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ABSTRACT

The speed at which a molecular motor operates is
critically important for the survival of a virus or
an organism but very little is known about the un-
derlying mechanisms. Tailed bacteriophage T4 em-
ploys one of the fastest and most powerful pack-
aging motors, a pentamer of gp17 that translocates
DNA at a rate of up to ∼2000-bp/s. We hypoth-
esize, guided by structural and genetic analyses,
that a unique hydrophobic environment in the cat-
alytic space of gp17-adenosine triphosphatase (AT-
Pase) determines the rate at which the ‘lytic water’
molecule is activated and OH− nucleophile is gen-
erated, in turn determining the speed of the mo-
tor. We tested this hypothesis by identifying two hy-
drophobic amino acids, M195 and F259, in the cat-
alytic space of gp17-ATPase that are in a position to
modulate motor speed. Combinatorial mutagenesis
demonstrated that hydrophobic substitutions were
tolerated but polar or charged substitutions resulted
in null or cold-sensitive/small-plaque phenotypes.
Quantitative biochemical and single-molecule anal-
yses showed that the mutant motors exhibited 1.8-
to 2.5-fold lower rate of ATP hydrolysis, 2.5- to 4.5-
fold lower DNA packaging velocity, and required an
activator protein, gp16 for rapid firing of ATPases.
These studies uncover a speed control mechanism
that might allow selection of motors with optimal per-
formance for organisms’ survival.

INTRODUCTION

Tailed bacteriophages are considered as the most abundant
forms of life on the planet (1). They employ powerful molec-
ular motors to condense the viral genomes inside a cap-
sid shell (2–5). These motors belong to ASCE superfam-

ily of multimeric ring-type NTPases that perform numerous
and diverse tasks in cellular organisms such as transport of
cargo between compartments, unwinding of DNA to allow
replication, unfolding of proteins for degradation and seg-
regation of chromosomes during cell division (6,7). One of
the critical aspects of motor function is the speed at which
the motor performs a task. Motors such as chromatin mod-
eling Adenosine triphosphatases (ATPases) (8) operate at a
slow speed compared to DNA helicases (9) which must un-
wind DNA at a much higher speed in order to keep up with
the rate of DNA synthesis.

The tailed bacteriophage T4 belongs to the family of
Myoviridae. It is a relatively large phage and an impor-
tant model in molecular biology to elucidate basic mech-
anisms. During assembly, its 120 × 86 nm icosahedral head
(capsid) is packaged with ∼171-kb, 56 �m-long DNA to
near crystalline density (10). An oligomeric motor contain-
ing five subunits of gp17 ‘large terminase’ (TerL) docks on
the special dodecameric portal (gp20) vertex of the cap-
sid (Figure 1) (11,12). gp17 consists of an N-terminal AT-
Pase domain that provides energy for packaging and a C-
terminal nuclease/translocase domain that generates an end
and translocates the genome (13). The ATPase domain has
two subdomains; subdomain I (Nsub I) that contains all the
canonical signatures including Walker A, Walker B and cat-
alytic carboxylate, and a smaller subdomain II (Nsub II)
containing sites that regulate ATP hydrolysis. The ATPase
and translocase domains are linked by a flexible hinge and
several charge pairs at the interface. The motor subunits are
proposed to alternate between two conformational states,
Extended (or Relaxed) and Compact (or Tensed), generat-
ing electrostatic force that powers translocation DNA, 2 bp
at a time (11,14).

In addition to motor and portal, the phage packaging
machine consists of a regulator, the 11- or 12-meric gp16
‘small terminase’ (TerS) that interacts with gp17 to form a
holo-terminase complex and regulates gp17 functions (15).
TerS is essential for recognition and cutting of concate-
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Figure 1. A structural model of the phage T4 DNA packaging machine.
It consists of the pentameric motor (gp17) assembled at the dodecameric
portal vertex (gp20) of the prohead (11). The model is based on the cryo-
EM structure of the prohead–motor complex and functional studies (11).

meric viral genome in vivo, although the TerL motor alone
is sufficient to package an already-cut DNA in vitro starting
from an end (13). In addition, gp16 stimulates gp17-ATPase
which is thought to be important for rapid firing of motor
subunits when the newly created end is inserted into the mo-
tor channel for packaging initiation (16,17).

