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ABSTRACT

ASCE ATPases include ring-translocases such as
cellular helicases and viral DNA packaging motors
(terminases). These motors have conserved Walker
A and B motifs that bind Mg?*-ATP and a catalytic
carboxylate that activates water for hydrolysis. Here
we demonstrate that Glu179 serves as the catalytic
carboxylate in bacteriophage \ terminase and probe
its mechanistic role. All changes of Glu179 are lethal:
non-conservative changes abrogate ATP hydrolysis
and DNA translocation, while the conservative E179D
change attenuates ATP hydrolysis and alters single
molecule translocation dynamics, consistent with a
slowed chemical hydrolysis step. Molecular dynam-
ics simulations of several homologous terminases
suggest a novel mechanism, supported by experi-
ments, wherein the conserved Walker A arginine ‘tog-
gles’ between interacting with a glutamate residue
in the ‘lid’ subdomain and the catalytic glutamate
upon ATP binding; this switch helps mediate a tran-
sition from an ‘open’ state to a ‘closed’ state that
tightly binds nucleotide and DNA, and also posi-
tions the catalytic glutamate next to the y-phosphate

to align the hydrolysis transition state. Concomi-
tant reorientation of the lid subdomain may mediate
mechanochemical coupling of ATP hydrolysis and
DNA translocation. Given the strong conservation of
these structural elements in terminase enzymes, this
mechanism may be universal for viral packaging mo-
tors.

INTRODUCTION

Molecular motor proteins that convert the energy of nu-
cleotide hydrolysis into mechanical work are ubiquitous in
biology. These include motors involved in cell motility, cell
division, electromotive force, protein degradation and cargo
transport (1-5). The motors are fueled by ATP hydrolysis,
and many of them including multi-subunit ring translocases
and helicases are members of the ‘Additional Strand, Con-
served E’ (ASCE) superfamily of P-loop ATPases (4,6-9).
The ATPase domains contain conserved Walker A (WA)
and Walker B (WB) motifs that participate in binding and
positioning the y-phosphate of ATP for hydrolysis (10-19).
An additional feature of ASCE enzymes is that they have a
conserved glutamate immediately downstream of the clas-
sical WB motif that is proposed to position and activate a
water molecule for nucleophilic attack on the y-phosphate
in the hydrolysis transition state (4,20,21). This model is
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based on structural data obtained for various ASCE AT-
Pases showing that the glutamate is positioned close to the
v-phosphate, and in many cases is supported by biochem-
ical data showing that changes of this residue or nearby
residues adversely affect the rate of ATP hydrolysis and/or
motor function (20,22-25). Ostensibly, the catalytic role of
the glutamate supported by the data presented here is con-
served across ASCE ATPases that couple ATP hydrolysis to
motor movement.

Terminase enzymes are molecular motors that package
viral genomes into a pre-assembled procapsid shell, fueled
by ATP hydrolysis (26-30). The DNA substrate is typically
an end-to-end concatemer of viral chromosomes. A site-
specific restriction endonuclease-like activity of terminase
initiates packaging by cleaving the duplex at the packag-
ing initiation sequence (pac or cos) in the concatemer. The
terminase-DNA complex next assembles on the portal ver-
tex of the procapsid and translocation of downstream DNA
(the genome) into the shell ensues. Packaging is terminated
by a second DNA cleavage event such that a single (ma-
ture) genome is packaged to a density approaching that of
crystalline DNA. Thus, terminases perform two essential
functions: (i) excision of an individual genome from the
concatemer using an endonuclease activity (genome mat-
uration), and (ii) packaging of the duplex into the shell
using an ATP-fueled DNA translocation activity (genome
packaging) (26,27,29-31). Terminases have been classified
as ASCE ATPases and genome packaging shares functional
similarities to the cellular ASCE motors described above.
Indeed, the fundamental principles of energy transduction
are likely conserved in all of the translocating biological mo-
tors, both viral and cellular (1,4,7,11,17,21,24,32).

Terminases are generally heterooligomers of a small
genome-recognition subunit (TerS) and a large catalytic
subunit (TerL) that contains the maturation and packaging
activities of the enzyme (see Figure 1) (26,33). Herein we use
the nomenclature TerL* to denote TerL subunits from the
indicated phage ‘x’. For instance, TerL* is the phage \ TerL
subunit, TerL™ is the phage T4 TerL subunit, etc. The TerL
subunits are composed of a C-terminal endonuclease do-
main and an N-terminal domain that contains the packag-
ing ATPase center (14). The catalytic activities of these two
structural domains can be separated genetically and bio-
chemically, which allows detailed mechanistic dissection of
motor function (11,24,25,31,34-41). Early sequence align-
ment studies revealed that terminase ATPase domains con-
tain sequences identified as the signature WA and WB mo-
tifs, and a putative catalytic carboxylate residue conserved
in the ASCE superfamily (see Table 1) (11-13). Accompa-
nying genetic and biochemical analysis led to identification
of the WA and WB motifs in TerL™ (11,24). Importantly,
the biochemical studies showed that changing the glutamate
adjacent to the classical WB motif abrogated in vitro DNA
packaging, but did not alter endonuclease activity or ab-
rogate binding of the ATP analog azido-ATP (24). Subse-
quent X-ray crystallography studies of TerL™ supported
the assignment of this residue as the catalytic glutamate due
to its proximity to the ATP phosphates (14,15). Structural
studies have further provided evidence for catalytic gluta-
mates in TerL proteins from several other phages including
Sf6, P74-26, DOE and for the packaging ATPase from $29
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Table 1. Conserved Walker A (WA), Walker B (WB) and Lid Subdomain
Sequences in Terminase TerL Subunits

Phage WA Motif WB Motif Lid

327w 3423642

Lambda KSA-R”-VGYS VAGYD-E”

T4 LS-R12.QLGKT MIYID-E256 34T E3S1LE3ST
P74-26  LG-R¥-QSGKS FVILD-E'3? 219 g7y 251
Sf6 GG-R¥-GSGKS ICWVE-E!"? IBN-EI87_A210

4The sequence associated with the lambda lid subdomain is proposed,
based on the lambda structural model (41,72) and published crystal struc-
ture data of the other terminase enzymes.

