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Terminase enzymes are viral motors that package DNA into
a preformed capsid and are of interest both therapeutically and as
potential nano-machines. The enzymes excise a single genome from
a concatemeric precursor (genome maturation) and then package
the duplex to near-crystalline density (genome packaging). The
functional motors are oligomers of protomeric subunits and are the
most powerful motors currently known. Here, we present mecha-
nistic studies on the terminase motor from bacteriophage λ. We
identify a mutant (K76R) that is specifically deficient in packaging
activity. Biochemical analysis of this enzyme provides insight into
the linkage between ATP hydrolysis and motor translocation. We
further use this mutant to assemble chimeric motors with WT en-
zyme and characterize the catalytic activity of the complexes. The
data demonstrate that strong coordination between the motor pro-
tomers is required forDNApackagingandthat incorporationof even
a single mutant protomer poisons motor activity. Significant coordi-
nation is similarly observed in the genome maturation reaction;
however, although the motor is composed of a symmetric tetramer
of protomers, the maturation complex is better described as a
“dimer-of-dimers”with half-site reactivity. We describe a model for
how the motor alternates between a stable genome maturation
complex and a dynamic genome packaging complex. The funda-
mental features of coordinated ATP hydrolysis, DNA movement,
and tight association between the motor and the duplex during
translocation are recapitulated in all of the viral motors. This work
is thus of relevance to all terminase enzymes, both prokaryotic
and eukaryotic.
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The assembly pathway of double-stranded DNA (dsDNA) viru-
ses is conserved from bacteriophage to eukaryotic viruses of

therapeutic interest, including the adenovirus and herpesvirus
groups (1, 2). A key step is the translocation of genomic DNA into
a capsid shell by a packagingmotor, fueled byATPhydrolysis (3–6).
These motors are among the most powerful discovered to date;
they package DNA to near-crystalline density and can generate up
to 50 atmospheres of internal capsid pressure (7, 8). A mecha-
nistic characterization of viral DNA packaging is of interest not
only in a therapeutic sense, but also toward a fundamental un-
derstanding of complex biological motors and in the development
of powerful nanomachines.
Terminase enzymes catalyze viral genome packaging. All char-

acterized terminases are composed of large (TerL) and small (TerS)
subunits in hetero-oligomeric complexes, although the subunit
stoichiometry in the functional motors remains ill defined in most
cases (3, 6). Most of the enzymes also possess a DNA “maturation”
activity that excises a single genome from a concatemeric precursor
in preparation for packaging (3, 6). Bacteriophage λ terminase is
prototypical of these viral enzymes and has been extensively char-
acterized. The enzyme may be isolated as a pure and homogenous
species and a variety of physical and kinetic assays have been
established to interrogate thematuration and packaging activities of
the motor. Here we use the λ system to elucidate the mechanistic
features of DNA packaging by these viral motors.

λ terminase is composed of a large (gpA; TerL) and a small
subunit (gpNu1; TerS) in a well-defined TerL1:TerS2 heterotrimer
complex (6, 9, 10). Biochemical studies indicate that this hetero-
trimer likely represents the native state of the enzyme in vivo, and
we refer to it as the terminase protomer (11, 12). Although the
protomer possesses little to no catalytic activity, it self-assembles
into a tetrameric ring [(TerL1:TerS2)4] that possesses full matu-
ration and packaging activities (11, 12). The λ genome maturation
and packaging pathway has been reviewed (5, 9, 13) and is sum-
marized in Fig. 1.

(i) Maturation complex assembly: The protomer site specifically
assembles at the cohesive-end-site (cos); this ∼200-bp se-
quence represents the junction between two genomes in
the immature DNA concatemer. Escherichia coli integration
host factor (IHF) is necessary for optimal virus yield in vivo,
and we demonstrated cooperative assembly of terminase
and IHF at the cos site in vitro (14).

(ii) Genome end maturation: Terminase introduces symmetric
nicks into the cosN subsite (cos-cleavage) to afford a nicked,
annealed intermediate. The enzyme then separates the
strands to afford the mature 12 base single-stranded “sticky”
end of the genome tightly bound by the terminase complex.
Both intermediates are extremely stable and collectively rep-
resent “complex I” isolated from infected cells in vivo (12).

