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Summary
Terminase enzymes are common to double-stranded DNA (dsDNA) viruses and are responsible for
packaging viral DNA into the confines of an empty capsid shell. In bacteriophage lambda the catalytic
terminase subunit is gpA, which is responsible for maturation of the genome end prior to packaging
and subsequent translocation of the matured DNA into the capsid. DNA packaging requires an
ATPase catalytic site situated in the N-terminus of the protein. A second ATPase catalytic site
associated with the DNA maturation activities of the protein has been proposed; however, direct
demonstration of this putative second site is lacking. Here we describe biochemical studies that define
protease-resistant peptides of gpA and expression of these putative domains in E. coli. Biochemical
characterization of gpA-ΔN179, a construct in which the N-terminal 179 residues of gpA have been
deleted, indicates that this protein encompasses the DNA maturation domain of gpA. The construct
is folded, soluble and possesses an ATP-dependent nuclease activity. Moreover, the construct binds
and hydrolyzes ATP despite the fact that the DNA packaging ATPase site in the N-terminus of gpA
has been deleted. Mutation of lysine 497, which alters the conserved lysine in a predicted Walker A
“P-loop” sequence, does not affect ATP binding but severely impairs ATP hydrolysis. Further, this
mutation abrogates the ATP-dependent nuclease activity of the protein. These studies provide direct
evidence for the elusive nucleotide-binding site in gpA that is directly associated with the DNA
maturation activity of the protein. The implications of these results with respect to the two roles of
the terminase holoenzyme – DNA maturation and DNA packaging – are discussed.
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Introduction
Terminase enzymes are common to many dsDNA viruses of both prokaryotic and eukaryotic
origin1; 2; 3; 4. These enzymes are responsible for the ATP-dependent insertion of viral DNA
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into an empty procapsid, a process called DNA packaging. The preferred packaging substrate
is often a linear DNA concatemer composed of multiple genomes linked in a head-to-tail
fashion (immature DNA1)3; 4; 5; 6. The terminase enzymes excise an individual genome
from the concatemer and concomitantly translocate the “matured” DNA into the capsid. All
of the characterized terminase enzymes are hetero-oligomers composed of a large subunit,
which provides the packaging activities of the enzyme, and a small subunit that is responsible
for specific recognition of viral DNA2; 3; 5; 6. In the case of bacteriophage lambda, the
functional terminase holoenzyme is composed of gpA and gpNu1 subunits in a heterotrimeric
gpA1●gpNu12 protomer complex7; 8. The larger gpA subunit (73.3 kDa, 641 amino acids)
possesses all of the catalytic activities required for DNA maturation and packaging6; 9. These
include site specific endonuclease (cos-cleavage) and strand separation (helicase) activities
required to excise an individual genome from the concatemer (DNA maturation activity),
DNA translocase (packaging) activity and ATPase activity9; 10; 11; 12; 13; 14; 15; 16. Genetic
and biochemical studies have suggested that the DNA packaging (translocase) and the DNA
maturation (nuclease/helicase) catalytic activities reside in discrete N-terminal and C-terminal
domains, respectively, of the gpA subunit17; 18; 19; 20; 21. While the packaging ATPase
catalytic site has been clearly identified, direct demonstration of a discrete ATPase activity
associated with DNA maturation has been elusive.

The cohesive end sequence, or cos, is the junction between individual genomes in concatemeric
lambda DNA and is the site where terminase assembles to initiate the packaging process6; 9.
Assembly of the packaging machinery is mediated by the smaller gpNu1 subunit, which
specifically recognizes the three R-elements found within the cosB subsite (Figure 1)9; 22;
23. This presumably positions a dimer of gpA subunits symmetrically disposed at the cosN
half-sites, which introduce site-specific nicks into the duplex twelve bases apart (the cos
cleavage reaction)9; 10; 13; 16. The so-called “helicase” activity of gpA then separates the
nicked, annealed strands ejecting the DR end from the enzyme; duplex unwinding is non-
processive, however, and does not proceed beyond the 12 bases of single-stranded DNA
(“sticky” end) generated by the cos cleavage reaction (see Figure 1)9; 12; 24; 25.
Mechanistically, this may be viewed as a single catalytic turnover helicase reaction that affords
complex I, an incredibly stable nucleoprotein complex composed of terminase tightly bound
to the mature single-stranded left end of lambda DNA (DL “sticky” end, Figure 1)25.

Complex I next binds to the portal, a doughnut-shaped ring situated at a unique vertex of an
empty procapsid; this interaction triggers two critical events. (i) Terminase switches from a
cos-specific single-stranded DNA binding protein to a mobile complex that binds tightly, but
non-specifically to duplex DNA, and (ii) the packaging activity of the enzyme is activated,
which translocates DNA into the capsid14; 19; 26; 27; we presume that the nuclease activity
of the enzyme is simultaneously inactivated to prevent duplex nicking during packaging. The
transition from the site-specifically bound complex I to the mobile packaging motor is referred
to as cos-clearance, in analogy to promoter clearance by RNA polymerase enzymes28. The
activated packaging motor translocates DNA into the capsid until the next cos sequence (the
end of the genome) is encountered. At this point, DNA translocation stops and the maturation
functions are activated such that the terminase gpA subunit again nicks the duplex at cosN and

1Abbreviations used. cos, the junction between individual genomes in concatemeric λ DNA and the site where terminase assembles to
initiate the packaging process; cosN, a subsite within the cos sequence where the terminase gpA subunit introduces symmetric nicks,
twelve bases apart to mature concatemeric λ DNA; gpA-FL, the isolated full-length large terminase subunit; gpA-ΔN179, a gpA construct
in which the N-terminal 179 residues have been deleted; gpA-ΔN179,K497D, the gpA-ΔN179 deletion construct into which the lysine
at position 497 has mutated to aspartic acid; immature DNA, a DNA concatemer consisting of multiple λ genomes covalently linked in
a head-to-tail fashion; mature DNA, an individual λ genome that is excised from the concatemer and that is found within the capsid of
an infectious virus particle; terminase holoenzyme, the functional λ terminase enzyme composed of gpA and gpNu1 subunits in a
gpA1●gpNu12 protomer complex; WA1, the N-terminal Walker A (P-loop) motif associated with the DNA packaging activity of λ
terminase; WA2, the C-terminal Walker A (P-loop) motif associated with the DNA maturation (nuclease/helicase) activity of λ terminase.
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separates the strands releasing the DNA-filled capsid and re-generating complex I. Finishing
proteins and a tail are added to the capsid, which affords an infectious virus; the re-generated
complex I binds to another empty procapsid to initiate a second round of processive
packaging9.