(16-19). Genetic and/or biochemical studies support these
structural assignments, showing that changing the identi-
fied residues abrogates ATP hydrolysis by the mutant pro-
teins (17-19). Recently, it was also shown that changing
hydrophobic residues near the TerL™ glutamate residue
slowed hydrolysis and translocation, consistent with per-
turbation of the ability of the glutamate to activate a lytic
water molecule (25). However, the exact mechanism of ac-
tion of the glutamate and the potential roles of other nearby
residues that may interact with it are not fully known.

Our laboratories have spent significant effort in elucidat-
ing the genetics, biochemistry and biophysics of phage A ter-
minase, a prototypical viral packaging enzyme (9,26,33,38—
44). We recently confirmed the identities of WA motif
residues in the TerL* subunit and elucidated their mech-
anistic roles in ATP binding, catalysis of hydrolysis and
mechanochemical coupling through analysis of a large col-
lection of mutants (41). These studies provide experimental
evidence that the A motor protein undergoes a conforma-
tional change upon docking of ATP that is required for both
tight binding of the nucleotide and tight DNA gripping (re-
ferred to as the tight binding transition, see Supplementary
Figure S1); similar models have been proposed for the $29,
T4 and P74-26 packaging motors based on single-molecule
or biochemical data (17,31,45,46). Here, we extend these
studies and report our integrated genetic, biochemical, bio-
physical and computational studies to identify and char-
acterize the role of the conserved glutamate 179 in TerL,
Our results confirm that TerL*-E179 is essential for virus
development, ATP hydrolysis and genome packaging activ-
ities of terminase, commensurate with published studies in
other viral systems. In addition, our studies provide several
new mechanistic insights into how this residue is involved
in catalyzing ATP hydrolysis and in the mechanochemical
cycle. We also present molecular dynamics studies that pro-
vide evidence, supported by functional data on mutants, for
a novel mechanism wherein the ASCE glutamate and a WA
arginine conserved in the terminase enzymes act in concert
to facilitate the ATP tight-binding transition. This ‘open’
to ‘closed’ transition positions the glutamate next to the -y-
phosphate of ATP where it can activate a water molecule to
catalyze ATP hydrolysis. After hydrolysis and product re-
lease, the arginine toggles to interact with a different glu-
tamate in the lid subdomain, which has been implicated in
mechanochemical coupling (17,41). Given the strong con-
servation of these residues amongst the terminase enzymes,
these results may have broad biological implications for mo-
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Figure 1. The Lambda Genome Packaging Pathway. One TerL subunit (cyan) and two TerS subunits (blue) tightly associate in the terminase protomer.
TerL maturation (Nuc) and packaging (ATP) domains are indicated. Pathway details are provided in the text. Putative Walker B motif (VAGYD) and the

conserved glutamate (E179) are indicated.

tor translocation by the viral genome packaging motors,
both prokaryotic and eukaryotic.

MATERIALS AND METHODS
Experimental Methods

The genetic, biochemical and single molecule studies were
performed as previously published and are outlined in Sup-
porting Materials.

Simulation methodology

We performed all-atom molecular dynamics (MD) simula-
tions to develop a better understanding of the dynamic reor-
ganization of the ATP binding pocket and provide a frame-
work for interpreting our experimental results, as follows.
Because there is no crystal structure available for TerL*, we
used the crystal structures of three other large terminases:
TerL™, TerL8%, and TerLF7#2¢ (14-17), which have homol-
ogous WA and WB motifs, and catalytic glutamate residue
assignments supported by experimental findings. We simu-
lated both the apo and ATP-bound states of the three termi-
nases as well as specific mutants chosen to mimic those stud-
ied experimentally with phage A terminase. We note that
while terminases are known to function as oligomeric com-
plexes, there is no definitive atomic-resolution oligomeric
structure available for any TerL. Therefore, we simulated
all structures as single subunits, based on the available crys-
tal structures. As such the simulations, like the monomeric
crystal structures from which they were derived, do not shed
light on the potential role of frans-acting residues, such as
trans-acting ‘arginine fingers’ essential for ATP hydrolysis
in the P74-26, $29 and D6E motor proteins (17-19,47) and
in many oligomeric ASCE ATPases (4,32).

All MD simulations were performed in AMBER16 (48)
using the AMBER {f14SB force field (49) with a 2 fs time-
step integrator; details for each simulation are presented in
Supporting Material. All bond lengths connecting hydro-
gens to other atoms were held rigid by using the SHAKE
algorithm (50). A 10 A cutoff was used for calculating non-
bonded interactions and the particle mesh Ewald method
(51) was used for computing long-range electrostatic inter-
actions. ATP parameters were taken from the Amber Pa-
rameter Database (http://research.bmh.manchester.ac.uk/
bryce/amber).