The phage T4 DNA packaging motor is the fastest and
most powerful reported to date (18). It can package up
to 2000 bp/s generating a power density of 5000 kW/m3,
twice that of an automobile engine. A fast motor may
have evolved to enable packaging of phage T4’s 171-kb
genome in the same amount of time in one infection cy-
cle as other phages that package shorter genomes. Single-
molecule analyses determined that the packaging velocity
of phage motors is roughly proportional to the size of the
genome the motor packages; 2,000-bp/sec for T4 that pack-
ages 171-kb genome, 800-bp/s for � that packages 48.5
kb genome, and 200-bp/s for phi29 that packages 20-kb
genome (18–20). We proposed that the speed of the motor
may be evolutionarily scaled to the size of the genome it
packages, in order to optimize the motor’s performance for
phage survival (18).

How is the motor speed controlled? Very little informa-
tion is available on the basic mechanism. Evidence suggests
that residues in vicinity of the Walker B motif and the � -
phosphate of bound ATP in the ATPase pocket are impor-
tant. The Walker B motif is highly conserved in ATPase
motors (21), consisting of a �-strand of 4–6 hydrophobic
amino acids (aa) tucked into the Rossmann fold followed
by a loop containing a strictly conserved aspartate that co-

ordinates with the ATP–Mg complex, and a catalytic glu-
tamate that acts as a base by accepting a proton from a
‘lytic’ water molecule to generate the OH− nucleophile. In
chromatin remodeling ATPase mkTIP49, a D346N muta-
tion residing at ∼8Å distance from the Walker B aspartate
and ATP � -phosphate resulted in 2-fold increase in the rate
of ATP hydrolysis (8). In the phage � packaging motor, mu-
tation of residues located in the predicted helix connecting
Walker B and ATPase coupling C-motifs (T194M, G212S)
resulted in 3- to 10-fold reduction in packaging velocity
(22). In SpoIII, an Escherichia coli DNA translocase that
is involved in chromosome segregation, mutation of D584
located at a similar position resulted in 2.5-fold reduction
in chromosome transport rate (23). Mutational analysis of
phage T4 motor revealed that the presence of a hydrophobic
aa next to Walker B catalytic glutamate (E256) is essential
for function (24). This hydrophobic aa requirement is con-
served in ∼93% of large terminase sequences and ∼99% of
helicase sequences in the data base.

We hypothesize that the hydrophobic microenvironment
of the catalytic space surrounding the catalytic glutamate
and the � -phosphate of bound ATP is a critical determi-
nant of the rate of ATP hydrolysis and motor speed. Since
the catalytic glutamate must accept, but not hydrogen-bond
with, a proton in order to generate an OH− nucleophile
from the polarized water molecule (8), hydrophobicity of
this microenvironment as provided by the aa sidechains ori-
ented into this space would be critical. These would help
exclude non-specific water molecules from this space and
create an appropriate microenvironment for polarization of
the lytic water molecule (9,25–26). The OH− nucleophile
then attacks the � -phosphate, resulting in cleavage of ATP
to ADP and Pi. These steps determine the rate of ATP hy-
drolysis and speed of the motor.

We tested the above hypothesis by changing the hy-
drophobicity of the catalytic space by mutation. Substitu-
tion of M195 and F259 residues located at 5–6Å distance
from the catalytic glutamate with less hydrophobic, polar
or charged aa resulted in null phenotype or partially defec-
tive cold sensitive/small plaque (cs/sp) phenotype. Remark-
ably, a slight increase in the hydrophobicity of the sidechain
by a single carbon restored partial function. The cs/sp mu-
tants (M195T, E and V) showed 3- to 66-fold reduction in
infectious virus particles, 70–90% loss of ATPase activity
and in vitro DNA packaging activity. Furthermore, single-
molecule optical tweezers data showed that the M195E/V
motors were unable to fire at the rate necessary to initiate
DNA packaging unless assisted by the ATPase activator
protein gp16. Once initiated, the mutant motors translo-
cated DNA at 2.5- to 4.5-fold lower rate than the wild-type
(WT) motors.

