feiss (15)
reported that mutations at K76 of phage l terminase resulted in
a complete loss of DNA packaging, but not cos cleavage,
which would be the predicted phenotype for Walker A lysine
(14).

Adenine base-binding motif. A conserved RxYQ(K/R)(D/E)
sequence is evident in all four T4 type terminases, starting 26
amino acids upstream of the Walker A lysine (Fig. 3). The YQ
residues are also conserved in numerous other large terminase
subunits at an analogous position (Fig. 4); in some cases, the
tyrosine is replaced by another aromatic amino acid (e.g.
tryptophan in fC31 gp33), whereas the glutamine is strictly
conserved (Fig. 4). We suggest that the residue Y142 in T4
gp17 and other large terminase subunits interacts with the
adenine base of the ATP substrate, while the glutamine residue
is involved in hydrogen bonding with the N6 and N7 of the
adenine nucleotide, as has been observed with Q49 of yeast
eIF-4A (51). Recent experimental evidence with the phage l
terminase supports this hypothesis: Y46 of the gpA YQ motif
crosslinks to 8-azido-ATP in the presence of UV light (52) and
mutagenesis data further show that substitutions at this residue
result in a loss of both the ATPase and in vitro DNA packaging
activities but not the terminase activity. Our sequence analyses
therefore lend support to the hypothesis that the YQ in l gpA
are part of a legitimate ATPase catalytic center.

Walker B motif. ATPase motors also contain a Walker B motif,
with the consensus sequence ZZZZD (where Z represents a
hydrophobic amino acid; 53) that is located 50±130 residues
downstream of the Walker A lysine (54). The four
hydrophobic amino acids of the Walker B motif form a
b-strand that ends with the highly conserved aspartate. This
well-characterized aspartate is responsible for chelating Mg2+

of the bound MgATP complex and for orienting the substrate
for nucleophilic attack by an activated water molecule (55,56).
Sequence analysis of the T4 large terminase shows that a
Walker B motif, MIYID251±255, is located 89 amino acid
residues downstream of the Walker A lysine. The critical
elements of this Walker B motif not only appear to be
strictly conserved in the four T4 family terminases, but also in
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HSV-1 UL15 and other terminases as well (Fig. 4). Recent
mutagenesis and biochemical studies of this aspartate in gp17
(D255) have provided strong evidence in support of the
assignment of this residue to the Walker B motif
(M.S.Mitchell and V.B.Rao, unpublished data).

Catalytic carboxylate. Biochemical, structural and sequence
alignment studies of many ATPases show that a `catalytic
carboxylate' residue, a glutamate (or aspartate), is required to
activate a water molecule for an in-line attack on the ATP g-
phosphate (56±58). Although originally proposed to be
located between the Walker A and B motifs (about 24 6 2
residues downstream of the Walker A lysine), it was shown
that in some ATPases the glutamate immediately following
the Walker B aspartate is spatially and functionally equivalent
to the catalytic carboxylate (57).

In the T4 family terminases, three of the four glutamate
residues located between the Walker A and B motifs are

strictly conserved (E198, E208 and E220). However, we assign
the role of catalytic carboxylate to the glutamate residue E256

that is immediately adjacent to the Walker B motif (Fig. 3),
because this glutamate is also strictly conserved in l gpA,
HSV-1 UL15 and numerous other terminases (Fig. 4). Recent
molecular genetic analysis with the T4 gp17 provides strong
evidence for this hypothesis (K.R.Goetzinger and V.B.Rao, in
preparation). We suggest that this carboxylate in terminases is
spatially equivalent to the catalytic carboxylate of RecA,
F1-ATPase and other ATPase motors. This feature makes
the terminase ATPase domain further resemble the catalytic
center of the SF2 DEXD/H box helicases, in which
the conserved glutamate residue following the Walker B
aspartate has been well established as the catalytic carboxylate
(Fig. 1; 58).