The proteins were centered in a truncated octahedral pe-
riodic box of TIP3P (52) water with a minimum padding of

14 A. We neutralized all systems with appropriate amounts
of Na* or Cl~ counterions, and then added additional
ions to reach the physiological concentration of 150 mM
NaCl. The systems were energy-minimized using 300 steps
of steepest descent and conjugate gradient algorithms. The
systems were heated slowly from 100 K to 310 K in a canon-
ical ensemble (NVT) over 100 ps restraining the backbone
of the proteins. This was followed by 15 ns of equilibration
in the isothermal-isobaric (NPT) ensemble held at 1 bar us-
ing the Monte Carlo barostat (1.0 ps relaxation time), and
at 310 K using the Langevin thermostat (2.0 ps~! collision
frequency) with no backbone restraints. Finally, 100-ns pro-
duction runs were carried out in the NPT statistical ensem-
ble at 310 K and 1 bar using the same coupling scheme as
described above. Each TerL system was simulated in trip-
licate (three independent simulation runs, departing from
each other at the heating stage) to ensure that the computed
results were reliable and that all simulated structures were
stable (Supplementary Figure S2).

RESULTS
Genetic analysis

We first used a genetic approach to investigate effects of
changing the proposed catalytic glutamate, E179, in TerL*.
We mutagenized codon 179 to create a collection of mu-
tants and the activity of each enzyme was quantified us-
ing an in vivo genetic complementation assay previously de-
scribed (41). In brief, a plasmid complementation vector is
used to supply TerL* (WT or mutant) to a prophage whose
production of TerL* is blocked by amber mutations in the
viral genome. If the supplied TerL is functional, phages are
produced and plaques are counted by plating on an amber
suppressing host. The phage yield (phages/cell) reflects the
level of enzyme activity supplied by the mutant TerL* and is
normalized to the WT enzyme. The complementation assay
is highly sensitive and can detect phage yields for mutants
down to 107-fold lower than WT.

Eleven TerL* mutants were tested in which E179 was
changedto D, A, C, G, I, L, N, P,Q, R and V; this comprises
a wide range of both chemically conservative and non-
conservative changes. Strikingly, none support detectable
phage production (Supplementary Table S2), including the
‘sterically conservative’ E179Q change that retains steric
bulk and hydrogen bonding potential, but not the negative
carboxylate functional group. Even the chemically conser-
vative change E179D, which preserves negative charge and
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similar side-chain bulk, results in no measurable activity.
Thus, even a minor perturbation of this conserved residue
drastically affects virus yield, presumably due to loss of AT-
Pase activity and motor function. These findings are consis-
tent with the predicted crucial role of TerL*-E179.

While the genetic studies clearly demonstrate that E179 is
essential for virus viability, they do not define the mechanism
for the defect. In addition to the predicted defects in ATP
hydrolysis and translocation, impairments could be caused
by defects in protein folding, motor assembly, impaired en-
donuclease activity and/or procapsid binding interactions
(see Figure 1). Even if ATP hydrolysis and translocation
were primarily affected, they could be affected for many
possible reasons, including impaired ATP binding, catalysis
of hydrolysis or mechanochemical coupling. Finally, a mu-
tant terminase could be totally defective in the complemen-
tation assay, yet still have weak ATPase and DNA translo-
cation activity that could shed light on the motor mecha-
nism (25,38,39,53). Thus, to define the mechanistic basis for
the in vivo virus assembly defects, we carried out additional
biochemical and biophysical studies.

Biochemical analysis

Structural characterization. We chose three mutant en-
zymes for biochemical interrogation: the conservative
E179D, the sterically conservative E179Q and the non-
conservative E179A. The proteins purified in a similar fash-
ion as the WT enzyme (not shown) indicating that protein
structure is not grossly affected. Protein secondary struc-
ture was characterized by CD spectroscopy, which showed
that all three mutants possess a-helical structures similar to
the WT protein (Figure 2A). The E179A and E179Q ter-
minase mutants exhibit highly cooperative unfolding tran-
sitions with thermal stabilities similar to WT, indicative of
compact and well-folded structures (Figure 2B, Supplemen-
tary Table S3). In contrast, a broad, non-cooperative denat-
uration curve is observed with E179D suggesting that this
change results in a loosely-folded structure and/or a hetero-
geneous population of structures.

We next investigated whether the introduced changes af-
fect quaternary interactions required for protomer and/or
motor complex assembly using analytical ultracentrifuga-
tion. The analysis for WT terminase reveals two species, 6S
and 16S, which represent the stable protomer (TerLeTerS;)
and a tetramer of protomers, respectively (Figure 2C)
(40,41,44). Neither the E179A nor E179Q changes sig-
nificantly affect the solution distribution of protomer or
tetramer species; this indicates that neither tertiary nor qua-
ternary interactions of the enzymes have been affected by
the changes. In contrast, the conservative E179D change
has significant effects. First, the 16S species is not detected,
indicating that the change strongly impairs protomer as-
sembly into a functional tetrameric motor complex. Sec-
ond, a novel 3.3S species is observed, which is not observed
with the WT enzyme. This likely represents the TerL*-
E179D subunit free in solution, suggesting that the pro-
tomer is unstable and has dissociated into the composite
subunits. In sum, the data indicate that while the E179A
and E179Q changes little affect protein folding or motor
assembly, the highly conservative E179D protein is severely
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Figure 2. Structural characterization of the mutant terminase enzymes.
(A) Far-UV CD spectra of wild type and mutant terminase enzymes indi-
cate that they all possess similar secondary structures. (B) Thermal denat-
uration of WT and mutant terminases. Solid lines are the best fits of the
data to obtain Ty, presented in Supplementary Table S3. (C) Sedimentation
Velocity Analytical Ultracentrifugation analysis. The WT enzyme assem-
bles into a protomer species (6S) that is in slow equilibrium with a ring-like
tetramer of protomers (16S). The E179A and E179Q enzymes show native-
like assembly behavior but the E179D mutant displays significant defects.
The novel 3.3 species is likely the isolated TerL subunit which indicates dis-
sociation of the mutant terminase protomer. The isolated TerS subunit is
not observed in the sedimentation experiment because it avidly aggregates
(73) and it has pelleted from solution during the AUC run.
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Figure 3. Biochemical Characterization of the Mutant Terminase En-
zymes. (A) cos-cleavage endonuclease activity was quantified as described
in Methods. The TerL*-E179D enzyme possesses a strong, non-specific nu-
clease activity that precludes accurate quantitation of specific cleavage at
the cos site (not shown). Each bar represents the normalized average ac-
tivity of at least three independent experiments with standard deviations
indicated with error bars. (B) Steady state ATPase activity quantified as de-
scribed in Methods. Each bar represents the normalized average activity of
at least three independent experiments with standard deviation indicated.
(C) Single turnover ATP hydrolysis quantified as described in Methods:
black e, wild type terminase; green ¢, E179A mutant terminase; red ¢,
E179Q mutant terminase. Each data point represents the average of at least
three independent experiments with standard deviations indicated (in some
cases the error bars are obscured by the data point). The solid lines repre-
sent the best fit of the data which affords the rate constants presented in Ta-
ble 2. (D) DNA packaging activity was quantified as described in Methods.
Each bar represents the normalized average activity of at least three inde-
pendent experiments with standard deviations indicated with error bars.