Thus, our studies for the first time addressed a critical
aspect of the biological energy transductions by formulating
a defined hypothesis. The results uncovered a speed control
mechanism for the phage T4 DNA packaging motor, which
may be broadly extended to other packaging and molecular
motors that are critical for life.
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MATERIALS AND METHODS

Bacteria, phage and plasmids

Escherichia coli P301 (sup−) was a non-suppressor strain
used for recombinational genetic rescue. Escherichia coli
B40 (sup+), a serine-suppressor, was used to make S194am
phage stock and E. coli Y-suppresssor (sup+) (27), a
tyrosine-suppressor, was used to make Y253am phage stock
(21). Escherichia coli strains, DH5� and BL21 (DE3) (No-
vagen) were used as a host strains for pET-28b plasmids
(Novagen) carrying gene 17 (g17).

Structure analyses

Analysis of amino acids residues in vicinity of E256 and � -
phosphate and distance measurements were performed us-
ing Pymol (The PyMOL Molecular Graphics System, ver-
sion 1.3, Schrödinger LLC) and Chimera (the Resource
for Biocomputing, Visualization and Informatics, version
1.10.2, University of California, San Fransisco, CA, USA).

Primers

Amplification primers. All the nucleotides listed below
correspond to the coding sequence of g17. The g17 end
primers containing NheI ends and BamHI ends that were
used to amplify g17 DNA are: 5′-forward primer contain-
ing NheI restriction site (shown in bold), 5′-AAAGCTA
GC ATGGAACAACCGATTAATGTATTAAATG-3′ (nt
1–28) and 3′-reverse primer containing BamHI restriction
site (shown in bold), 5′- AAAGGATCC TTATACCA TT
GACATACCATGAGATAC-3′ (nt 1797–1833). The itali-
cized nucleotides represent the tag sequence added to the
5′-end for efficient cutting at the adjacent NheI or BamHI
sequence.

Sequencing Primers. The primers used to amplify the
DNA flanking at the targeted mutation site for sequenc-
ing are as follow: for M195 mutants, 5′-forward: 5′-CGT
GACTATCAGCGTGATATGC-3′ (nt 418–439); for F259
mutants, 5′-forward: 5′- GCAAGCAATTGAACTGCTTC
C-3′ (nt 612–632).

Mutagenesis primers. The primers used for combinatorial
mutagenesis libraries are as follow: M195 mutants: forward
mutant primer: 5′- GCACACAAAGGCTCANNNTCTG
CGGAAGTTTTA-3′ (nt 568–600), reverse mutant primer:
5′- TAAAACTTCCGCAGANNNTGAGCCTTTGTGTG
C-3′; F259 mutants: forward mutant primer: 5′-ATT
GACGAATGTGCGNNNATTCCAAA CTTCCAT-3′ (nt
760–792), reverse mutant primer: 5′-ATGGAAGTTTGGA
ATNNNCGCACA TTCGTCAAT-3′. The mutation sites
are shown in bold; NNN represents randomization of nu-
cleotides.

Combinatorial mutagenesis

Met195 and Phe259 mutants were constructed by com-
binatorial mutagenesis. Combinatorial mutagenesis was
performed by the splicing by overlap extension polymerase
chain reaction (SOE-PCR) strategy (27,28). SOE-PCR

substitutes a codon at the mutation site to other codons so
that every possible amino acid substitution is generated.
Combinatorial mutagenesis allowed construction of a pool
of full-length gp17 mutants with all possible mutations at
the targeted amino acid position. This was accomplished
by two successive PCRs with four oligonucleotides. In
the first PCR, two reactions were set up at the same time.
The first reactions contained g17 forward primer and
mutant reverse primer. The second reaction contained
g17 reverse primer and mutant forward primer. The
second round of PCR is the gene fusion step in which
two PCR products from the first round of PCR were
stitched together to reconstitute the full length of DNA
by overlap extension. For example, to construct M195
mutant library, the following primers were used: primer
1 (g17 5′-forward): 5′-AAAGCTAGCATGGAACAAC
CGATTAATGTATTAAATG-3′; primer 2 (g17 mutant
reverse): 5′-GTCTAAAACTTCCGCAGANNNTGAGC
CTTTGTGTGCAAG-3′; primer 3 (g17 mutant forward):
5′-CTTGCACACAAAGGCTCANNNTCTGCGGAAG
TTTTAGAC-3′; primer 4 (g17 3′-reverse): 5′-AAAGG
ATCCTTATACCATTGACATACCATGAGATAC-3′.
Primer 1 and 4 are 5′ and 3′ ends of g17, and primers 2
and 3 are complementary primers corresponding to the
regions that flank the M195 residue. To have a library of
all possible mutations, primers 2 and 3 were synthesized by
randomization of nucleotides at the mutant site.