(iii) Transition to the packaging motor: Terminase next binds to
the portal, a ring-like structure that resides at a unique ver-
tex of a procapsid shell. Minimally, the portal serves as
a conduit through which DNA is translocated into the shell
during packaging and out of the shell during infection. Bind-
ing to the portal triggers the transition of terminase from
a stable maturation complex to a mobile packaging motor
complex; however, the role that the portal proteins play in
mechano-chemical translocation of DNA remains uncertain.

(iv) Genome packaging. Procapsid binding activates the packag-
ing ATPase activity of terminase, release of the motor from
cos, and translocation of DNA into the shell. A series of
events follows that ultimately afford an infectious virus par-
ticle containing a “matured” unit-length genome tightly
packaged into the capsid shell. The ejected terminase•DNA
complex binds a second procapsid to initiate another round
of packaging and the process is repeated with three to four
genomes packaged per terminase binding event.

Terminase enzymes function as genome maturation and packag-
ing motors that alternate between a stable, site specifically–bound
maturation complex and a dynamic, powerful DNA packaging
motor. Single-molecule (7) and ensemble biochemical studies (15)
indicate that λ terminase packages DNA at a rate of ∼600 bp/s, is
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highly processive, and can generate the significant force required to
package the entire genome. Although these studies have provided
significant mechanistic insight, little is known about the ensemble
biochemical features of mechano-chemical coupling and force gen-
eration by these viral motors in solution. The physio-kinetic features
of packaging imply significant and tight coordination between the
protomers assembled into the motor complex, but there are scant
biochemical data to directly support this presumption.
Here we characterize the genome maturation and DNA

packaging reactions of λ terminase using chimeric motor complexes
assembled from WT and packaging-deficient protomers. We dem-
onstrate that there is exceptionally strong coordination between the
protomers during translocation of DNA by the motor complex in
solution. These ensemble biochemical studies further provide insight
into the stoichiometry of the maturation and packaging motor
complexes, and we propose a unified model coupling the two reac-
tions in virus assembly. The relevance of these results with respect to
the general features of viral packaging motors is discussed.

Results
The goal of this work is to evaluate the coordination between
protomers assembled into a viral genome packaging motor. Our
approach is to incorporate packaging-deficient protomers into
the complex and to quantify their effect on motor function. This
approach requires a mutant enzyme that is selectively defective
in DNA translocation but is otherwise fully WT. Thus, we first
identify an appropriate mutation in the enzyme.

Purification and Physical Characterization of Terminase K76R. Duffy
and Feiss (16) identified a number of terminase mutations that
disrupt genome packaging in vivo; five classes were observed, in-
cluding those that slow the packaging rate, those that affect pack-
aging processivity, and those that have a severe packaging defect.
To simplify the interpretation of results obtained in the present
study, we focused on mutations that abolish packaging completely,
and three were chosen for further study based on this criteria (SI
Text). All three enzymes showed WT chromatographic behavior
and were purified to homogeneity. Their self-association charac-
teristics were evaluated by sedimentation velocity analytical ultra-
centrifugation (AUC), which identifies terminase gpA-K76Ras the
most WT protomer in this respect (Fig. 2 A and B; Fig. S1). This
mutant was chosen for further study, and we refer to this enzyme as
K76R for simplicity.
An essential requirement for themutant protomer is that it must

assemble with the WT enzyme in a stochastic manner to afford
a chimeric motor of defined composition. AUC analysis confirms
that the K76R protomer is structurally homogenous with a S20,w
identical to that of theWTprotomer and that it self-assembles into
a native-like tetramer of protomers (Fig. 2 A and B). Importantly,
mixtures of WT and mutant protomers similarly assemble into
native-like tetramers, with no evidence for attenuated assembly or
aberrant oligomerization (Fig. 2B). These data, in combination

with the kinetic data presented below, demonstrate that chimeric
motors can be assembled with both WT and K76R mutant pro-
tomers in a defined composition.

Biochemical Characterization of K76R. λ terminase possesses mul-
tiple catalytic activities that are required to first mature and then
package the viral genome into a procapsid. An idealized mutant
enzyme requires specific deletion of packaging activity without
affecting the maturation activities of the enzyme. We first ex-
amined the cos cleavage activity of K76R, which is the first step
in genome maturation (Fig. 1). The data demonstrate that cos
cleavage by K76R is essentially identical to that of the WT en-
zyme (Fig. 2C). Thus, neither protomer assembly at cos nor
catalytic activity has been compromised by the mutation. We
next examined the second step of maturation: separation of the
nicked ends. Unexpectedly, the strand separation activity of
K76R is slightly greater than that of the WT enzyme (Fig. 2C).
This observation is discussed further below.
Maturation of the duplex end is followed by recruitment of a