ATP plays multiple roles in the packaging process (see Figure 1); ATP modulates the rate and
fidelity of the cos-cleavage reaction29; 30, ATP hydrolysis drives the strand separation
reaction12; 24 and DNA packaging is fueled by the hydrolysis of ATP12; 26; 27; 31. It is
further likely that ATP and/or ATP hydrolysis regulates terminase assembly at cos to initiate
packaging and subsequently triggers cos-clearance upon procapsid binding (vide infra). It has
long been appreciated that the functional terminase holoenzyme possesses ATPase activity and
sequence analysis suggested the presence of Walker A phosphate-binding loops, or “P-loops”,
in each of the terminase subunits32; 33. This motif is composed of a number of glycine residues
and a conserved lysine that is essential to NTP binding and/or hydrolysis34; 35. The presence
of P-loop consensus sequences centered at Lys35 and Lys497 of the gpNu1 and gpA subunits,
respectively, suggested that both of the terminase subunits might possess ATPase activity; this
was confirmed by mutagenesis and kinetic experiments, which identified a low-affinity
ATPase catalytic site in gpNu1 (Km~ 1.2 mM minus DNA; Km~ 500 μM plus DNA) and a
high-affinity site in gpA (Km~ 5 μM)11; 36. The role of the ATPase catalytic site in gpNu1 is
unclear, but it is likely involved in terminase assembly at the cos-site and regulation of
terminase release from cos to initiate DNA packaging (i.e., cos clearance) (Figure 1)9; 37. It
had been presumed that the high-affinity ATPase site in gpA is primarily involved in fueling
DNA translocation during packaging9; 18. Unexpectedly, however, mutation of the conserved
lysine in the predicted Walker A P-loop of gpA (K497) does not significantly affect ATP
hydrolysis or DNA packaging by terminase holoenzyme17. Rather, the gpA-K497 mutations
result in a defect in DNA maturation steps including cos-cleavage and strand separation by the
holoenzyme17. We note that the effect of these mutations in the isolated gpA subunit has not
been investigated.

The above experiments opened to question the nature of the putative Walker A P-loop motif
at Lys497 (WA2, Figure 2A), which led to biochemical studies designed to physically locate
the ATP binding site in gpA. Photoaffinity labeling experiments clearly showed that gpA is
covalently modified by 8-azido ATP (AzATP), a photo reactive ATP analog, both in context
of the holoenzyme18; 38 and in the isolated protein37. Unexpectedly, however, residues
surrounding Lys497 are not labeled. Rather, Tyr46 and Lys84 in the N-terminus of the protein
are covalently modified18, localizing them proximate to an ATP binding site. Close inspection
of the primary sequence of gpA identified a second, albeit atypical Walker A motif in this
region of the protein (WA1

, Figure 2A)39. Mutational analysis confirmed that alteration of
either Tyr46 or Lys84 significantly attenuated AzATP photolabeling of gpA and abrogated
ATP hydrolysis by the subunit. Moreover, the mutant viruses had severe defects in virion
assembly18. In sum, the data conclusively demonstrate that the biochemically characterized
high-affinity ATPase site resides in the N-terminus of gpA, proximate Tyr46/Lys84. The data
further indicate that this catalytic site is directly linked to the DNA packaging activity of
protein. We therefore refer to this physically and kinetically identified site as the packaging
ATPase site.

In addition to its role in DNA packaging, ATP modulates the nuclease activity of gpA and ATP
hydrolysis is required to drive the strand separation reaction (Figure 1)9; 24. Interestingly,
however, the Tyr46 and Lys84 mutations that abrogate the ATPase and DNA packaging
activities of gpA (vide supra) affect neither the nuclease nor the helicase activities of the mutant
holoenzymes18. Based on the ensemble of genetic, mutagenesis and biochemical data, Feiss
and co-workers proposed that the gpA subunit possesses a second “catalytically silent” ATPase
site, distinct from the packaging-associated ATPase located in the N-terminus of the
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protein17; 21. According to the model, this site resides within the DNA maturation domain of
gpA and is responsible for regulation of the cos-cleavage reaction and for powering the strand
separation activity of the enzyme. Presumably, the second site is centered at Lys497 and is
appropriately defined by the Walker A P-loop motif originally identified by primary sequence
analysis (WA2, Figure 2A). We refer to this hypothetical site as the DNA maturation ATPase
site. Direct evidence for a DNA maturation ATPase site in gpA has remained elusive, however.

Here we describe biochemical experiments that define protease-resistant fragments of gpA and
expression of several of these constructs in E. coli. These studies have defined a DNA
maturation domain of the protein that possesses nuclease activity. Importantly, we show that
the nuclease activity of the construct is dependent on ATP, that the protein binds and hydrolyzes
ATP and that mutation of K497, the conserved lysine in the putative P-loop motif, severely
impairs ATP hydrolysis. These studies provide direct evidence for a second nucleotide-binding
site in gpA that is directly associated with the DNA maturation activity of the protein. The
implications of these results with respect to the mechanism of viral DNA maturation and
packaging are discussed.

Results
Limited Proteolysis of the Lambda Terminase gpA Subunit

Genetic studies have suggested a domain organization for gpA and we used limited proteolysis
techniques to probe for structural domains of the protein. Chymotrypsin, trypsin, proteinase K
and Endo-Glu-C were each used to probe for protease-resistant fragments as described in
Materials and Methods. The four enzymes were chosen to ensure that similar results are
obtained using proteases with different substrate specificities. Indeed, qualitatively similar
results were obtained with all four proteases (not shown) and a representative digestion time
course obtained with Endo Glu-C is shown in Figure 2B. The data show that five prominent
Endo Glu-C resistant peptides appear during the digestion time course, which are labeled A –
E in the figure. Neither ATP nor DNA affects the proteolysis pattern or the digestion time
course with either protease (data not shown). The identities of fragments A – E were determined
by N-terminal sequence analysis, mass spectrometry and the predicted proteolysis pattern of
the gpA subunit (Table S1, Supplementary Information); the deduced sequences of the peptides
are shown in cartoon representation in Figure 2C.

Construction, Expression and Purification of gpA Deletion Constructs
Vectors that over express the five protease-resistant peptide fragments shown in Figure 2C
were constructed as described in Materials and Methods. The deletion constructs were
expressed in E. coli and supernatants from the crude cell lysates were examined for the presence
of soluble protein. Deletion constructs that retained the N-terminus of gpA (i.e., gpA-ΔC85,
gpA-ΔC462) were completely insoluble (Table S1, Supplementary Information). The proteins
could be solubilized in 6 M guanidinium hydrochloride, but again precipitated upon dialysis
of the denaturant from the buffer (data not shown). The gpA-ΔN179, ΔC85 construct, which
lacks 179 and 85 residues from the N-terminus and C-terminus of the protein, respectively
(Figure 2C), is partially soluble but aggregates at elevated protein concentrations (not shown).
The small C-terminal fragment gpA-ΔN556 and the N-terminal deletion construct gpA-ΔN179
were both found in the soluble fraction of the crude cell lysate (Table S1, Supplementary
Information).