Catalytic arginine(s). As discussed above, an attractive
hypothesis is the linkage of an appropriately oriented arginine

Figure 3. Alignment of T4 family large terminase subunits. The terminase large subunits were aligned by BLAST. Putative functional motifs are highlighted
as shown. Large terminase subunit polypeptide sequences are available from GenBank: T4 (accession no. P17312); RB49 (accession no. AAF23757); KVP40
(accession no. BAB41133); KVP20 (accession no. BAB96804).
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®nger to the DNA translocating state of the packaging
machine, thereby stimulating ATP hydrolysis and triggering
DNA movement. The conserved arginines of gp16 (trans) and
gp17 (cis) are being considered as candidates for arginine
®ngers, although recent analysis warrants a focus on those
located either within the Walker A motif or about 100 residues
downstream of the Walker B aspartate (49). Therefore,
mutational and biochemical studies are currently underway
on the strictly conserved R162, R245, R321 and R406 residues of
gp17. Of particular interest is R162, which is conserved in
numerous terminase sequences (Fig. 4; 14); substitutions are
not tolerated at this residue, potentially making it analogous to
the P-loop arginine ®nger of yeast thymidylate kinase (59).

ATP-binding site II
A second Walker A P-loop has previously been proposed in
T4 gp17 (TAAVEGKS299±306) and a number of terminases,
with its apparent Walker B motif close to the C-terminus in
gp17 (GVSVAKSLYMD468±478) (17,60). Unlike the striking
conservation of Walker AI, the multiple sequence alignments
(Fig. 3) show that the sequence conservation in Walker AII and
its surrounding region is quite poor. Moreover, (i) substitution
of the critical lysine (K305 in T4 gp17) with isoleucine in
KVP40 and valine in KVP20, (ii) the predicted a-helical
nature of this sequence with a bulky tryptophan preceding the
proposed P-loop and (iii) the recent mutagenesis data (14) rule
out this site as a critical functional site.

Terminase cutting site
A potential metal-binding motif was identi®ed in the C-
terminal half of gp17 and other terminases (17,25), with
suggested roles in DNA binding and endonucleolytic activity.
Site-directed mutagenesis of H436 showed that none of the 12
substitutions made were tolerated, suggesting that this is a
critical residue (25). In addition, certain aspartate residues in

this region (e.g. D401 and D409) are strictly conserved among
the T4 family terminases as well as the 933W terminase
(Fig. 3). Recent mutagenesis studies provide evidence that
these residues are critical for terminase cutting (F.J.Rentas and
V.B.Rao, in preparation).

Prohead-binding site
The terminase±DNA complex, following DNA cleavage and
generation of one of the termini, docks onto the unique portal
vertex of the prohead, thus linking the `primed' DNA substrate
to the empty prohead container. The C-terminal end of the
large terminase subunit has been implicated in portal binding
in phages T3 and l (61,62). The portal±terminase interactions
appear to be mediated by the negatively charged and
hydrophobic residues at the C-terminus. In T4 gp17, the
analogous negatively charged sequence ELQDMSDD-
YAP578±588 at the C-terminus is considered a good candidate
for the portal-binding site. However, recent data indicate that
this sequence is not critical for function, since a recombinant
gp17 that is truncated at K577 is fully functional for in vitro
DNA packaging (V.B.Rao, unpublished data). Genetic data,
however, suggest that the other negatively charged clusters,
LYNDEDIFDD322±331 and IDYADKDD560±567, are likely
candidates for the portal-binding site. Second site suppressors
of g20 mutants [17tsR1 (I364F) and 17tsL51 (S583N); 63]
map close to these sites, which are well preserved among the
T4 family terminases (Fig. 3). It is likely that additional
residues in the ¯anking sequence are also involved in the
interactions, which may provide speci®city for docking the
terminase with the corresponding portal protein.