The PCR-amplified DNA was digested with the restric-
tion enzymes NheI and BamHI (Thermo Fisher) for direc-
tional cloning. The pET28-b vector was also linearized with
the same restriction enzymes, purified from the agarose gel
and ligated with the mutant DNAs. Ligation inserts the mu-
tant g17 DNA in-frame with a 25 amino acid tag contain-
ing hexa-histidine sequence at the N-terminus of g17 cod-
ing sequence. The ligation mixture was transformed into the
high efficiency DH5� E. coli competent cells (NEB) on LB-
kanamycin plates. Individual transformants were grown on
LB-kanamycin liquid medium and plasmid DNAs were ex-
tracted using the miniprep DNA purification kit (Qiagen).
The plasmid DNAs were digested with NheI and BamHI to
confirm the presence of g17 inserts.

Genetic recombination and marker rescue

After confirming the presence of DNA with correct size,
plasmid DNAs were transformed into E. coli BL21 (DE3)
and spread on LB-kanamycin plates. Plates were incu-
bated at 37◦C overnight. Individual colonies were inocu-
lated into 1 ml of LB-kanamycin medium and grown at
37◦C overnight. To test the phenotype of each mutant, re-
combinational genetic rescue was performed using amber
phages. An amber phage is a phage that contains amber stop
codon at a particular amino acid position. A recombina-
tional genetic rescue can exchange the genome between the
mutant and the amber phage, so that the mutant sequence
will now be part of the phage genome. We used two am-
ber mutant phages, S194am and Y253am, which are very
close to the mutational sites M195 and F259 respectively,
so that genetic recombination between the amber phage and
the mutant would almost always exchange the mutant into
phage genome. The phenotype of the mutant phage is tested
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by its ability to lyse E. coli and produce a plaque. Top agar
containing E. coli P301 (sup-) was plated on LB plate and
3 �l of each mutant E. coli clone was spotted. Then, 3 �l of
amber phage [2.5 × 104 plaque forming units (pfu)/�l] was
spotted on the top of the mutant spot and the plates were
incubated overnight in 37◦C, 25◦C and 45◦C. Four controls
were also spotted on the same plates, WT gp17 clone, am-
ber phage only, BL21 cells and a non-specific (gp37) clone.
The presence of gp17 insert was confirmed by using another
g17 amber phage, H436am, in which the amber mutation is
far away from the M195 and F259 sites. All the g17 inserts
regardless of the mutation at M195 or F259 would give pos-
itive marker rescue with this amber phage. See Results and
Figure 3 for additional details.

Purification of gp17 proteins

The gp17 proteins were over-expressed and purified ac-
cording to the protocols described previously (16). Briefly,
the pET-28b plasmid constructs containing the inserts for
gp17 (WT, E195 R195, S195, T195 and V195) were trans-
formed into E. coli BL21 (DE3) pLys-S cells. Recombinant
cells were grown to log phase at 37◦C. isopropyl �-D-1-
thiogalactopyranoside (IPTG) (1 mM) was added to induce
over-expression of the recombinant protein and the culture
was transferred to 29◦C for 3 h. The cells were pelleted and
resuspended in 40 ml of binding buffer A [20 mM Tris–HCl
pH 8, 1 mM ATP, 5 mM Mg2+, 100 mM NaCl, 10 mM im-
idazole and protease inhibitor cocktail (Roche)]. The cells
were lysed by French Press and the supernatant was applied
to a Histrap column (AKTA-Prime, GE Healthcare). The
hexa-his tagged gp17 was eluted using a linear gradient of
50–500 mM imidazole in buffer A and the peak fractions
were applied to a 16 × 100 cm Superdex-200 size-exclusion
column pre-equilibrated with buffer B (20 mM Tris–HCl
pH 8, 30 mM NaCl). The peak fractions were concentrated
and stored at −80◦C.