In addition to the above proteins we also constructed a vector that expresses the gpA-ΔN179
deletion construct containing a Lys to Asp mutation at position 497 (numbering system for the
full-length protein); this mutation alters the conserved lysine within the putative Walker A P-
loop motif of gpA (WA2, Figure 2A). This protein expresses well in E. coli and is similarly
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found in the soluble fraction of the crude cell lysate (not shown). The gpA-ΔN179 and gpA-
ΔN179,K497D proteins were each purified to greater than 95% purity as determined by SDS-
PAGE and gel filtration chromatography (see Figure S1, Supplementary Information).

Biochemical Characterization of the gpA Deletion Constructs
We next examined the biochemical properties of the purified gpA-ΔN179 and gpA-
ΔN179,K497D deletion constructs. In sum, the data indicate that both proteins are folded,
soluble and predominantly monomeric in the concentration range of 1 μM to 15 μM (see
Supplementary Information). This is in contrast to the isolated full-length gpA subunit (gpA-
FL), which is a mixture of oligomeric species in solution that irreversibly aggregate upon
concentration (D. Bain and C.E. Catalano, unpublished). Notwithstanding, both deletion
constructs possess spectral properties essentially identical to that of the isolated full-length
subunit (Figure S1 and Table S2, Supplementary Information). The data further indicate that
the Lys497->Asp mutation does not significantly affect the physical properties of gpA-ΔN179.

Fluorescence Monitored Nucleotide Binding and ATP Hydrolysis by Full-Length gpA
The gpA subunit possesses ATPase activity15; 40; 41; 42 and we used fluorescence
spectroscopy as a probe for nucleotide binding to the isolated full-length subunit. ATP and
ADP each induce a significant quenching of the intrinsic fluorescence of gpA-FL without a
change in the λem,max (not shown); quenching by both nucleotides is concentration dependent
and saturable (Figure 3A). Analysis of the data using a simple Langmuir binding model
indicates that both nucleotides bind to the protein in the millimolar concentration range (Table
1). It is noteworthy that this is significantly greater than the Km~ 5 μM for ATP hydrolysis by
this subunit - in the context of the holoenzyme11; 36. To address this discrepancy, we attempted
to define the primary kinetic constants for ATP hydrolysis by gpA-FL. Unfortunately, these
studies were frustrated by visible precipitation of the protein in the presence of ≥ 50 μM
Mg2+●ATP (data not shown). Nonetheless, analysis of the data available ([ATP] < 50 μM)
provides an estimation of the primary kinetic constants that are consistent with previously
published values (kcat= 0.49 ± 0.1 min−1; Km= 70 ± 29 μM)40; 41; 42.

The aggregation of gpA-FL in the presence of Mg2+●ATP is of interest. Further investigation
revealed that the protein similarly aggregates in the presence of Mg2+●ADP (not shown). In
contrast, the solubility of gpA-FL was unaffected by Mg2+●GTP, Mg2+●ATP-γS or
Mg2+●AMP-PNP. Moreover, the protein remains soluble in the presence of Mg2+ alone and
in the presence of nucleotides (up to 5 mM) in the absence of Mg2+. These data suggest that
Mg2+●ADP, but not Mg2+●ATP, drive a conformational change that results in self-association
of the protein.

Fluorescence Monitored Nucleotide Binding by the gpA Deletion Constructs
The high-affinity DNA packaging ATPase site (WA1) has been deleted in the gpA-Δ179
construct, but the protein retains the putative Walker A P-loop motif centered at Lys497
(WA2, Figure 2A). It is unclear whether the latter residues are part of a bona fide ATP binding
site, however, and we therefore examined nucleotide binding by the deletion construct. ATP
and ADP each induce a significant quenching of the intrinsic fluorescence of gpA-ΔN179
without a change in the λem,max (not shown); quenching by both nucleotides is concentration
dependent and saturable (Figure 3B). Analysis of the data using a simple Langmuir binding
model indicates that ATP binds to gpA-ΔN179 in the millimolar concentration range, similar
to the full-length protein (Table 1). In contrast, however, ADP binds to the deletion construct
with significantly greater affinity (Table 1). Similar to the full-length protein, the gpA-ΔN179
deletion construct also exhibits Mg2+-nucleotide dependent aggregation properties (not
shown).
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Essentially identical results were obtained with the gpA-ΔN179,K497D construct, though the
nucleotide binding affinity is slightly reduced relative to gpA-ΔN179 (Table 1). This indicates
that mutation of the conserved lysine within the putative WA2 P-loop motif does not
significantly impair nucleotide binding to the protein.

ATP Hydrolysis by the gpA Deletion Constructs
Previous biochemical studies have suggested that gpA contains a single ATPase catalytic site
that is located in the N-terminus of the protein (WA1, Figure 2A)11; 36; 37. This region has
been deleted in both gpA-ΔN179 and gpA-ΔN179,K497D, yet both proteins bind ATP and
ADP. Therefore, we next examined the capacity of the constructs to hydrolyze ATP; both
proteins possess a weak but detectable steady-state ATPase activity (Figure 4A) that is
unaffected by DNA (not shown). The data suggest that the K497D mutation adversely affects
ATPase activity, but the slow rate of ATP hydrolysis by both constructs makes steady-state
kinetic analysis difficult and highly error-prone. To circumvent this problem, we examined
ATP hydrolysis in a single-turnover kinetic experiment where the concentration of protein is
in excess of ATP substrate. Under these conditions, a single catalytic turnover is observed in
which the rate of ADP formation reflects ATP binding and hydrolysis steps only2. The data
presented in Figures 4B and 4C clearly show that while both proteins possess ATPase activity,
the K497D mutation severely compromises ATP hydrolysis, decreasing the observed rate by
over an order of magnitude (Table 1).

DNA Binding Activity of the gpA Deletion Constructs
The gpA-ΔN179 and gpA-ΔN179,K497D deletion constructs encompass the putative DNA
maturation domain of full-length gpA and both are thus expected to interact with viral DNA.
We therefore examined the DNA binding activity of these proteins using an electrophoretic
mobility shift (EMS) assay. The results of these experiments are presented in Figure 5A and
demonstrate that both constructs bind to cos-containing DNA yielding two diffuse retarded
bands. Similar results are obtained with a DNA substrate of random sequence (not shown),
suggesting that the constructs bind DNA in a sequence-independent manner. Analysis of the
data indicates that both proteins bind DNA in the ~ 500 nM range (not shown). These results
are essentially identical to those observed with the isolated full-length gpA subunit, which
binds DNA in a non-specific manner to yield two retarded bands and in a similar concentration
range25.