Secondary structure analysis of the ATPase domain

Considering the evidence that ATPase motors (e.g. helicases,
F1-ATPases and ABC transporters) share a RecA-like
topology among their ATPase domains, even though they

Figure 4. Alignment of the ATPase domain of viral large terminase subunits. The putative functional motifs are highlighted as shown. The alignment was
developed by PSI_BLAST searches using T4 gp17, limiting the Entrez query to the virus taxonomy. The f29, T3 and l terminases were inserted manually.
BLAST determined alignments ®t nicely with respect to the Walker A and B motifs, while, on a few occasions, the adenine-binding motif and motif III
required manual adjustment when there was a signi®cant deviation in the distance between the motifs. Information obtained from multiple alignment of
terminase family sequences and data from secondary structure predictions guided the manual adjustments. Accession nos: T4, P17312; HK97, NP_037698;
PBC5, NP_542306; Mu, Q9T1W6; f-C31, NP_047924; TM4, NP_569740; HF2, NP_542602; HP2, NP_536821; f-PVL, NP_058441; R1t, AAB18704; K139,
NP_536648; P2, NP_046758; A2, CAB63682; f-adh, NP_050148; fE125, NP_536358; P27, NP_543088; fKZ, AAL82926; Sk1, NP_044948; l, P03708; T3,
P10310; f-29, WMBP26; P22, NP_059627; HSV-1, P04295; HCMV, P16732; CCV, NP_041153.
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lack overall sequence similarity (64,65), we generated a
preliminary secondary structure model for the ATPase domain
of T4 gp17 (residues 131±301 in gp17) based on the limited
sequence similarity between the T4 family large terminase
proteins and the DEAD box helicases (Fig. 1). Since it is likely
that the ATPase domains of various terminases are architec-
turally conserved, the secondary structure predictions for
HSV-1 UL15, f29 gp16, fC31 gp33, P2 gpP and l gpA were
generated in parallel, using their homologous sequences to
generate multiple sequence alignments, which were then used
as input to generate secondary structure predictions for each
terminase family (Fig. 5; multiple sequence alignment data of
various terminase families are not shown). The data predict a
RecA-like ATPase domain consisting of six b-strands for gp17
and other terminases. As in helicases, the core b-strands S1
(preceding the Walker A motif), S2, S3 (in the Walker B
motif) and S4 (preceding motif III, see below) that form the
nucleotide-binding pocket appear to be strongly conserved
among the terminase families (Fig. 5).

Discovery of an ATPase coupling `helicase motif III' in
terminases

It is known that in SF2 helicases, the loop following the
b-strand S4 contains the helicase motif III (S/TAT) and is
usually located about 30 residues downstream of the Walker B
aspartate (S3) (see Fig. 1). Recent structural data suggest that
the threonine residue(s) of motif III makes direct contact with
the nucleic acid phosphate backbone, while the last arginine of
the helicase motif VI (Q/HxxGRxxR) serves as a g-phosphate
sensor that is involved in triggering conformational changes in
response to ATP hydrolysis (37). Together, these apparently
constitute the ATPase coupling switch that is part of the
energy transduction mechanism.

At the C-terminal end of the putative terminase b-strand S4,
we have discovered the presence of a well-conserved motif III
consensus sequence (Fig. 5). It is most apparent in the T4
terminases, which have a conserved TT(S/T) sequence located
29 residues downstream of the Walker B motif. In HSV-1
UL15 terminase, the corresponding sequence is VSS383±385,
which is located 28 residues from the Walker B motif. Similar
sequences appear 27±29 residues downstream of the
putative Walker B aspartate in the large terminase of
fC31 (IST206±208), P2 (FST282±284), f29 (LSN156±158), l
(GST212±214) and numerous other terminases (Figs 4 and 5).

The presence of a conserved motif III threonine(s) in
terminases implies a functional role. Although the terminases
do not appear to have the helicase motif VI equivalent, it is
possible that these residues may be connected to a spatially
equivalent g-phosphate sensor(s), such as the arginine ®nger
residues discussed earlier.

Experimental evidence

A combinatorial mutagenesis approach was applied to test the
importance of motif III residues (Fig. 5). This represents a
rigorous test, because, unlike the Walker A and Walker B
motifs, which were predicted based on straightforward
sequence analysis, motif III was revealed following our
discovery of a sequence relationship between the helicases and
terminases, and the extensive multiple sequence alignments
and secondary structure analyses of the various terminase
families. Furthermore, its well-characterized role in helicases

in the coupling of DNA binding, translocation and ATP
hydrolysis makes it an important target for evaluating its
functional signi®cance in the terminase ATPase center.