compromised, most likely due to a folding defect. This likely
accounts for much of the impairment in viral assembly ac-
tivity observed genetically.

cos-Cleavage endonuclease activity. While the E179A and
E179Q changes do not impart any major structural de-
fects (Figure 2), they could feasibly introduce modest struc-
tural effects that result in a global loss of function and
also affect the endonuclease activity centered in the C-
terminal domain. To address this question, we examined the
site-specific cos-cleavage endonuclease activity of the mu-
tant enzymes, which should remain intact if the introduced
change specifically affects only ATP hydrolysis (35). The
cos-cleavage reaction entails site-specific nicking of both du-
plex strands within the cos sequence of N DNA and sep-
aration of the annealed duplex with a so-called ‘helicase’
activity (54). Figure 3A shows that neither the E179A nor
the E179Q change affects nuclease activity to any detectable
extent; this indicates that the C-terminal endonuclease do-
main is folded and functional. In contrast, the conservative
E179D mutant enzyme possesses a vigorous non-specific
nuclease activity (data not shown) consistent with the ob-

served folding defects. Notwithstanding this promiscuity,
faint specific product bands are also observed with this mu-
tant suggesting that a fraction of the protein retains site-
specific cos-cleavage activity (not shown). This is discussed
further below.

ATPase activity. The residue changes were introduced
into the putative catalytic carboxylate of TerL* and were de-
signed to specifically affect ATPase activity. As anticipated,
steady-state ATP hydrolysis by the E179A and E179Q en-
zymes is strongly impaired (Figure 3B, Table 2). To further
probe the reaction, we employed a single-turnover ATP hy-
drolysis assay in which the enzyme concentration is in ex-
cess of the ATP substrate. Under these conditions, single
catalytic turnover is observed, which captures ATP bind-
ing, the tight-binding transition and ATP hydrolysis events,
but not subsequent conformational change or product re-
lease steps. The data presented in Figure 3C and Table 2
demonstrate that the E179A and E179Q mutant enzymes
possess severe defects in single-turnover hydrolysis that par-
allel their observed effects on steady-state ATPase activity;
this indicates that ATP binding and/or hydrolysis steps are
strongly affected by the changes. Importantly, there is no
observable lag in the single-turnover kinetic time course as
we observed with some WA mutants (41). In those cases,
we attributed the lag to reflect a significantly slowed rate
for the tight-binding transition (>75-fold). The absence of
a lag with the E179A and E179Q enzymes suggests that the
ATP tight-binding step is not significantly affected by the
changes. Thus, the ensemble of data indicates that the pri-
mary defect in these mutants is neither protein folding, mo-
tor assembly nor DNA maturation events needed to initiate
packaging. Rather, the defect resides in the chemical step,
which indicates that E179 is directly involved in ATP hydrol-
ysis. Finally, we note that the TerL*-E179D mutant retains
a weak steady state ATPase activity (Figure 3B) in addition
to the weak endonuclease activity described above. Thus,
despite the fact that the conservative E179D change results
in a severe folding defect, a fraction of enzyme does nev-
ertheless fold and assemble into a complex that is capable
of maturing DNA and hydrolyzing ATP. This is discussed
further below.

Genome packaging activity. The DNA packaging activ-
ity of terminase is powered by ATP hydrolysis and defects
in ATPase activity are expected to concomitantly impact
DNA translocation by the motor. To confirm this hypoth-
esis, we next examined the genome packaging activity of
the mutant enzymes. In this assay, the full-length A genome
(48.5 kb) is translocated into the procapsid shell and is ren-
dered resistant to DNase digestion (55). The data presented
in Figure 3D confirms that packaging activity is strongly
impaired by all of the E179 residue changes examined, com-
mensurate with their effect on ATP hydrolysis.