Nuclease/Helicase Activity of the gpA Deletion Constructs
The isolated full-length gpA subunit possesses little to no endonuclease activity, depending on
the reaction conditions13; 40; 41; 42. The nuclease rate and specificity for the cos sequence is
strongly activated by interaction with gpNu1 in the holoenzyme complex and is further
modulated by ATP16; 29; 30; 37; 42. The gpA-ΔN179 deletion construct encompasses the
putative nuclease domain of the protein and we next examined the nuclease activity of this
construct. The protein possesses a non-specific nuclease activity that is dependent on ATP and
that is stimulated in a concentration-dependent manner (Figure 5B). Half-maximal stimulation
is achieved at an ATP concentration of ~ 1.1 mM (Figure 5C), which is similar to the KD,app
for ATP binding determined by fluorescence quenching (Figure 3B, Table 1). Interestingly,
while ADP binds tightly to the construct, it does not activate nuclease activity (data not shown).

Genetic and biochemical studies have shown that mutation of Lys497 in the WA2 P-loop motif
of gpA abrogates the endonuclease activity of subunit - within the context of the

2For simplicity, we assume a minimal kinetic mechanism where nucleotide binding is directly followed by phosphodiester bond
hydrolysis. We note, however, that conformational change steps preceding the chemical step will also contribute to the observed single-
turnover rate.
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holoenzyme17. Consistently, the gpA-ΔN179,K497D deletion construct possesses little, if any
endonuclease activity, either in the absence or presence of ATP (Figures 5B and 5C).

The isolated full-length gpA subunit also possesses a weak strand separation activity that has
been localized to the C-terminal portion of the protein (see Figure 2A)18; 21. The gpA deletion
constructs retain this region and were therefore tested for strand separation activity as
previously described24. An extremely weak but consistent activity was observed with the gpA-
ΔN179 deletion construct that was dependent on ATP (not shown). Unfortunately, the non-
specific nuclease activity of the protein resulted in significant degradation of the product bands,
which precluded a detailed analysis of the reaction. In contrast, there was no evidence for strand
separation activity with the gpA-ΔN179,K497D mutant construct (data not shown).

Discussion
Terminase enzymes are a central component of the DNA packaging motors in both prokaryotic
and eukaryotic dsDNA viruses. In all known cases, the functional holoenzymes are hetero-
oligomers composed of a large subunit that possess all of the catalytic activities required to
package the genome and a small subunit that is required for specific recognition of viral
DNA3. Despite intensive study, structural information of these enzymes remains limited,
primarily due to insolubility of the purified proteins. We recently reported the high-resolution
solution structure of the DNA binding domain of gpNu1, the small subunit of lambda
terminase43. Identification of this domain was the culmination of limited proteolysis studies
and extensive biochemical and biophysical characterization of soluble deletion constructs of
the protein40; 41; 44.

Genetic and biochemical studies have suggested a domain organization for the lambda
terminase gpA subunit that includes DNA packaging and DNA maturation domains located in
the N-terminal and C-terminal thirds of the protein, respectively (see Figure 2A)9; 17; 18;
19; 20; 21. We utilized limited proteolysis methods to define structural domains in gpA that
encompass these essential biological functions and the data presented here clearly demonstrate
the presence of protease resistant fragments of the protein. Cloning and expression of several
of these fragments yielded interesting observations, as follows. First, constructs retaining the
N-terminal 179 residues of gpA are completely insoluble. Genetic studies have demonstrated
that the N-terminal 48 residues of gpA interact with the gpNu1 subunit to form the terminase
holoenzyme complex45. We propose that the N-terminal region of gpA is unstructured in the
absence of gpNu1, which leads to significant aggregation of the isolated protein. Consistent
with this hypothesis, the isolated full-length gpA subunit is polydisperse and aggregates when
concentrated, while the N-terminal deletion constructs are soluble monomers. We note that the
isolated gpNu1 subunit adopts a molten-globule-like structure in the absence of gpA, but attains
significant structure and increased stability in its presence46. Thus, the subunit interacting
domains in gpNu1 (C-terminus) and gpA (N-terminus) appear to require direct and specific
interactions to assume a native protein fold. This concept is consistent with our recent
demonstration that lambda terminase holoenzyme is a heterotrimer composed of one gpA
molecule in stable association with a dimer of gpNu1 proteins (gpA1●gpNu12) and that the
subunits dissociate only under denaturing conditions8.

The DNA Maturation Domain of gpA
Deletion of the N-terminal 179 residues of gpA affords a soluble construct that encompasses
the entirety of the DNA maturation domain of gpA defined by genetic studies and additional
residues that play an undefined role in termination of the packaging reaction (Figure 2A)19;
20. We note that termination requires duplex nicking and strand separation by gpA and these
residues may, in fact, be part of an extended DNA maturation domain. The gpA-ΔN179
construct binds to DNA in a non-specific manner and with an affinity essentially identical to
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that of the full-length protein. The construct also possesses a non-specific nuclease activity
that is dependent on ATP and we have thus defined a structural and functional DNA maturation
domain of gpA.

Generalized Model for Terminase Domains
The results obtained here mirror those observed in the bacteriophage T4 system. The large
subunit from T4 terminase (gp17) is similarly composed of an N-terminal DNA packaging
domain and a C-terminal nuclease domain47, analogous to gpA. Limited-proteolysis of the T4
large terminase subunit cleaves the protein into two fragments – (i) an N-terminal half that
possesses a high-affinity ATPase site and the DNA packaging activity of the protein, and (ii)
a C-terminal half that possesses a non-specific nuclease activity47. These observations may
reflect a functional conservation among the terminase holoenzymes. Indeed, sequence
homology is observed among the terminase large subunits, particularly in the N-terminal
regions, that is retained even in eukaryotic enzymes such as those in the herpesvirus
groups39. These domains display Walker A, Walker B, adenine base-binding and catalytic
carboxylate signatures (see Figure 2A)39. These “ATPase domains” exhibit features common
to the ATPase domains of the DEAD box helicases, including the “motif III” sequence that
couples ATP hydrolysis to DNA translocation48. The primary function of the terminase
packaging domains is to translocate viral DNA into a pre-formed capsid, which requires that
the motor complexes bind DNA tightly, but non-specifically. Sequence and structural
homology between these domains and other non-specific DNA translocation machines is thus
not surprising. Indeed, a recent crystal structure of the DNA packaging domain of
bacteriophage T4 terminase reveals structural similarities with monomeric helicases 49.

In contrast, the terminase C-terminal domains are more divergent and show little sequence
homology. This may reflect functional differences between the various terminase enzymes –
those that cleave concatemeric DNA at discrete sites and package a unit-length genome (e.g.,
lambda) vs. those that have a “non-specific” nuclease activity and package DNA via a head-
full mechanism (e.g., T4). In addition, these domains must recognize specific sequences in
viral DNA to initiate the packaging process. It is therefore not surprising that they diverge at
the primary sequence level, commensurate with their role in maturation of specific viral DNA.
That said, the one feature that is common to all of these proteins is nuclease activity and it is
of interest that the terminase DNA maturation domains share sequence similarities to the
Holliday junction resolvase RuvC and to a lesser extent the HIV integrase domains50.