In vivo nuclease assay

Recombinant E. coli BL21 (DE3) pLys-S cells contain-
ing cloned gp17 constructs were grown and gp17 expres-
sion was induced with 1 mM IPTG as above (29). Two ml
aliquots were taken at 0 and 180 min after induction. Plas-
mid DNA was isolated by the alkaline lysis procedure (Qia-
gen) and resuspended in 50 �l water. A total of 10 �l of the
DNA were electrophoresed on a 1% (w/v) agarose gel at
100 V for 2 h, stained with ethidium bromide and analyzed
by Bio-Rad Chemi-DOC imaging system (30). Presence of
a diffused smear of cleaved DNA throughout the lane is a
hallmark of in vivo nuclease activity.

ATPase assay

The purified gp17 proteins (0.2–0.6 �M for WT, 1.6–2.0
�M for mutants) either alone or with equimolar amounts
of gp16 oligomer were incubated in a reaction mixture (20
�l) containing (0.005–8 mM) cold ATP and 1 �Ci of [� -
32P] ATP (Sp. Act. 3000 Ci mmol-1; Perkin Elmer) at 37◦C
in ATPase buffer (50 mM Tris–HCl pH 7.5, 0.1 M NaCl and
5 mM MgCl2) for 10 min. The reaction was terminated by

adding ethylenediaminetetraacetic acid (EDTA) to 50 mM
and the products were separated by thin layer chromatog-
raphy on PEI plates (Sorbent Technologies). The 32Pi was
quantified by Phosphor-imaging (Storm 820, Molecular dy-
namics) (16). Catalytic rates were extracted by fitting the
data traces of 32Pi versus time to the expression A(t) = A∞(1
– exp(-kt)), and determining the initial slope (t = 0). This
was done to mitigate effects due to limited substrate on the
estimates of the catalytic rates.

In vitro DNA packaging

The purified gp17 proteins (0.5–2 �M) and empty heads
(31) were incubated in a reaction mixture (20 �l) contain-
ing 400 ng XbaI-linearized pAAV-GFP DNA (5.4 kb), 30
mM Tris–HCl (pH 8.0), 100 mM NaCl, 5 mM MgCl2 and
1 mM ATP for 30 min at 37◦C (13). The reaction was termi-
nated by adding DNase I (Sigma) to a final concentration
of 10 �g/ml and incubated for 30 min at 37◦C. Proteinase
K (Thermo Scientific), 50 mM EDTA and 0.2% sodium do-
decyl sulphate (SDS) were added and the reaction mixture
was incubated for 30 min at 60◦C. The samples were then
electrophoresed on 1% (w/v) agarose gel for 2 h at 100 V
and stained with ethidium bromide. The amount of pack-
aged DNA was quantified by Bio-Rad Chemi-DOC imag-
ing system (13).

Single molecule optical tweezers assays

Single molecule assays were conducted on high resolution
dual trap optical tweezers that were set up and calibrated as
described previously (5) (see Figure 6 and ‘Results’ section
for more details). DNA beads were prepared by incubating
a 3.4-kb ds DNA that had a biotin tag on one end, along
with 1 �m streptavidin beads (Spherotech), for 30 min at
RT. Stalled complexes were assembled by incubating gp17
(2 �M) (WT, E195 or V195) with DNA beads and ∼1010

empty head particles in the presence of 0.25 mM ATP for
10 s, followed by 2 mM ATP-� -S at room temperature for
30 min. In experiments where gp16 was added, the stalled
complexes were assembled in the presence of an equimo-
lar amount of gp16 N-C fusion (2 �M). No gp16 (or gp17
was present in any of the subsequent steps. Tethers were
formed by ‘fishing’ (32) for the stalled capsid using Protein
G beads (Spherotech) coated with anti-T4 antibodies in the
presence of packaging buffer (30 mM Tris–HCl pH 7.6, 5
mM MgCl2, 80 mM NaCl), as well as an oxygen scavenging
system (100 mg/ml glucose oxidase, 20 mg/ml catalase and
4 mg/ml glucose to prevent damage by the reactive singlet
oxygen species) with 0.2 mM ATP-� -S, and packaging was
restarted by moving the entire tether into packaging buffer
containing 1 mM ATP (33).