We ®rst constructed an amber mutant phage at the T287

residue (T4.17T287am), which is viable in the genetic
background of the serine suppressor E.coli-Ser (no E.coli-
Thr suppressor is available); clearly, the conservative serine
substitution at T287 did not affect function. Three independent
T4.17T287am plaques were selected and the mutant sequence
was con®rmed by DNA sequencing. The mutant phages were
then tested for their ability to form plaques on a battery of 12
E.coli suppressors (G, A, L, K, C, E, Q, R, P, H, F and Y), each
substituting the corresponding amino acid at the T287 codon
(24). No plaque formation was evident on any of the
suppressor strains, suggesting that none of the 12 substitutions,
including the small side chain-containing alanine, cysteine or
glycine, were tolerated at the T287 position (Fig. 6).

Single amino acid libraries were constructed at the T285 and
T286 residues of motif III and random mutants were tested for
null or functional phenotypes by marker rescue using the
T4.17T287am mutant constructed as described above. In order
to identify all the substitutions that can give rise to a functional
phenotype, more than 20 mutants that showed positive marker
rescue were selected from each library and sequenced. The
data, as shown in Figure 6, clearly showed that substitutions at
both positions are highly restricted, more so at the T285

residue. Only a glycine substitution was tolerated at residue
T285, which, in fact, showed a small plaque phenotype. At
T286, only glycine, alanine, cysteine and proline substitutions
were tolerated. Not surprisingly, serine substitution at either of
the positions preserved gp17 function.

These data provide strong evidence to suggest that
terminase motif III is a critical functional motif. Sub-
stitutions are either not tolerated (T287) or highly restricted
(T285 and T286) at the threonine residues that constitute this
motif. These data are also consistent with the sequence
alignment in Figure 4, which shows a virtual conservation of
the third threonine in numerous terminases. It would be
interesting to see whether the motif III mutants exhibit a
biochemical phenotype showing an uncoupling of the ATPase
activity from DNA packaging. These, and mutagenesis
experiments to construct two amino acid libraries at the
threonine residues, are currently underway.

DISCUSSION

Terminases are multifunctional molecular machines that
apparently drive the ATP-powered DNA packaging in
dsDNA viruses. Among the multiple functions they carry
out, the terminases recognize the viral DNA substrate, cut and
attach it to the empty prohead through interactions with the
portal ring, translocate one headful of DNA and make a
second cut to terminate DNA packaging (2±5). These
functions are carefully orchestrated to generate a highly
ordered, metabolically inactive DNA condensate. While
strong genetic and biochemical evidence exists for most of
these functions, the role of terminase in the energetics of DNA
translocation is poorly understood and the evidence for a
causal role is meagre.

Using a sequence alignment approach, we identi®ed a
number of motifs in the T4 terminase proteins, which are
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assigned to speci®c terminase functions. Perhaps the most
important of these is the de®nition of an ATPase catalytic
center in the N-terminal half of the large terminase subunit
gp17. Critical motifs for ATP binding (the adenine-binding,
Walker A and Walker B motifs), ATP hydrolysis (the catalytic
carboxylate) and ATPase coupling (motif III) are predicted.
Equally important, this center is identi®ed in the N-terminal
half of all the large terminase proteins we have analyzed. The

functional signatures and the structural framework are
remarkably well conserved among the terminases, despite
the lack of signi®cant overall similarity among the peptide
sequences. Interestingly, the T4 ATPase domain showed a
much closer resemblance to its counterpart from the
herpesviruses than to the ATPase domain of other phages
(18). This is surprising, but consistent with some common-
alities found in the head assembly pathways of T4 and