The DNA Maturation ATPase Site (WA2)
Kinetic analysis of terminase holoenzyme identified a high-affinity ATPase activity in gpA
(Km,app~ 5 μM)11; 36; 37. Further, kinetic analysis of the nuclease, strand-separation and
packaging activities of the holoenzyme showed that each reaction is maximally stimulated by
low ATP concentrations (1 – 50 μM)24; 26; 27; 31; 37. This has been interpreted to indicate
that gpA possesses a single (high affinity) ATPase site that is involved in both DNA maturation
and DNA packaging reactions. The alternate explanation, that gpA possesses multiple ATPase
sites with similar nucleotide binding affinities, could not be ruled out, however.

The present work clearly demonstrates that the DNA maturation domain contains a discrete
ATP binding and hydrolysis site, presumably identified by the Walker A sequence centered at
Lys497 (WA2, Figure 2A)33. This residue represents the conserved lysine that interacts with
the γ-phosphate of ATP (or GTP) and plays a major role in nucleotide binding and/or hydrolysis
in all characterized P-loops34. While alteration of gpA-K497 only modestly affects ATP
binding, mutation of this residue strongly attenuates ATP hydrolysis, consistent with a role as
a conserved P-loop residue. Moreover, mutation of this residue abrogates the nuclease and
helicase activities of the protein (data shown here; 17). In sum, the data clearly establish that
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the gpA DNA maturation domain contains a dedicated ATPase site and that ATP is required
for DNA maturation. We note that primary sequence analysis similarly identified an ATPase
motif within the DNA maturation domain of the large T4 terminase subunit33; extensive
mutagenesis of this region failed to expose this putative catalytic site, however51. This again
may reflect functional differences between viruses like T4 that need only cleave the duplex to
mature the ends and those like lambda that must also physically separate the nicked DNA
strands, a reaction that requires the hydrolysis of ATP.

Biological Implications of a “Single-Turnover” Maturation ATPase
Maturation of the genome end requires separation of the nicked strands created by the nuclease
activity of gpA, a reaction that is fueled by ATP hydrolysis15; 24. We note that terminase melts
the 12 base-pairs of DNA within the nicked cosN site but does not further engage the
duplex24. For his reason, we have previously suggested that this reaction is more appropriately
described as a strand separation activity that mechanistically represents a single helicase
catalytic turnover (see Figure 1)24; 52. A direct consequence is that a single round of ATP
hydrolysis (a single catalytic turnover) may be all that is required to power the reaction. This
predicts that steady-state turnover at the DNA maturation ATPase site will be quite limited,
which is consistent with both the single-turnover and steady-state kinetic data reported here.
Moreover, the observation that ADP binds to the protein more tightly than does ATP suggests
that ADP release may be the rate-limiting step in steady state ATP hydrolysis at the WA2 site.
Whatever the case, the “single-turnover” catalysis observed here is consistent with the
observation that the DNA maturation ATPase site is “catalytically silent” in context of the full-
length protein, effectively masked by ATP hydrolysis at the high affinity DNA packaging
ATPase site.

We note here that previous single-turnover ATPase analysis of the isolated full-length gpA
subunit revealed a bi-phasic time course, with fast and slow rates of 0.706 ± 0.089 min−1 and
0.017 ± 0.025 min−1, respectively42. A mechanistic interpretation for the observed bi-phasic
kinetics was not possible at that time, however, as it was not appreciated that the protein
contained two functional ATPase catalytic sites. The demonstration here that gpA contains a
second ATPase catalytic site now allows appropriate interpretation. Importantly, single-
turnover ATP hydrolysis by gpA-ΔN179 exhibits a mono-phasic time course with an observed
rate of 0.086 ± 0.008 min−1, which closely approximates the slow phase rate constant observed
with the full-length protein. We interpret these data to indicate that fast turnover occurs at the
DNA packaging site while the slow rate represents ATP hydrolysis at the DNA maturation
ATPase site.

Biological Implications of a “Low Affinity” Maturation ATPase
A major role for ATP hydrolysis by gpA is to fuel DNA packaging by terminase holoenzyme.
This function is provided by the high affinity ATPase site situated in the N-terminal DNA
packaging domain of gpA (WA1, Figure 2A)19; 21; 36. The genome end must be matured
prior to packaging, however, a process that requires the nuclease and strand separation activities
of the enzyme (Figure 1)9. It has long been appreciated that the nuclease activity of gpA is
regulated by ATP binding and/or hydrolysis. We show here that a discrete, C-terminal DNA
maturation ATPase site in the protein provides this role. Within this context, the disparate
affinities of the two sites for ATP is of interest. The packaging ATPase has a Km~ 5 μM. Given
that the concentration of ATP in vivo is approximately 2 mM53, this site is continuously
saturated with ATP. This ensures that the “gas can” is always full and that active DNA
packaging is not affected by fluctuations in the energy status of the cell. In contrast, the DNA
maturation ATPase has a KD,app~ 2 mM, which is similar to the ATP concentration within the
cell. This observation is harmonious with the concept that an enzyme possesses a Km similar
to the in vivo concentration of the relevant ligand, which allows regulation of enzyme activity
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by the metabolic status of the cell. Based on this concept, we propose that the energy status of
the E. coli cell may regulate virus assembly, as follows. When ATP is plentiful, the ATP-
dependent nuclease activity of gpA is efficient and maturation of the genome proceeds rapidly.
As the concentration of ATP drops, packaging initiation is attenuated. We note that the gpNu1
subunit, whose presumed role is to assemble the packaging machinery specifically at cos, has
a Km~ 0.5 – 1 mM for ATP. Thus, ATP may regulate packaging initiation at two levels – (i)
the initial assembly of the packaging machinery at cos (regulated by the gpNu1 ATPase) and
(ii) maturation of the genome end (regulated by a gpA ATPase). Whatever the case, processive
DNA packaging proceeds efficiently once the process has been initiated due to the high affinity
of the packaging ATPase for ATP. We note that Serwer has proposed a similar ATP-regulated
packaging model for bacteriophage T3/T7, though the mechanistic details of the model differ
from ours54.