procapsid and activation of the packaging activities of terminase.
Activation includes up-regulation of the packaging ATPase in
TerL, release of the motor from the cos site, and translocation of
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Fig. 1. Maturation and packaging of a λ genome by the terminase enzyme. Details are provided in the main text.
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Fig. 2. The gpA-K76R mutation specifically abrogates DNA packaging ac-
tivity. Sedimentation distribution profiles for the purified protomers in low
salt buffer (A) and the assembled tetramer species in high salt buffer (B). WT,
K76R, and a 50:50 mix of the two protomers are shown in blue, red, and
violet, respectively. (C) Catalytic activity of the WT (blue) and K76R (red)
terminase protomers. Error bars represent SD (n = 3).
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the duplex into the procapsid shell (Fig. 1). Although the K76R
mutation has little to no effect on ATPase activity, the mutant
enzyme is essentially devoid of detectable DNA packaging activity
(Fig. 2C). In sum, K76R possesses WT assembly properties and
retains near-native maturation and ATPase activities but is pro-
foundly deficient in DNA packaging activity. Thus, K76R is ideally
suited to interrogate coordination between protomers in the DNA
packaging motor.

Model for Ensemble Catalytic Activity of Chimeric Packaging Motors
in Solution. The activity of a chimeric motor will depend on the
total number of protomers in the functional motor (n), the
number of mutant protomers incorporated into the motor (k),
the relative activities of the WT (AWT) and mutant (AMT) pro-
tomers, and the degree of coordination between them; we con-
sider two extremes of coordination in the motor. If the protomers
act completely independently (i.e., zero coordination), then mo-
tor activity can be calculated by simply adding the fractional ac-
tivity of each protomer in the complex

AðkÞ=
�
n− k
n

�
*AWT +

�
k
n

�
*AMT : [1]

For instance, K76R is devoid of packaging activity (AMT = 0; Fig.
2C), and a tetrameric motor (n= 4) with two WT and two mutant
protomers (k = 2) will possess a normalized activity A(2) = 0.5.
In contrast, if one considers “infinite” coordination (100% cou-
pling), then incorporation of even a single K76R protomer com-
pletely poisons motor activity. In this case, only the fully WT
motor, A(0), possesses activity, and all of the chimeric motors
are packaging deficient.
Although the activity of an individual chimeric motor can be

calculated as described above, the activity of an ensemble of
chimeric motors requires consideration of the population distri-
bution of the motors in solution, which can be obtained from
a binomial distribution model:

P
�
k
�
=

n!
k!ðn− kÞ! f

kð1− f Þðn−kÞ; [2]

where P(k) is the probability that a motor contains k mutant
subunits, and f is the probability that a mutant protomer is in-
corporated into the motor. An example of the probability distri-
bution of a n= 4 motor containing k subunits as a function of f is
shown in Fig. S2A.
Finally, the observed activity of an ensemble of chimericmotors in

solution is determined by summing the activities of each individual
chimera multiplied by its probability distribution in solution

A
�
f
�
=

Xn
k= 0

AðkÞ *P�k�; [3]

where A(f) is the observed packaging activity as a function of f,
which varies between 0 and 1; in the limit, A(0) = AWT (fully WT
motor) and A(1) = AMT (fully mutant motor). This analysis
assumes that WT and mutant protomers assemble stochastically;
that is, the mutation neither affects homo- nor hetero-association
interactions. Stochastic assembly appears to be the case for K76R,
as the AUC and packaging data (see below) indicate that bulk
assembly of theWT and the K76R protomers at cos is unperturbed
by the mutation and that the mixtures coassemble in a stochastic
manner. Thus, f equals the fraction of K76R enzyme added to the
reaction mixture.

Nature and Catalytic Activity of Chimeric Packaging Motors. As
shown above, the WT protomer packages DNA efficiently, whereas
the K76R mutant enzyme is devoid of packaging activity (Fig. 2C).