RESULTS

Architecture of the catalytic center in ATPase motors

Active sites of enzymes provide unique microenvironments
for interaction with substrate(s) and the chemistry that fol-
lows during catalysis. Structural analyses of gp17-ATPase,
and other ATPase motors such as PcrA helicase and F1-
ATPase (�-subunit) show that the ATP binding pocket
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consists predominantly of a hydrophobic environment, in
particular the catalytic space surrounding the � and � -
phosphates of bound ATP. In the gp17 ATPase structure
(11,34), ∼84% of the aa sidechains at the distance of 8Å
or closer from the � and � -phosphates of the bound ATP
molecule are either hydrophobic or neutral. For PcrA heli-
case and F1-ATPase, the percentage is 78 and 92%, respec-
tively (35,36).

Oriented in this hydrophobic environment are a cluster of
charged and polar residues which interact with bound ATP,
specifically the �- and � -phosphates (Figure 2A). Among
these are the highly conserved signature residues: lysine and
serine/threonine of Walker A motif, aspartate of Walker B
motif, catalytic glutamate and arginine finger (2,7–9,11,34)
(Figure 2B) ((37). These residues create a network of in-
teractions by coordinating with the Mg2+ ion and gener-
ally two to four water molecules. All other water molecules
from bulk solvent are excluded from this space. One of the
bound water molecules is referred to as ‘lytic’ water as it is
polarized and split into H+ and OH− during catalysis. The
catalytic glutamate acts as a base and accepts the proton
whereas the OH− nucleophile ‘attacks’ the � -phosphate re-
sulting in ATP hydrolysis.

This basic architecture is conserved in the ATPase cat-
alytic centers, including the ATPase (large terminase) sub-
units of all phage packaging machines (Figure 2A and
B) (11,38–41). Hydrophobicity in this catalytic space, es-
pecially that surrounding the catalytic glutamate and � -
phosphate is thought to affect the activation energy for ac-
tivation and polarization of lytic water and in turn, the rate
of ATP hydrolysis and speed of the motor (8). Therefore, al-
tering the hydrophobicity, such as introduction of a charged
or polar sidechain into this space, could alter the hydro-
gen bond network either by allowing a competing water
molecule to enter this space, or by creating competition for
catalytic glutamate by hydrogen bonding with the lytic wa-
ter molecule. These would lead to an increase in activation
energy for splitting the lytic water, decrease in the rate of
ATP hydrolysis, and decrease in the speed of the motor.

Residues M195 and F259 located in the catalytic space are
critical for motor function

In the crystal structure of gp17 ATPase–ATP complex, we
found two hydrophobic amino acids, M195 and F259, with
their sidechains oriented toward the catalytic carboxylate
E256 at the distance of 5.3 and 6.4 Å, respectively (Figure
2B and Supplementary Figure S1A). These residues likely
contribute to the optimal hydrophobicity needed to activate
the lytic water molecule. If so, substitution with a less hy-
drophobic, polar or charged residue should lower the speed
of the phage T4 DNA packaging motor. Consistent with
this prediction, (i) both the M195 and F259 residues are
strictly conserved in the T4 family large terminases (Supple-
mentary Figure S2), and (ii) in the 8–10 times slower pack-
aging motor from phage phi29 that packages ∼20-kb DNA,
the corresponding residues at spatially equivalent positions
are polar and charged (Supplementary Figure S1B) (19,41);
a similar pattern was also observed in the packaging AT-
Pase motor of phage Sf6 that packages ∼39-kb DNA (Sup-

plementary Figure S3) (40), although the packaging veloc-
ity of this motor has not been determined.

The above hypothesis was tested by combinatorial muta-
genesis (Figure 3A) (27). Two gp17 ATPase libraries were
constructed by introducing every possible codon at each of
these positions (see Supplementary Materials and Meth-
ods). The mutant plasmids were transformed into sup- E.
coli and infected with either S194am (for M195 library)
or Y253am (for F259 library) phages to determine which
substitutions can rescue the amber mutation by genetic re-
combination. Rescue was performed at three temperatures
(25◦C, 37◦C and 45◦C) and the phenotypes were scored as
null (no lysis of E. coli), functional (complete lysis), small
plaque (sp) or cold sensitive (cs) (Figure 3B).