Lys497 and the DNA Maturation Activities of gpA
Feiss and co-workers previously reported that mutation of gpA-K497 abrogated the nuclease
and helicase activities of terminase holoenzyme17. The data presented here confirm this
observation and further show that decreased activity is not a consequence of decreased DNA
binding affinity. The simplest explanation is that Lys497 directly participates in the chemical
step of the nuclease reaction. We disfavor this concept, however, because it is clear that this
residue is directly involved in ATP hydrolysis and it is unlikely that the identical residue would
also directly participate in the duplex nicking reaction. Rather, these studies suggest that ATP
hydrolysis serves as a conformational switch, linking the ATP hydrolytic cycle to changes in
protein conformation that modulate both the nuclease and strand-separation activities of the
enzyme. This model finds mechanistic similarity to the nucleotide regulated activities of a
diverse group of proteins, including the hsp60/hsp70 molecular chaperones55, ATPase p97
(an ATPase that plays a role in organelle membrane fusion reactions)56, ClpB (ATP-dependent
molecular chaparone)57, DNA gyrase and the MutL DNA mismatch repair protein58; 59,
among others60. A common mechanistic theme emerges where ATP binding and/or hydrolysis
trigger conformational changes that can be quite dramatic and that perform distinct functions
in the catalytic cycle of the enzyme complex.

Lambda terminase holoenzyme is a complex biological machine that contains a nuclease
catalytic site, a strand-separation “helicase” catalytic site, a DNA translocation catalytic site
and four ATPase sites (two in gpA and one in each of the gpNu1 dimer subunits). Each of these
catalytic sites must be regulated both spatially and temporally to ensure site-specific assembly
of the DNA maturation machinery, appropriate maturation of the genome end, binding to the
procapsid and activation of DNA translocation motor. Complex allosteric interactions between
all of the catalytic sites have been demonstrated9; 37; 61 which likely reflects the regulated
activation and de-activation of the sites. Given the similarities among all of the viral packaging
motors, lessons learned in the lambda system will likely have broad biological implications.
Biochemical, biophysical and structural studies currently underway in our lab seek to dissect
these intricate allosteric interactions and to define the mechanistic details of DNA maturation
and DNA packaging by these fascinating molecular motor complexes.

Materials and Methods
Tryptone, yeast extract and agar were purchased from DIFCO. Restriction endonuclease
enzymes, the Klenow fragment and mature λ DNA were purchased from Invitrogen.
Chymotrypsin, trypsin, Endo-Glu-C (sequencing grade) and proteinase K were purchased from
Sigma. Radionucleotides, chromatography resins (DEAE-sepharose FF, SP-sepharose FF and
S-300 HR) and Superose 6 10/300 GL gel filtration columns were purchased from Amersham
Bioscience. All of the synthetic oligonucleotides used in these studies were purchased from
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Invitrogen and were used without further purification. All other materials were of the highest
quality commercially available.

Bacterial cultures were grown in shaker flasks utilizing a New Brunswick Scientific series 25
incubator/shaker. All protein purifications utilized a Pharmacia FPLC system, which consisted
of two P500 pumps, a GP250-plus controller, a V7 injector and a Uvicord SII variable
wavelength detector. UV-VIS absorbance spectra were recorded on a Hewlett-Packard
HP8452A spectrophotometer.

Limited Proteolysis
Full-length gpA (20 μg) was subjected to limited proteolysis either with chymotrypsin, trypsin,
Endo-Glu-C or proteinase K. The digestion buffer for chymotrypsin and trypsin was composed
of 20 mM HEPES, pH 8.0, 50 mM NaCl, 2.5 mM MgCl2 and 2mM DTT and used a
gpA:protease mass ratio of 200:1 and 400:1, respectively. The digestion buffer for Endo-Glu-
C and proteinase K was composed of 10 mM Tris, pH 7.8 (room temperature), 5 mM EDTA
and 0.5% SDS and used a gpA:protease mass ratio of 300:1 and 850:1, respectively. The
reaction mixtures were maintained at room temperature and aliquots (10 μL) were removed at
5, 15, 30, 45, 60 and 90 minutes. The protease reaction was stopped with the addition of SDS-
PAGE loading buffer and boiling for ten minutes, and the samples were analyzed by 15% SDS-
PAGE to determine the appearance of protease resistant fragments.

N-Terminal Amino Acid Sequencing
GpA (20 μg) was digested with Endo-Glu-C and the reaction was stopped after 90 minutes as
described above. The proteolytic fragments were fractionated by 15% SDS-PAGE and then
electro-eluted from the gel onto a ProBlott® membrane (purchased from Applied Biosystems).
Protease resistant fragments were selected and the appropriate bands were excised from the
membrane and placed in the chamber of the sequenator for N-terminal sequence analysis.
Sequence analysis was performed by the Macromolecular Resource Center at the University
of Colorado Health Sciences Center.

Mass Spectrometry
GpA (20 μg) was digested with Endo-Glu-C and the reaction was stopped after 90 minutes as
described above. The sample was directly submitted to MALDI-TOF mass spectrometry
analysis, which was performed by the Macromolecular Resource Center at the University of
Colorado Health Sciences Center.

Construction of gpA Deletion Mutants
Five Endo-Glu-C protease-resistant fragments were chosen for further analysis by cloning and
over-expression in E. coli (see Figure 2). Truncated gpA genes were amplified by PCR using
mature λ DNA as a template. The primers used were as follows:

Forward Primers EcoRI restriction sequence and the initiating methionine codon are indicated in underline and bold, respectively.
Met1 primer 5′-GGGGGAATTCATGAATATATCGAACAGTC-3′

Leu180 primer 5′-GGGGGAATTCATGCTTGCTGCTTTTGATGAT-3

Ala557 primer 5′-GGGGGAATTCATGGCGCAGCAGCTGACT-3′

Reverse Primers HindIII restriction sequence and the stop codon are indicated in underline and bold, respectively
Glu641 Primer 5′-GGGGGGATCCTCATTCATCCTCTCCGGATAA-3

Glu556 primer 5′-GGGGGGATCCTCATTCGGTCAGATCAAAAATA-3

Glu179 primer 5′-GGGGGGATCCTCAATGTTCATCATAACCCGCCA-3′

PCR conditions were as follows, (94°C for one minute, 50°C for one minute, and 72°C for two
minutes) for 35 cycles. PCR products were purified and isolated using a Qiagen Gel Extraction
Kit according to manufacturer protocol. The PCR fragments were digested with EcoRI and
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HindIII, cloned into similarly digested pKKT7, and used to transfect E. coli BL21(DE3) cells
as described previously46.

Protein Expression
BL21(DE3) cells transformed with the relevant expression vector were grown to an O.D. of
0.6 (600 nm) at 37°C and protein expression was then induced with 0.4 mM IPTG. The
temperature was reduced to 30°C and cell culture was continued for an additional three hours.
The cells were harvested by centrifugation and the cell pellet was resuspended in 100 mL ice-
cold Buffer A (20 mM Tris, pH 8.0 (4°C), 100 mM NaCl, 7 mM β-ME, 1 mM EDTA)
containing 10% glycerol. Unless otherwise indicated, all subsequent steps were performed with
ice-cold buffers at 0 to 4°C. The cells were lysed by sonication (fifteen 10 second bursts),
insoluble material was removed by centrifugation (5000 x g x 10 minutes) and the pellet and
supernatant fractions were examined for the presence of the desired construct by 15% SDS-
PAGE.