Single-molecule translocation measurements

The biochemical studies demonstrate that while all of the
E179 mutant enzymes examined possess weak, but de-
tectable ATPase activity, there is no detectable genome
packaging. The ensemble biochemical assay, however,
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Table 2. Kinetic analysis of wild type and mutant terminase enzymes. Steady state ATP hydrolysis was performed as described in Materials and Methods.
100% relative steady state activity corresponds to kops = 2.7 £ 0.1 M /min. Single turnover ATP hydrolysis was performed as described in Materials and
Methods and the data presented in Figure 3C were fit to a single exponential time course to afford k,ps; the best fit of each data set is indicated as a solid

line in the Figure. 100% relative activity corresponds to kops= (140 £ 4) x 10

-3

g1

Enzyme Steady state ATP hydrolysis (relative) Single turnover ATP hydrolysis (relative)
Wild Type 2.7+ 0.1 pM/min (100%) (140 & 4) x 1073 s~ (100%)

E179A 0.09 £ 0.01 wM/min (3.3%) (1.9+£0.1)x 1073 571 (1.4%)

E179Q* 0.02 £ 0.06 wM /min (0.7%) (0.2540.02) x 1073 s~! (0.2%)

E179D 0.13 +£ 0.2 wM/min (4.8%) -

4We note that the ATPase activity observed with the most severely defective mutant enzyme (E179Q) represents an upper limit of activity and which could

feasibly be associated with a contaminating cellular ATPase.

probes full-genome-length packaging and we considered
that the mutant motors might possess partial DNA translo-
cation activity not detected by this stringent assay. There-
fore, we used a single-molecule optical tweezers assay to di-
rectly probe DNA translocation activity in single procapsid-
motor complexes (1,28,56-60). To give the mutant motors
the best chance to exhibit activity, these measurements were
made under the ‘least taxing’ conditions, with saturating
ATP (500 wM), a low applied load force (5 pN) and low
capsid filling (0-20% of the genome length) to minimize
resistive forces (57,61-64). Consistent with the ensemble
biochemical studies, we detected no translocation with the
E179A and E179Q proteins despite several hundreds of tri-
als (Table 3). Interestingly, however, DNA translocation
events were detected with the conservative TerL*-E179D
mutant enzyme. The single molecule studies revealed that
alterations in the motor function caused by the E179D
change are clearly evident (Figure 4A). There is an overall
~13-fold reduction in packaging rate which detailed anal-
ysis of the data shows is caused by an ~8-fold reduction
in average motor velocity (translocation rate not includ-
ing pauses and slips), a ~3-fold increase in average slip-
ping frequency (Figure 4B), a ~20-fold increase in aver-
age pausing frequency (Figure 4C) and a ~70% increase in
average pause duration (Table 3). Thus, while the genetic
data clearly show that this change is lethal and biochemi-
cal data demonstrate that the mutant protein has structural
defects, the single molecule data clearly show that a frac-
tion of enzyme can assemble active complexes that are ca-
pable of translocating DNA, albeit with altered dynamics.
The single molecule data directly implicate residue TerL*-
E179 as playing a direct role in governing the translocation
kinetics. Further, the observed translocation phenotype, ex-
hibiting a large decrease in motor velocity but without a
proportionally large increase in slipping, provides evidence
that the residue change primarily affects the ATP hydroly-
sis step, not the ATP binding step (41). To our knowledge,
this is the first example of viral packaging motor mutant
for which changing the conserved glutamate in an otherwise
wild-type motor has been shown to result in complexes that
retain DNA translocation activity but exhibit alterations in
the translocation kinetics consistent with a slowed hydroly-
sis step. Analogous mutants could potentially be identified
in the other viral motors and may be useful tools for bio-
physical studies.
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Figure 4. Single DNA Molecule Translocation Measurements. (A) Exam-
ples of single DNA molecule translocation measurements for wild type
(WT) terminase with saturating ATP (500 wM) (top left), wildtype ter-
minase with 2.5 uM ATP (top right) and E179D mutant terminase with
500 wM ATP (bottom). (B) Slipping frequency vs. motor velocity for WT
and mutant terminases. (C) Pausing frequency vs. motor velocity for WT
and mutant terminases. The results for WA V80A and R79K mutants pub-
lished previously (41) are shown for comparison. Unless otherwise indi-
cated, measurements were with saturating ATP (500 uM).
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Table 3. Metrics of single DNA molecule packaging dynamics with wild type terminase (WT) and mutants determined by analysis of the optical tweezers
measurements. Results for Walker A mutants V80A and R79K obtained previously (41) are shown for comparison. Except where indicated all measure-
ments were recorded with 500 uM ATP. Quantities are reported as averages over all events and reported uncertainties are standard errors in the means

Pauses

Slip frequency Frequency
Enzyme Events Motor velocity (bp/s)  (slips/kb) (pauses/kb) Duration (s)
WT 53 400 £ 20 0.5+0.1 1.2+04 2+0.1
WT 5 uM ATP 9 130 + 20 S+1 8+2 1.6 £ 0.1
WT 2.5 uM ATP 13 79+6 T+1 13£2 1.8+ 0.1
E179A 0 - - - -
E179Q 0 - - - -
E179D 25 50 +20 1.6 +0.5 24 +2 33402
R79K 5 42+3 1.3+0.5 24 +2 34+03
V80A 51 230 + 10 3+1 S+1 44403

Molecular dynamics simulations

The biochemical and single-molecule studies are consistent
with each other and support that TerL*-E179 is directly in-
volved in ATP hydrolysis by the enzyme. To provide addi-
tional insight into the molecular mechanism of ATP hydrol-
ysis by terminase enzymes, we carried out all-atom MD sim-
ulations. Unfortunately, there is no structure available for
TerL*; however, the predicted WA and WB motifs and the
catalytic carboxylate residue in its core ATPase domain are
strongly homologous with other TerL subunits whose struc-
tures are known (Table 1). Therefore, we used crystal struc-
tures of TerL™ (14,15), TerL"742¢ (17) and TerLS® (16) to
model the binding pocket geometry around the glutamate,
its dynamic rearrangement in solution to accommodate
ATP binding and the effects of introduced changes. The
ASCE ATPase domains of T4 and P74-26 terminases have
the canonical conserved aspartate in their WB motifs that is
immediately followed by the identified catalytic glutamate
(PPDPDPD-E, where @ represents a hydrophobic residue);
this is also observed in TerL* (Table 1). In contrast, TerL5
has a ‘deviant EE’ sequence (PP PDE-E). Thus, we rea-
soned that simulations of TerL™ and TerL?"*2¢ would be
most useful in providing a structural/dynamic framework
for interpreting the experimental results obtained herein
with \, and that TerLS® simulations might further provide a
general mechanistic insight into catalysis by the ASCE AT-
Pase motors.