Of the 136 F259 mutants screened, 28% were found to be
functional and 72% were null. Sequencing of about 60 mu-
tant clones showed that, in addition to Phe, other aromatic
and hydrophobic aa substitutions (Tyr, Tryp, His or Leu)
were tolerated (Figure 3C). Examination of the plaque size
showed no significant differences between the functional
mutants and the WT (Phe substitution) at any of the tem-
peratures tested.

On the other hand, analysis of the Met195 library re-
vealed multiple phenotypes. Of the 138 mutants screened,
57% were functional and 43% were null. From about 80 mu-
tants sequenced, we recovered a series of functional (Ala,
Leu, Cys) and null (Gln, Ser, Lys, Arg, Ile, Gly or Pro) mu-
tants. Interestingly, however, three substitutions, Val, Glu or
Thr, resulted in partially functional cs/sp phenotype (Fig-
ure 3D).

Since partially functional phenotypes are good candi-
dates to evaluate motor speed that could affect head filling,
the efficiency of plaque generation by these mutants was
quantified. Escherichia coli cells carrying the mutant plas-
mids were infected with S194am phage and the frequency
at which the mutant gp17 protein (rescued by recombina-
tion) could generate an infectious virus particle was com-
pared with that of the WT gp17. Consistent with the phe-
notype, the cs/sp mutant proteins showed greatly reduced
number of plaques at 37◦C when compared to the WT and
the plaque number was further reduced, or abolished, at
25◦C (Figure 3E). For instance, Thr substitution resulted
in nearly two orders of magnitude fewer plaques at 37◦C
and more than three orders of magnitude fewer plaques at
25◦C. The Glu and Val substitutions reduced plaque for-
mation by 3- and 10-fold respectively at 37◦C, and more
than four orders of magnitude at 25◦C. The null phenotypes,
as expected, produced no plaques at any temperature. The
above data demonstrate that the cs/sp M195 mutant motors
produce fewer infectious virus particles than the WT gp17,
which is further worsened at a lower temperature.

M195 mutants are defective in ATPase and DNA packaging

gp17 exhibits three activities in vitro that are related to mo-
tor function; ATPase activity that provides energy for DNA
translocation, DNA packaging activity that includes pack-
aging initiation and DNA translocation, and DNA cleavage
activity that generates cuts in DNA at the time of packaging
initiation and termination (headful nuclease) (10,16). To de-
termine which of these functions are affected by mutation,
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A B 

Figure 2. The ATP binding pocket of T4 and other phage packaging ATPases. (A) Structural alignment of the packaging ATPases from phages T4 (green)
(2o0H) (11), phi29 (cyan) (5HD9) (41), Sf6 (gray) (4IFE) (40) and P74–26 (orange) (4ZNL) (39). (B) Signature residues of Walker A, Walker B and sensor
(Motif III) (37) motifs that are oriented into the ATPase catalytic center are shown. Note that the WT aa D255 and E256 (shown in purple) are modeled
because the crystal structure was that of a mutant in which these two residues were switched. The residues M195 and F259 shown in red are predicted to
contribute to the hydrophobicity of the microenvironment in the catalytic space.

we purified five mutant proteins (Figure 4A) and analyzed
their biochemical activities. These include two null mutants,
R195 and S195, and three cs/sp mutants, T195, V195 and
E195.

Our data show that all the mutants retained similar lev-
els of in vivo nuclease activity, as evident from the appear-
ance of a cleaved DNA smear throughout the lane (30),
when compared to the WT (Figure 4B). This result and the
fact that several of these mutant motors can package full-
length phage genome and produce infectious virus particles
in vivo indicated that the mutations did not cause gross per-
turbation of gp17 structure. The mutant proteins, however,
showed major differences in the ATPase and DNA pack-
aging activities. The null mutants, the charged aa substitu-
tion R195 and the polar aa substitution S195, lost ∼90%
of the ATPase activity (Figure 4C) and nearly all the DNA
packaging activity (Figure 4D). The V195 and Glu195 mu-
tants, consistent with their cs/sp phenotype, were partially
functional, retaining ∼20–30% of the ATPase and DNA
packaging activities. The T195 mutant, however, exhibited a
more severe defect, losing ∼90% ATPase activity and nearly
all the DNA packaging activity. This is consistent with the
minute plaques produced by this mutant (Figure 3E).