Incremental addition ofK76R to theWTprotomer keeping the total
enzyme concentration constant (increasing f) strongly and signifi-
cantly poisons the packaging activity of the chimeric motors (Fig.
3A). These data were evaluated using the model described above.
We demonstrated that four terminase protomers assemble into

a functional packaging motor complex (11). Moreover, kinetic
interrogation of DNA packaging suggests that the catalytically
competent packaging motor is composed of at least four proto-
mers, each of which hydrolyzes ATP in a cooperative manner (12,
17). Thus, we initially analyzed the packaging data assuming
a tetrameric packaging motor (n = 4). The calculated activity of
individual chimeric motors assuming zero coordination between
the protomers is presented in Fig. S2B. These values were used in
Eq. 3 to predict the ensemble activity of chimeric motors in so-
lution, which is shown as a blue line in Fig. 3A; clearly, this model
does not describe the data [sum of squared error (SSE) = 0.92]. In
contrast, the predicted ensemble activity of chimeric motors with
100% coupling describes the data exceptionally well (SSE = 4.55 ×
10−3; Fig. 3A, red line). We also considered relaxed coordination
between the protomers, but relaxing coupling by as little as 10%
results in a decrease in the quality of thefit and relaxing coupling by
20% poorly describes the data (4- and 11-fold increase in SSE,
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Fig. 3. The DNA packaging motor shows strong coordination between the
protomers. (A) Relative packaging activity as a function of f is indicated in
black squares. Error bars represent SD (n = 3). The predicted ensemble ac-
tivity of the motors in solution was calculated from Eq. 3 incorporating zero
(blue line; SSE = 0.91), 100% (red line; SSE = 4.55 × 10−3), 90% (red dashed
line; SSE = 1.98 x10−2), and 80% (red dotted line; SSE = 5.10 × 10−2) co-
ordination in the individual motors (Fig. S2B). (B) The experimental data
from A is redisplayed, and the predicted ensemble activity of motors con-
taining three (purple; SSE = 5.65 × 10−2), four (red; SSE = 4.55 × 10−3), five
(blue; SSE = 6.49 × 10−3), and six (green; SSE = 3.03 × 10−2) protomers was
calculated from Eq. 3 assuming 100% coordination.
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respectively; Fig. 3A; Fig. S2B). Finally, we consideredmodels that
incorporate strong coordination between the protomers (100%)
but different motor stoichiometries (n = 3–6); the experimental
data are best described by a model that incorporates four or five
protomers in a tightly coupled symmetric motor complex (Fig. 3B).
Importantly, these results confirm that the WT and mutant pro-
tomers coassemble in a stochastic manner. If this was not the case,
WT and mutant motors would act independently, and the kinetic
data would resemble the zero coordination model (Fig. 3, blue
line), which is clearly not the case.

Nature and Catalytic Activity of the DNA Maturation Complex. K76R
exhibits increased strand separation activity relative to the WT
enzyme (Fig. 2C), and this feature allows an interrogation of
DNA maturation by chimeric complexes. The observed strand
separation activity of WT terminase, K76R, and chimeric mat-
uration complexes assembled from mixtures of the two is dis-
played in Fig. 4. The activity of the complex is strongly influenced
by the fraction of mutant protomer added to the reaction mix-
ture, and we evaluated the data assuming a symmetric matura-
tion complex composed of four protomers, as described above
for the motor complex. This model clearly fails to recapitulate
the experimental data in both the zero and 100% coordination
limits (Fig. 4, blue and red lines, respectively). Models that in-
corporate relaxed coordination and/or alternate motor stoi-
chiometries afford a better fit, but systematically deviate from
the experimental data (Fig. 4). We therefore considered alter-
nate models for the genome maturation complex.
Early studies suggested that a terminase dimer assembles at the

symmetric cosN sequence to mature the genome end (9, 13) in
analogy to the classical type II restriction enzymes (see Fig. S4A)
(18). This model was evaluated as described in SI Text and affords
an exceptional fit to the experimental data when strong co-
ordination (100%) between the protomers is incorporated (SSE =
5.71 × 10−4; Fig. 4, black dotted line). Although this simple model
is adequate, we recently proposed that the maturation complex is
actually composed of a ring tetramer assembled from a “dimer of

dimers” (12, 19). Thismodel is analogous to the type IIF restriction
endonucleases where two symmetrically disposed subunits within
a tetrameric ring are required to nick the DNA; the other two
subunits are required for optimal binding activity but are catalyti-
cally silent (half-site reactivity; Fig. S5A) (18, 20). In this case, the
predicted activity of a chimericmachine ismore complex; although
a mutant protomer may be incorporated into any of the four
positions, only those incorporated into the active dimer will di-
rectly affect the reaction. The calculated activity of individual chi-
meric dimer of dimer complexes is shown in Fig. S5B, and these
values were used in Eq. 3 to predict the ensemble activity of chimeric
maturation complexes in solution. This model similarly describes the
experimental data exceptionally well when 100% coordination is
incorporated into the model (SSE = 5.65 × 10−4; Fig. 4, green line).
This observation is consistent with biochemical studies demonstrat-
ing significant communication between the protomers that nick the
duplex in the cos cleavage reaction (21).