Active site conformation in apo state. MD simulation of
the apo structures shows that in all three TerL systems the
identified catalytic glutamate points out of the ‘open” ATP
binding pocket (Figures SA—C). It is also notable that in all
three systems a conserved WA arginine also points out of
the active site and typically interacts with a second gluta-
mate residue located in what has been termed the ‘lid” sub-
domain (Table 1) by analogy with other ASCE ATPases
(17). Lid subdomains have been found to change confor-
mation upon ATP hydrolysis and also to interact with adja-
cent subunits in multi-subunit complexes (21,65-67). Struc-
tural studies of the P74-26 and Sf6 terminases provide ev-
idence that their lid subdomains undergo a rotation upon
nucleotide binding which has been proposed to be critical
for mechanochemical coupling and translocation (16,17).
This is discussed further below.

Conformational changes associated with ATP binding
Consistent with structural studies, MD simulation of the
ATP-bound complex indicates that in all three TerLs the
conserved WA and WB residues mediate interactions ex-
pected of conserved ASCE motifs (4,15,21): the WA criti-
cal lysine interacts with the B- and y-phosphates of ATP,
while WA (T/S) and WB (D/E) residues chelate Mg?* (Fig-
ures SD-F). Importantly, the proposed catalytic glutamate
residues, which were pointing out of the active site in the
apo conformation, move into the active site and position a
water molecule next to the y-phosphate of ATP (compare
Figure 5A-C, D-F); this ‘closed’ arrangement would allow
the glutamate to polarize a water molecule for nucleophilic
attack of the y-phosphate, as required for a bona fide cat-
alytic glutamate residue (4,20,24,25).

We note that the nucleotide-bound crystal structures of
TerL3 found that the catalytic glutamate identified based
on sequence homology (E119) points out of the binding
pocket, away from the nucleotide (Supplementary Figure
S3) (16). On the basis of this structure, the authors pro-
posed that the ‘deviant” WB glutamate (E118) might serve
as the catalytic carboxylate rather than the conserved E119
(16); however, our simulations predict that when the pro-
tein is allowed to undergo thermal motion in solution, E119
changes conformation such that it does coordinate with the
v-phosphate of the bound ATP. Thus, our simulations sug-
gest that WB E118 performs the conventionally postulated
role of chelating the Mg?*-ATP and that E119 is actually
the catalytic glutamate.

An ‘arginine toggle’.  In addition to the anticipated interac-
tions described above, the simulations predict a novel inter-
action induced by ATP binding that has not been reported
in any of the static TerL structures that were crystallized
with nucleotides or nucleotide analogs (the T4 structure be-
ing of an inactive mutant and the P74-26 structure with
a non-hydrolyzable ATP analog) (14-17). All three simu-
lations predict that when these inactive structures are re-
verted to their WT, ATP-bound forms and allowed to un-
dergo thermal motion in solution, the conserved WA argi-
nine breaks its interaction with the lid subdomain gluta-
mate and moves into the binding pocket to interact with the
catalytic glutamate positioned adjacent to the y-phosphate
of ATP (compare Figure SA-C, D-F; Supplementary Fig-
ures S4 and S5). The simulations further reveal significant
movement of the lid subdomain in the transition from the
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Figure 5. Conformations of the ATP-Binding Pocket in WT TerL obtained from MD Simulations. Representative conformations of the apo binding pocket
of TerL™ (A), TerLP7#26 (B) and TerLS™ (C). Walker motif residues and lid subdomain glutamate (see Table 1) are labeled and depicted as sticks. The
WA arginine, catalytic glutamate and lid subdomain glutamate are highlighted in tan. Representative conformations of the ATP-bound binding pocket of
TerL™ (D), TerLP7426 (E) and TerLS® (F). ATP is depicted as sticks, and Mg?* is a green sphere. The WA arginine, catalytic glutamate and lid subdomain
glutamate are labeled and are highlighted in cyan. In all three terminases, the conserved WA arginine (R162, R39, and R24 in TerL™, TerLF742¢ and
TerLSf respectively) interacts with the catalytic glutamate (E256, E150, E119 in TerL™#, TerLP7#26 and TerL5f) near the y-phosphate of ATP.

open apo to the closed ATP-bound state. In particular, prin-
cipal component analysis of the MD trajectories of TerLT#
and TerL>" starting from equilibrated apo structures with
docked ATP show that the lid subdomain exhibits a con-
certed motion towards the ATP-binding site (Figure 6, Sup-
plementary Figure S6). In the case of TerLP742°, the simu-
lations were started from a closed nucleotide-bound crys-
tal structure whose lid has already undergone this confor-
mational transition (17) and thus the transition was not
sampled (see Supplementary Figure S7). Given the likely
role of lid subdomain motion in mechanochemical coupling
(17,41) and because we observe the dynamic repositioning
of this subdomain synchronously with the rearrangement
of the binding pocket upon ATP binding, the MD simula-
tions implicate residues involved in mechanochemical cou-
pling. Specifically, the conserved WA arginine acts as a ‘tog-
gle’ that breaks its interaction with the lid subdomain glu-
tamate and rotates to interact solely with the catalytic glu-
tamate. We note that this arginine toggle mechanism should
not be confused with the “arginine finger” residue also com-
monly found in oligomeric ATPase enzymes (4,17). The lat-
ter residue conventionally acts in zrans, directly interacting
with the y-phosphate of an ATP molecule bound at an ad-
jacent subunit and acts to stabilize the hydrolysis transition
state.