Figure 5. Secondary structure prediction for the ATPase domain of viral terminases. The putative ATPase domains of the represented terminase families were
computed based on the input of multiple sequence alignments generated by using homologous terminase sequences available in the GenBank database (see
Materials and Methods). H, a-helix; E, b-strand; dashes indicate no predicted structure. S1±S4, are the conserved b-strands (see Results). The Walker A motif
(red), Walker B motif (purple) and motif III (green) are underlined and highlighted. The following viral terminase sequences were used (accession nos in par-
entheses). Herpes virus family: HSV-1 (P04295); EHV-1 (P28969); CHV-7 (NP_077457); VZV (P09294); GHV-2 (AAG14207); HCMV (P16732); THV
(AAK00707); HSV-6B (NP_050241); HSV-6U (P24443); HSV-7J (P52462); AHV (NP-065527); EBV (P03219); SHV (Q01020); MHV-4 (AAF19294).
T4 family: T4 (P17312); RB49 (AAF23757); KVP40 (BAB41133); KVP20 (BAB96804). f29 family: f29 (WMBP26); PZA (AAA88493); B103 (Q37897);
GA-1 (CAC21537); Cp-1 (CAA87742); mycoplasma P1 (NP_064638). fC31 family: fC31 (CAA07103); HK97 (NP_037698); HK022 (AAF30354); A2
(CAB63682); fSLT (BAB21732); D3 (AAD38954); bIL286 (AAK08328); pi3 prophage (AAK05497); BK5-T (AAK56802); S®21 (AAD41029); fPVL
(NP_058441); fPV83 prophage (BAA97845); fadh (NP_050148); S®19 (AAD44056); pi1 prophage (AAK04567); bIL309 (AAK08387); 7201 (AAF43515);
bIL285 (AAK08266); sk1 (NP_044948); P008 (AAC63033); f41 (AAB41467); BFK20 (CAB93906); bIL170 (AAC27181). P2 family: P2 (NP_542602); 186
(AAC34148); fCTX (BAA36228); HP1 (AAB09201); HP2 (AAK37798). l family: l (P03708); N15 (AAC19038); 21 (AAA32340); WO (BAA89621).
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herpesviruses; for example, proteolytic cleavage of the
scaffolding core components preceding DNA packaging (66).

A very interesting similarity is discovered between the
ATPase domains of terminases and SF2 DEXD/H box
helicases (19). Two important signatures of the helicases,
the adjacent aspartate and catalytic glutamate residues in the
Walker B motif (DE in the DEXD/H box helicases) and the
threonine(s) of motif III, are strictly conserved in the
terminases. In view of the established DNA/RNA unwinding
and translocating functions associated with the helicases, the
question of whether the viral terminases have descended from
the more `ancient' helicases by acquiring a novel dsDNA
translocating ATPase function is an interesting one and is
being explored.

Extensive testing of our predictions by a combinatorial
mutagenesis paradigm showed that the proposed ATPase
center in T4 gp17 is not only a legitimate catalytic center but
is, indeed, critical for DNA packaging. No amino acid
substitutions, including conservative substitutions such as
G165A, K166R and T167A, are tolerated at the highly conserved
GKT sequence in the Walker A motif (14). Biochemical data
further showed that the gp17-associated ATPase and the
in vitro DNA packaging activities are lost in the mutants,
while their DNA cutting function remained undisturbed (14).
A similar biochemical phenotype was revealed in the mutants
of the predicted Walker B motif and the catalytic carboxylate
residues (M.S.Mitchell, K.R.Goetzinger and V.B.Rao, in
preparation). Compelling evidence has also been obtained
recently using Walker A motif mutants of the l, T3 and HSV-
1 large terminase proteins (15,16,67).

Combinatorial mutagenesis of the putative ATPase coup-
ling motif further substantiated the predicted ATPase center in
terminases. X-ray structure and biochemical analyses suggest
that the threonine(s) of DEXD/H box helicase motif III is one
of a network of residues that couple DNA binding to ATP

hydrolysis (37,68). In one model, the threonine interaction
with the nucleic acid backbone positions a g-phosphate sensor,
such as a glutamine and/or an arginine side chain (motif VI in
DEXD/H helicases), to interact with the bound ATP, trigger-
ing ATP hydrolysis (68). This motif may also interface with
the bound ATP via interactions with the Walker B DEXD/H
signature residues, as was proposed for the putative DEXD
helicase from Methanocaldococcus jannaschii (37). The motif
III we have discovered in the T4 terminase family (TT/ST) is
well conserved in all the viral terminase families we have
analyzed. The last threonine is especially invariant in virtually
all of the terminases. Although we have not been able to
identify the spatial equivalent of the g-phosphate sensor(s) in
terminases, the presence of the highly conserved motif III
suggested an analogous ATPase coupling function for this
motif. Consistent with this prediction, mutational analyses
clearly showed that the strictly conserved third threonine is a
critical residue, since no substitutions, including alanine,
glycine or cysteine substitution, were tolerated at this
residue; only the highly conservative serine substitution was
acceptable for function.