Discussion
The terminase TerL subunits possess all of the catalytic activities
required to mature and package DNA, whereas the TerS subunits
are required for specific recognition of viral DNA (3, 5, 6). Al-
though there is limited sequence similarity among the terminase
enzymes, genetic, biochemical, and sequence alignment studies
have shown that the TerL subunits possess a similar domain or-
ganization, where DNA packaging and maturation activities reside
in N-terminal and C-terminal domains, respectively (5, 9). The
K76R mutation in λ terminase lies within the TerL motor domain
and specifically abrogates packaging activity. The study of this
mutant enzyme provides insight into the nature of the nucleo-
protein complexes involved in first maturation and then packaging
a viral genome.

K76R Mutation Disrupts Mechano-Chemical Coupling. Structural and
phylogenetic analysis suggests that the terminase motor domains are
most closely related to the SF2 family of helicases (5). Consistently,
the λ motor domain contains the conserved signature motifs asso-
ciated with these enzymes, including the adenine binding motif, the
Walker A and B sequences, the catalytic carboxylate, and the
mechano-chemical coupling C-motif (Fig. S6) (5).
The Walker A phosphate binding loop (a.k.a., P-loop) provides

an essential lysine that coordinates the β-γ phosphate and a (T/S)
residue that interacts with the Mg•ATP chelate; both interactions
are required for nucleotide binding and/or hydrolysis (22). Con-
sistently, mutation of K166 in the Walker A sequence of T4
terminase abrogates ATPase activity and the coupled packaging ac-
tivity (23). The putative Walker A sequence of λ (76KSARVGYS83)
diverges from the canonical sequence (GXXXXGK[T/S]), where
the putative essential Lys residue is indicated in boldface type. It
has been proposed that K76 represents a variant P-loop Lys. We
thus anticipated that the K76R mutation would abolish ATP hy-
drolysis and in turn DNA packaging; however, although the K76R
mutation indeed abrogates DNA packaging, it affects ATPase
activity very little. We consider several possible roles for this resi-
due in DNA packaging.
First, the mutation could affect terminase assembly into a mo-

tor complex. We do not favor this possibility based on the native
self-association and cos cleavage activities of the enzyme. Second,
it is feasible that the mutation alters terminase binding to the
portal vertex to complete the packaging motor (Fig. 1). Genetic
and biochemical studies indicate that the extreme C terminus of λ
TerL is involved in portal binding (24). This region is quite distant
from the K76 mutation in both primary sequence and tertiary
structure (Fig. S6). Although we cannot rigorously exclude the
possibility that this mutation affects the global architecture of the
motor, the native-like properties of K76R in all other respects
mitigate this possibility. Finally, the K76R mutation could affect
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Fig. 4. The genome maturation complex shows complex coordination. Rel-
ative strand separation activity as a function of f is indicated in black dia-
monds. Error bars represent SD (n = 3). The predicted ensemble activity of
a symmetric tetrameric complex in solution was calculated from Eq. 3 assuming
zero (blue line; SSE = 2.84 × 10−2), 50% (purple line; SSE = 2.99 × 10−3), or
100% (red line; SSE = 2.51 × 10−2) coordination in the individual motors (Fig.
S3). The predicted ensemble activities of a simple dimer model (black dots;
SSE = 5.71 × 10−4) and a dimer of dimers model (green line; SSE = 5.65 × 10−4)
are shown assuming 100% coordination (Figs. S4 and S5B).
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mechano-chemical coupling between ATP hydrolysis and motor
movement; the data favor the latter explanation.
We constructed a structural model for λ TerL (Fig. S6) that

shows that K76 is proximate to the putative C-motif (a.k.a.,
helicase motif III; 212GST214) that is conserved in terminase
enzymes. C-motif residues, which were first identified in the SF2
superfamily of helicase enzymes, form a network of hydrogen
bonds that connect the γ-phosphate of ATP to DNA and play an
intimate role in coupling ATP hydrolysis to motor movement (5).
It appears that, although the conservative K→R mutation is in-
sufficient to affect nucleotide hydrolysis, it uncouples these
chemical events from interaction with the C-motif and the asso-
ciated mechanical movement. Current studies in our laboratory
seek to define the mechanistic features of this critical coupling in
the λ packaging motor.