Prevalence of the arginine toggle. The MD studies suggest
that an arginine toggle mechanism may couple ATP hydrol-
ysis to motor movement in the three terminase enzymes ex-
amined. Rao et al. noted that the WA motifs in TerL sub-
units contained a conserved arginine residue at position 3 or
4 (12,13,34), which suggests that the arginine toggle mech-
anism may be a general feature of terminase enzymes. To
further explore this possibility, we used TerL sequences of
well-studied bacteriophages in BLASTP searches against

members of the Tailed Bacteriophage taxid. These searches
revealed that arginine residues are nearly universally con-
served at positions 3 or 4 of the WA motif (Supplemen-
tary Table S4); 138/138 of the T4-like phages and 76/76 of
the P74-26-like phages conserve this arginine residue in the
‘WA motif. This strict sequence conservation is similarly ob-
served in the eukaryotic terminase enzymes, where all of the
herpes virus packaging motors possess a WA arginine. Al-
though there are exceptions in the P22- and A-like phages,
a strictly conserved glutamine appears in these motors and
could perform an analogous role. In contrast, alignments of
selected classes of ATPases associated with diverse cellular
activities (AAA* family of ASCE ATPases) reveal that few
of the enzymes contained a conserved WA arginine (Sup-
plementary Table S4). This is discussed further below.

Conformational changes associated with the catalytic E— D
mutant. Finally, we modeled and simulated ATP-bound
TerL™-E256D and TerLF*?6_-E150D mutant enzymes
wherein the catalytic glutamate has been changed to as-
partate; these studies were designed to provide insight into
the effects of the analogous TerL*-E179D mutant studied
experimentally herein. In both cases, we find that the mu-
tant Asp carboxylates retain their interactions with the WA
arginines as is observed in the WT ATP-bound enzymes
(Figure 7A, B); however, in both cases the carboxylate func-
tional groups are positioned ~2-5 A further away from the
v-phosphate (Figure 7C, D and Supplementary Figure S8).
This is caused, in part, by the 1.5 A shorter length of the Asp
vs. Glu side chain but is also due to significant reorientation
of the binding-pocket to accommodate the mutated residue.
This affects the ability of other WA residues, such as the crit-
ical lysine, to properly bind the ATP and further increases
the distance between the catalytic carboxyl group and the -y-
phosphate. This likely perturbs positioning and activation
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Figure 6. Principal Component Analysis of TerL™ Reveals Lid Subdomain Motion Upon ATP Binding. (A) Principal component analysis (PCA) of
TerL™ apo simulation shows little concerted motion of the lid subdomain (also called the NII-subdomain in TerLT* literature), circled by black dashed
circle. Residues are colored based on the magnitude of root-mean-square fluctuations during the simulation, with red representing least mobile residues
and blue representing most mobile residues. Arrows represent the projection of the individual residue motions onto the first principal component. (B)
Principal component analysis of the firsz 10 ns of TerL™ ATP-bound simulation shows concerted rotation of the lid subdomain towards the ATPase active
site consistent with prior experimental studies of Sf6 and P74-26 terminases. (C) Principal component analysis of the Jast 10 ns of TerL™ ATP-bound
simulation shows little lid subdomain motion, indicating that the lid subdomain is stable in the closed conformation once the rotation is complete.
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Figure 7. Effects of the Conservative ASCE E—D Mutation Obtained
from MD Simulations. Representative conformations of the ATP-binding
pocket of ATP-bound WT TerLs (tan) superimposed onto the binding
pocket conformations of the corresponding catalytic E—D mutant TerLs
(cyan). Such analysis carried out for TerL™ (A) and TerLF7426 (B) struc-
tures show significant displacement of the labeled carboxylate functional
group and miscoordination of the labeled y-phosphate of ATP in both mu-
tant structures. Separation distances, obtained from an equilibrium MD
trajectory, between the carboxylate functional group and the y-phosphate
for WT (black) and catalytic E—D mutants (red) of TerL™ (C) and
TerLF7426 (D). In both cases, the E—>D change results in a significant in-
crease this distance and the hindered ATP hydrolysis observed experimen-
tally in the E— D mutants is attributed to this increased distance.

of the water molecule, thereby hindering the chemical step
of hydrolysis. We suggest that a similar perturbation occurs
in the E179D change of TerL* and explains the slower rate
of ATP hydrolysis and coupled packaging observed experi-
mentally.

DISCUSSION

While a number of studies have shown that change of the
identified catalytic carboxylate in ASCE ATPase motors
affects their function (17,18,24,68,69), a detailed mecha-
nistic dissection of the defect has not been performed in
most cases. In the present study, we have identified E179
as the catalytic glutamate in the N terminase ASCE AT-
Pase domain. The genetic data clearly show that all mu-
tations of TerL*-E179, including the conservative E179D,

are profoundly lethal in vivo. The lethal phenotype could
reflect multiple defects including protein misfolding, dis-
rupted motor assembly, attenuated ATP hydrolysis, a re-
duced DNA translocation rate and/or an inability to pack-
age the entire genome. The biochemical and biophysical
data show that TerL-E179D retains weak ATPase and
DNA translocation activity but is nevertheless lethal even
using our highly sensitive genetic assay. The differences be-
tween the in vivo genetic studies and the in vitro biochemi-
cal and optical tweezer studies can be reconciled as follows:
The single-molecule assay follows the early stages of DNA
packaging, ensemble genome packaging assesses the pack-
aging of full-length genomes into the capsid and the genetic
studies measure the final product, an infectious virus parti-
cle. The combined genetic, biochemical and single-molecule
data indicate that while TerL*-E179D can initiate pack-
aging, the slowed motor velocity and increased pausing
and slipping prevents packaging of the full-length genome,
which is required to assemble an infectious virus. Thus, the
integrated studies presented here provide insight into the
mechanistic defects responsible for the observed biological
outcome.