Protein Purification
Proteins in the crude cell lysis supernatant were sequentially fractionated with 10% and 50%
saturated ammonium sulfate. The 50% pellet was taken into 20 mL Buffer A and dialyzed
against the one liter of buffer A overnight. The sample was then applied to a DEAE sepharose
column (200 mL) and eluted with a salt gradient to 550 mM NaCl. The column fractions (15
mL) were examined for the presence of the desired protein by SDS-PAGE and the appropriate
fractions were pooled and dialyzed against Buffer A.

The sample was next loaded onto a SP-sepharose column (20 mL) and the proteins were eluted
with a salt gradient to 400 mM NaCl. The column fractions (12 mL) were analyzed for the
presence of the desired protein. Appropriate fractions were pooled and dialyzed against Buffer
A. The pooled SP-sepharose fractions were next loaded onto a pre-packed Sephacryl S-300
gel filtration column (125 mL), which was developed with Buffer A at a flow rate of 0.5 mL/
min. Elution fractions (10 mL) were analyzed for the presence of protein and desired fractions
were pooled. The purified protein preparations were concentrated using Amicon®

concentration devices and stored in Buffer A at −80°C. All protein preparations were greater
than 95% homogenous as determined by SDS-PAGE and densitometer analysis as previously
described10. The concentration of each protein was determined spectrally by the method of
Gill and von Hippel62.

Analytical Gel Filtration
The protein sample was applied to a Superose 6 10/300 GL gel filtration column equilibrated
with Buffer A and the proteins were eluted with the same buffer at a flow-rate of 0.2 mL/
minute. The column was calibrated with the following molecular weight standards: blue
dextran (FW> 2,000 kDa), ferritin (440 kDa), bovine serum albumin (67 kDa), ovalbumin (43
kDa) and ribonuclease A (13.7 kDa).

Fluorescence Spectroscopy
All fluorescence spectra were recorded on a Photon Technologies Quanta-Master
spectrofluorometer equipped with a Masterline-Forma model 2095 circulating water bath and
a thermostated cell holder maintained at 25°C. Spectra were recorded using a protein
concentration of 1 μM in Buffer A with constant stirring. Fluorescence emission spectra were
recorded from 320 nm to 380 nm using a λex= 295 nm, a slit width of 2 nm, a step size of 1
nm and an integration time of 5 seconds.
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Fluorescence-Monitored Ligand Binding
Nucleotide binding to the constructs was monitored by changes in intrinsic tryptophan
fluorescence of the protein as a function of increasing nucleotide concentration. Fluorescence
emission spectra were corrected for background, dilution and inner filter effects using61:

Fcorr = (Fo − FB) ∗ ( v fvi ) ∗ 10
b∗0.5∗(Aem+Aex) (1)

where Fcorr is the corrected fluorescence intensity, Fo is the observed fluorescence of the
sample, FB is the background fluorescence intensity of the buffer, vi and vf are the initial volume
and final volumes, respectively, of the sample after addition of the titrant, b the path length of
the cell, and Aem and Aex are the absorbance values of the ligand(s) at the emission and
excitation wavelengths, respectively, at each point in the titration. The binding data were fit to
a simple Langmuir binding model using:

Qobs = ( Qmax
∗ N

KD,app + N∗ ) + b (2)

where Qobs represents percent quenching of the intrinsic protein fluorescence intensity
observed in the presence of ligand at concentration [N], Qmax represents quenching at infinite
ligand concentration, KD,app is the apparent equilibrium association constant for the interaction
and b is the baseline offset for the titration data.

Circular Dichroism Spectroscopy
Circular dichroism (CD) spectra were recorded on an Aviv model 62DS circular dichroism
spectrophotometer equipped with a Brinkman Lauda RM6 circulating water bath and a
thermostated cell holder. Data were collected at 4°C in Buffer A. Far-UV CD spectra were
recorded from 200 nm – 260 nm using a protein concentration of 0.1 mg/mL in a 0.1 cm strain-
free quartz cuvette. Near-UV CD spectra were recorded from 250 nm – 350 nm using a protein
concentration of 1.0 mg/mL in a 0.1 cm strain-free quartz cuvette. In both cases, data were
collected at 0.5 nm intervals using a bandwidth of 1.5 nm and dwell times of 30 seconds. The
raw spectra were converted to molar ellipticity using the following equation:

θ = θobs ∗
MRW

10∗b∗c
(3)

where θ is the molar ellipticity (degrees-cm2/dmol), θobs is the ellipticity recorded by the
instrument (mdeg), MRW is the mean residue weight, b is the cell path length in cm and c is
the protein concentration in mg/mL. Protein secondary structure content was determined by
analysis of the far-UV CD data as previously described44. CD-monitored thermally-induced
protein unfolding experiments were performed and analyzed as previously described46.

Electrophoretic Mobility Shift Experiments
DNA binding experiments were performed in buffer containing 20 mM Tris, pH 8.0 (4°C), 50
mM NaCl, 2 mM spermidine, 1 mM EDTA, 7 mM β-ME and 10% glycerol. The specific DNA
binding substrate was cos-DNA, a 272 bp duplex that contains the entire λ cos sequence, while
the non-specific DNA binding substrate was ns-DNA, a 272 base-pair duplex of random
sequence63. Radiolabeled DNA was included at a concentration of 20 pM and herring sperm
DNA (100 pM) was added to all binding mixtures. Protein was added as indicated in each
individual experiment and the binding mixture was incubated at 25°C for 15 minutes. The
mixture was then loaded onto a 5% polyacrylamide gel (acrylamide:bis-acrylamide ratio of
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80:1) and run at 15 V/cm in 0.5X TBE at 4°C for 1.5 hours. The gel was then dried in vacuo
on Whatmann 3MM filter paper and the radioactive bands were visualized and quantified using
a Molecular Dynamics Storm system and the Molecular Dynamics ImageQuant® data analysis
package as previously described25; 63.

ATPase Activity Assay
Steady-state ATPase assays (20 μL) used a buffer composed of 50 mM Tris, pH 9.0 (4°C), 10
mM MgCl2, 2 mM α32P-ATP, 1.5 nM lambda DNA, 2 mM spermidine and 7 mM β-ME. The
reaction was initiated with the addition of protein (2 μM) and the mixture was incubated at 37°
C for 30 minutes. The reaction was stopped with the addition of 20 °L quench buffer (5 mM
ATP, 5 mM ADP and 100 mM EDTA), the nucleotides were fractionated by thin layer
chromatography and the hydrolysis of ATP quantified by phosphor image analysis as
previously described11.