Strong Coordination Between Protomers in the λ Packaging Motor.
Translocating motors couple ATP hydrolysis to motor movement
(25–27). The motors act as oligomeric complexes, and varying
degrees of coordination between the protomers have been
reported. For instance, the ClpB protease that translocates and
degrades polypeptide substrates is composed of six subunits that
exhibit little coordination during movement (28). In contrast,
tight protomer coupling has been reported in the dynein and
hexameric helicase motors (26, 29). Structural models of the T4
TerL subunit bound to the procapsid suggest that there is mini-
mal contact between the protomers, and it was suggested that
they might work independently of each other during translocation
(30). In contrast, single molecule studies suggest that the proto-
mers are tightly coordinated and in constant contact with the
DNA in the T4 and ϕ29 packaging motor systems (31, 32).
The λmotor is highly processive and packages the entire 48.5-kb

genome with minimal slips or stalls (7, 15). In addition, the motor
generates extremely high forces as required to package dsDNA to
near crystalline density (7). These features suggest that the motor
protomers must be in contact with each other and with the DNA
at all times. Indeed, we previously demonstrated that λ terminase
maintains a tight grip on the duplex to prevent leakage of the
highly pressurized DNA even at the end of the packaging reaction
(33). The biochemical data presented here further demonstrate
that strong coordination and communication between the proto-
mers is essential to the packaging reaction.

Genome Maturation Complex. The first step in DNA packaging is
assembly of terminase protomers at cos to engender a genome
maturation complex. Early models presumed this was a dimeric
complex that introduced symmetric nicks into the cosN sequence
(9). In contrast, we recently proposed that thematuration complex
is actually comprised of a dimer of dimers with half-site activity
(12). The kinetic interrogation of chimeric maturation complexes
described here is consistent with either of these two models;
however, we prefer the latter based on a variety of physical and
biochemical data. First, AUC studies indicate that the protomer is

in slow equilibrium with a ring tetramer, and we have not seen
evidence for a significant population of dimers in solution (10–12).
Second, kinetic studies indicate that the catalytically competent
maturation complex is composed of four to five protomers (12).
Finally, a unified complex involved in both maturation and pack-
aging is mechanistically pleasing. Terminase alternates between
a stationary maturation complex and a dynamic packaging motor
to processively packagemonomeric genomes from the concatemer
(Fig. 1). A singular complex avoids recruitment and ejection of
protomers during each cycle and requires only conformational
adjustments to alternate between the distinct complexes. For
parsimony, we favor a model where a single complex, the ring
tetramer, is responsible for the entirety of the maturation and
packaging processes.

Conclusions
We propose that the catalytically competent λ packaging motor
is a symmetric complex composed of four protomers, each of
which hydrolyzes ATP and translocates DNA in a tightly co-
ordinated manner. This motor stoichiometry differs from the
pentameric motors proposed in the ϕ29 and T4 systems (34, 35);
however, the operative feature of tight coordination in the motor
protomers appears to be common, and it is likely that the fun-
damental features of coordinated ATP hydrolysis, DNA move-
ment, and tight association between the motor and the duplex
during translocation are recapitulated in all of the viral motors.
We further propose that the λ maturation complex is similarly
composed of four protomers that are assembled as a dimer of
dimers with half-site reactivity. This unified model obviates cyclic
recruitment and ejection of protomers from the maturation and
packaging complexes during viral assembly. The essential fea-
tures of coupled genome maturation and packaging are likely
recapitulated in all of the dsDNA viruses that package DNA
from a concatemeric precursor, from phage to herpesviruses. All
of these viruses face similar challenges in particle assembly:
specific recognition of viral DNA, preparation of the genome for
packaging, assembly of a processive and powerful packaging
motor, and cyclic alternation between the complexes to allow for
multiple packaging events from a single DNA encounter.

Materials and Methods
WT and mutant terminase enzymes were expressed and purified as ho-
mogenous TerL1•TerS2 protomers as previously described (12). Sedimenta-
tion velocity analytical ultracentrifugation (AUC) analysis of the purified
preparations was performed as described previously (11, 12). DNA packaging
and maturation reactions were performed and quantified as described
previously (12). The experimental data were evaluated according to discrete
molecular models as described in the text, and the sum of squared error
(SSE) for each model is presented in the figure legends and in SI Text.
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