Mechanistic insight derived from TerL* mutant analysis

Our previous findings suggest an ATP tight binding transi-
tion model where the N terminase motor undergoes a con-
formational change upon binding of ATP that is required
for both tight binding of the nucleotide and tight DNA
gripping during duplex translocation (Supplementary Fig-
ure S1) (41). This is based, in part, on the observation that
decreasing [ATP] slows the WT terminase motor and also
causes an increase in slipping (41). Some WA mutants, such
as TerL*-V80A follow a similar trend of slowed motor ve-
locity and increased slipping even at saturating concentra-
tions of ATP and have been implicated as having a slowed
ATP tight binding transition. In contrast, the TerL*-E179D
catalytic carboxylate mutant studied here slows the motor
velocity but does not cause a proportionally large increase
in slipping (Figure 4B). Thus, the slowed translocation of
E179D is not attributable to a slowed ATP tight binding
transition. Rather, the phenotype is virtually identical to
that of the TerL*-R79K WA mutant studied previously,
which was implicated as having a slowed hydrolysis step
(41). The virtually identical effects of the E179D and R79K



residue changes, both chemically conservative changes that
slightly shorten the side-chain lengths, also support the pre-
diction of the molecular dynamics simulations that an inter-
action between these two residues is critical to position the
catalytic glutamate adjacent to the y-phosphate of the ATP.

Mechanochemical coupling in terminase enzymes

Structural studies in the TerLP7#2¢ system reveal interac-
tions between WA and lid subdomain residues that are re-
modeled upon binding of the ATP mimic ADPeBeF, (17).
This is accompanied by a ~13° rotation between the AT-
Pase and lid subdomains which has been proposed to be
central to communication of ATP hydrolysis in one subunit
to the next, and in DNA translocation (17). Similar obser-
vations have been made in TerL3; comparison of the ATP-
v-S and ADP-bound forms reveals a change in the interac-
tion of the conserved WA Arg and lid residue E187, with
concomitant 0.5 A movement of the lid subdomain relative
to the ATPase domain (16). As with the P74-26 model, the
small lid subdomain movement is proposed to be amplified
through additional domain movements to produce the ~8
A movement needed to translocate 2.5 bp/ATP hydrolysis.

Based on this published data and the experimental and
simulation data presented herein, a general model can be
proposed. The conserved WA arginines found in ATP-
binding pocket of terminase enzymes perform two essential
functions: (i) they play an important role in ATP hydrol-
ysis by appropriately positioning the catalytic glutamate
in the transition state, and (ii) they communicate the nu-
cleotide bound state of the ATPase domain to the lid sub-
domain to mediate mechanochemical coupling. In addition,
the open to closed transition is associated with a tight bind-
ing enzyme-substrate transition that has been proposed for
several terminase enzymes and that may be required for
processive DNA packaging by the enzymes. We note that
a pre-catalytic tight binding transition is common in bio-
chemistry and similar models have been proposed for DNA
polymerase enzymes in which the transition modulates the
fidelity of nucleotide incorporation (70,71).

Arginine toggle

The wide conservation of the WA arginine among viral
packaging motors suggests that these enzymes have devel-
oped use of an arginine toggle to couple ATP binding and
hydrolysis to motor movement. In contrast, a number of
ASCE ATPases employ a ‘sensor II motif arginine’ that is
located within the lid subdomain and moves into the ATP
binding pocket upon nucleotide-binding (65); this binding
switch directly confers motion to the lid subdomain and
performs an analogous role as the arginine toggle reported
here. Of note, terminase enzymes lack a conserved sensor
II motif arginine, which led Kelch and co-workers to pro-
pose that the WA arginine of TerL"74 terminase performs
an analogous role (17); however, the specific mechanism and
interactions with the lid subdomain and catalytic glutamate
residues could not be identified in the structural data. Our
MD data suggest that this residue, Arg39 in TerLF742°  is in-
deed conceptually analogous to the sensor II arginine found
in ASCE ATPase family, but is mechanistically distinct and
conserved in the viral packaging motors.
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CONCLUSIONS

The present study represents a detailed dissection of the role
of TerL*E179 in the packaging mechanism of \ terminase.
Our experimental results confirm that this residue plays an
essential role in the function of the enzyme and the ensem-
ble of data supports the conclusion that E179 is a catalytic
residue involved in the hydrolysis of ATP. Assignment of
this residue as the catalytic glutamate firmly places \ termi-
nase within the ASCE family of ATPases and among ho-
mologous terminase enzymes such as those of T4 and P74-
26. In addition, our computational results predict a general
mechanism in the terminase enzymes, supported by our ex-
perimental findings, whereby the catalytic glutamate acts in
concert with the conserved WA arginine in a transition from
an open to closed conformation that binds ATP tightly. This
tight-binding conformation (i) positions ATP, the catalytic
carboxylate and a water molecule for activation and in-line
attack on the y-phosphate in the transition state and (ii)
mediates mechanochemical coupling when, after hydroly-
sis and product release, the arginine toggles to interact with
a Glu residue in the lid subdomain. Although little overall
sequence identity is found for TerL proteins, strong conser-
vation of the ASCE ATPase motifs (12,13,15-18) and other
structural features, such as the arginine toggle residue and
the lid subdomain (4,21,31), suggest that the mechanical
output of these viral motors is based on a unitary funda-
mental mechanism.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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