Single-turnover ATPase assays were conducted similarly except that ATP and protein
concentrations were 0.1 μM and 17.5 μM, respectively, and aliquots of the reaction mixture
were removed and quenched at the indicated time points. The data were analyzed according
to the equation:

ADP τ = A − B∗ exp ( − k ∗τ)

where [ADP]τ refers to the ADP formed at time τ, A is the extent of the reaction at τ= ∞ and
k represent the observed rate constant. The indicated constants were determined by non-linear
regression analysis of the experimental data using the Igor® data analysis program (Wave
Metrics, Lake Oswego, OR) as described previously 42.

Endonuclease Activity Assay
The cos-cleavage endonuclease assay was performed using pAFP1 as the DNA substrate as
previously described16. Briefly, the reactions mixtures were composed of 20 mM Tris, pH 8.0
(4°C), 10 mM MgCl2, 2 mM ATP, 7 mM β-ME, 2 mM spermidine and 20 nM linearized pAFP1
DNA substrate. The reaction was initiated with the addition of protein (2 μM) and the reaction
mixtures were incubated at 37°C for 20 minutes. The reaction was stopped with the addition
of 2 μL quench buffer (200 mM EDTA, 20% glycerol, 0.16% bromphenol blue and 0.16%
xylene cyanol) and the DNA products were fractionated on a 0.8% agarose gel. The reaction
products were analyzed by video densitometry as previously described16.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. DNA Maturation and DNA Packaging by Lambda Terminase
Genetic organization of the cos site in a lambda concatemer is shown at top. Terminase
holoenzyme (a gpA1●gpNu12 heterotrimer) is represented as a blue oval. (i) Terminase
Assembly at cos. Cooperative binding of gpA (at cosN) and gpNu1 (at cosB) is modulated by
ATP. (ii) DNA Maturaton. The rate and fidelity of the cos-cleavage reaction is stimulated by
ATP and ATP hydrolysis fuels the strand separation (helicase) reaction to yield complex I.
(iii) DNA Packaging. The gpA subunits in complex I bind to the portal ring situated in a unique
vertex of the icosahedral procapsid (purple oval), which triggers cos-clearance and activation
of the DNA translocase activity of gpA. The packaging motor translocates DNA into the capsid
interior powered by ATP hydrolysis.
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Figure 2.
Panel A. Genetic Organization of gpA. The full-length protein (641 residues) is depicted in
blue and functional domains identified by genetic studies are indicated above. Walker A and
B sequences (WA1, WB) identified by primary sequence analysis and associated with the
packaging ATPase site are indicated. Residues covalently modified with AzATP (Y46, K84)
are indicated with asterisks. Helicase motif III and metal binding (M) residues identified by
primary sequence analysis are also indicated. The putative Walker A sequence in the C-terminal
DNA maturation ATPase site (WA2 identified by primary sequence analysis) is also indicated.
Panel B. Limited Proteolysis of gpA by Endo-Glu-C. The isolated gpA subunit was digested
with Endo-Glu-C as described in Materials and Methods and the time course monitored by
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SDS-PAGE. Lane M, protein molecular weight standards with sizes indicated to the left of the
gel. The undigested, full-length protein (FL) and protease resistant fragments (A–E) are
indicated with arrows at right. Panel C. Cartoon depicting the deduced sequence of the gpA
protease-resistant peptides.
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Figure 3.
Fluorescence-Monitored Nucleotide Binding to the gpA Deletion Constructs. ATP (○) or ADP
(●) was incrementally added to gpA-FL (Panel A), gpA-ΔN179 (Panel B) or gpA-
ΔN179,K497D (Panel C) and the intrinsic fluorescence of the proteins recorded as described
in Materials and Methods. Each data point represents the average of at least three separate
experiments (standard deviation 2%-3%, omitted for clarity). The solid lines represent the best
fits of the data to a simple Langmuir binding model.
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Figure 4.
ATPase Activity of the gpA Deletion Constructs. Panel A. Steady-state ATP hydrolysis was
conducted as described in Materials and Methods and a representative autoradiogram is shown.
The migration positions of ATP and ADP on the TLC plate are indicated at left. Lane 0, no
protein; lane 1, gpA-ΔN179; lane 2, gpA-ΔN179,K497D. Panel B. Single-turnover ATP
hydrolysis was conducted as described in Materials and Methods and a representative
autoradiogram for the gpA-ΔN179 deletion construct is shown. The migration positions of
ATP and ADP on the TLC plate are indicated at left. NP no protein added to the reaction
mixture. Panel C. Single-turnover ATPase data for gpA-ΔN179 (○) and gpA-ΔN179 (●) were
quantified as described in Materials and method. Each data point represents the average of
three separate experiments with the standard deviation indicated with error bars.
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Figure 5.
Panel A. DNA Binding by the gpA Deletion Constructs. The EMS experiment was conducted
as described in Materials and Methods and a representative autoradiogram is shown. Lane 0,
no protein; lane 1, gpA-ΔN179; lane 2, gpA-ΔN179,K497D. The migration of free DNA is
indicated with an arrow (F), while bound DNA is indicated with a bar (B). Panel B. Nuclease
Activity of the gpA Deletion Constructs. The nuclease assay was conducted as described in
Materials and Methods and a representative gel is shown. Lanes M and N contain 1 kb DNA
standards and the pAFP DNA substrate, respectively, in the absence of protein. The migration
position of the DNA substrate is indicated with an arrow at right. GpA-ΔN179 or gpA-
ΔN179,K497D proteins were included as indicated at the top of the figure and in the absence
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or presence of ATP as indicated at the bottom of the gel. The plasmid pAFP1 contains an intact
cos site; specific cleavage at cos would afford 2 kb and 1 kb product bands, which are not
visible in the gel. The nuclease activity of the protein is thus non-specific. Panel C. The data
for gpA-ΔN179 (○) and gpA-ΔN179,K497D (●) presented in Panel B were quantified as
described in Materials and Methods. Each data point represents the average of three separate
experiments with the standard deviation indicated with error bars.
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Table 1
Nucleotide Binding and Hydrolysis by Full-Length gpA, gpA-ΔN179 and gpA-ΔN179,K497D

Nucleotide gpA-FL gpA-ΔN179 gpA-ΔN179,K497D
ATPa KD,app= 0.8 ± 0.1 mM KD,app= 1.7 ± 0.6 mM KD,app= 2.5 ± 0.6 mM
ADPa KD,app= 1.2 ± 0.2 mM KD,app= 63 ± 10 μM KD,app= 192 ± 26 μM
AMP N.C.b N.C.b N.C.b

Single-Turnover
ATPase Activity

ck1= 0.706 ± 0.089 min−1

k2= 0.017 ± 0.025 min−1

dkobs= 0.086 ± 0.008 min−1 dkobs= 0.0072 ± 0.0004 min−1

a
The fluorescence-monitored titration data presented in Figure 3 were quantified as described in Materials and Methods.

b
No Change.

c
Data taken from42.

d
The kinetic data presented in Figure 4C were quantified as described in Materials and Methods.
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