The residues that contact DNA during the active trans-
location process are unknown for any terminase. These
interactions, unlike the intitial terminase±DNA interactions
involved in substrate recognition, should necessarily be weak,
sequence non-speci®c and transient. In addition, these inter-
actions must be regulated in conjunction with their com-
munication with the `force-generating' ATPase catalytic site.
In the context of what is known about the helicase motif III
residues, which have well-established roles in DNA binding,
and interfacing and coupling to the ATPase motif (69), it is
tempting to speculate that this motif may directly participate
in the dynamics of DNA movement. This issue has not been
formally considered in any packaging models and biochemical
analyses of the conservative motif III mutants (e.g. T287A),
which are currently underway, should shed light on this
critical piece of the DNA packaging mechanism.

Current packaging models propose that DNA packaging
is driven by an ATP-powered DNA translocating pump
assembled at the unique portal vertex of the prohead. This
pump is presumed to consist of the dodecameric portal ring, at
least a portion of the capsid protein subunits (that are in
contact with the portal) and the two non-structural terminase
proteins. An explicit model proposed by Simpson et al. (70)
suggests that the DNA is translocated translationally through
the portal channel by rotation of the portal ring, which is
energetically coupled to an ATPase motor. Although the
ATPase motor has not been identi®ed in any viral system,
biophysical measurements suggest that this is one of the
strongest motors measured to date (12). The evidence
presented here for a conserved common ATPase catalytic
center in the N-terminal half of the large terminase proteins is
signi®cant in this regard. Considering the fact that the key
features of the packaging mechanism appear to be conserved
among the dsDNA viruses (e.g. the conserved dodecameric
portal ring structure with no signi®cant amino acid hom-
ology), we believe that the evidence points to this being the
elusive translocating ATPase. The biochemical evidence
supports this assertion because `subtle' changes in the
predicted catalytic residues resulted in a loss of ATPase
and DNA packaging activities (14). However, more direct

Figure 6. Phenotypes of amino acid substitutions in gp17 motif III. Amino
acid substitutions below the native sequence (black) resulted in a null
phenotype (red) and the ones above resulted in a functional phenotype
(green). Some of the null phenotypes shown were inferred from the marker
rescue data. Each substitution shown corresponds to a single amino acid
substitution (see Materials and Methods).
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evidence is needed in order to assign a causal role, because it is
possible that this ATPase may be required for a critical
packaging function other than DNA translocation; for
example, assembly of the packaging pump by linking the
terminase±DNA complex to the portal protein. In this
scenario, DNA translocation may be catalyzed by a second
`cryptic' ATPase, which is activated upon assembly of the
complete packaging machine. However far fetched, this
possibility cannot be ruled out by the available evidence.
We are currently analyzing the biochemical parameters of
speci®c mutants, including their ability to assemble on the
prohead, in order to test whether a direct linkage exists
between this site and DNA translocation.

In conclusion, this study has, for the ®rst time, de®ned an
ATPase catalytic center in the large terminase proteins of
dsDNA phages and herpesviruses. It has established a
common structural framework with predicted catalytic signa-
tures, which should allow testing of speci®c hypotheses of the
DNA translocating ATPase question in a number of viral
packaging systems. In the phage T4 system at least, as shown
here and elsewhere, the validity of the key predicted motifs
have been quite rigorously tested using a combinatorial
mutagenesis paradigm, which has paved the way to analyzing
more de®ned questions about the causal relationship between
this center and DNA translocation. Finally, the discovered
`helicase connection' may generate new insights into the
mechanisms of viral dsDNA packaging and help elucidate the
modalities of DNA/RNA translocation mechanisms.
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