E195 and V195 mutants show reduced steady state velocity
of ATP hydrolysis

The steady state velocity of ATP hydrolysis was quantified
for the E195 and V195 mutant proteins relative to WT gp17.
The activity of T195 mutant was too low to perform de-
tailed characterizations. The proteins were incubated with

1 mM ATP and the amount of Pi formed with time was
quantified (Figure 5). The data clearly showed that the hy-
drolysis of ATP by the mutants is slower when compared to
the WT gp17. Catalytic rates were extracted by fitting these
data to the expression A(t) = A∞(1 – exp(-kt) and determin-
ing the initial slope (at t = 0). This was done to mitigate any
effects such as the changing substrate concentration with
time on the estimates of the catalytic rates. From the slopes,
we determined that the E195 and V195 mutants showed 1.8-
to 2.5-fold lower rate of ATP hydrolysis when compared to
WT gp17.

The DNA packaging velocity of E195 and V195 mutant mo-
tors is slower than the WT motor

Single-molecule experiments using high resolution optical
tweezers (32) were performed to determine motor speed
(Figure 6) (32). Unlike the bulk assays that give an aver-
age velocity of an ensemble of gp17 molecules, the single-
molecule assay determines the velocity of the individual mo-
tors in real time.

DNA-coated beads were prepared by incubating 1-�m
streptavidin-coated polystyrene beads with 3.4-kb dsDNA
with biotin at one end. Packaging motor complexes were as-
sembled by incubating the DNA beads with purified empty
heads and gp17 proteins in the presence of 25 �M ATP
for 10 s to initiate packaging. Packaging was then stalled
by adding excess ATP-�S (2 mM) (Figure 6, (A)). A single
bead containing DNA attached to one end was used to cap-
ture the phage head of the stalled complex at the other end
by using a second polystyrene bead coated with T4 antibody
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Figure 3. M195 and F259 residues are critical for phage T4 DNA packaging. (A) Schematic of combinatorial mutagenesis to determine the functional
consequence of substitution with each amino acid. (B) Examples of phenotypes resulting from various substitutions followed by genetic rescue. (C) Pheno-
types of amino acid substitutions at F259 and M195 residues. Substitutions below the native sequence resulted in null phenotype and those above resulted
in functional phenotype. The asterisk ‘*’ represents sp/cs phenotype. (D) Frequency of plaque generation at different temperatures following genetic rescue
of various amino acid substitutions at M195 residue. See Supplementary Materials and Methods for details.
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Figure 4. Residues Met195 and Phe259 are critical for function. (A) SDS-
polyacrylamide gel showing the purity of gp17 proteins. Note that the full-
length protein was non-specifically cleaved at the C-terminus to produce
2–3 shorter bands. All the species retained DNA packaging activity. (B)
in vivo nuclease activity assays. The numbers ‘0’ and ‘3’ at the top of the
lanes represent hours after induction with IPTG. (C) ATPase assays. (D)
in vitro DNA packaging assays. Upper arrow represents a small amount
of DNA associated with the heads. Lower arrow represents the packaged
DNA. The vertical lines between the panels A and D indicate the gp17
protein used in each assay, as shown at the top of panels A and D. The
lanes corresponding to the ATPase and DNA packaging activities of WT
or mutant gp17 lanes in panels C and D represent duplicate assays. The
black lines within a panel indicate the boundaries of the sliced and pasted
lanes. This was done to maintain the same order going from panel A to
panel D. See Supplementary Materials and Methods for details.

(B). As a result, a single stalled packaging motor complex
was captured between the two beads (C). The DNA teth-
ered between the beads was then stretched by applying a
force of 5 pN (D) and moved into an area of the microfluidic
chamber containing ATP (1 mM) to re-start packaging (E).

Figure 5. E195 and V195 mutants show reduced rate of ATP hydrolysis.
The amount of Pi formed with time was quantified for WT (blue), E195
(green) and V195 (red) gp17s using the standard ATPase assay. Data were
fit to the expression A(t) = A∞(1 – exp(-kt)) (dashed lines) and the rates de-
termined from the slope at t = 0. See Supplementary Materials and Meth-
ods for details.

Motor speed was determined by measuring the decrease in
tether length with time at a constant force of 5 pN (‘force-
clamp’ mode) (20,32).

The data show that the mutant motors, unlike the WT
motor, formed tethers poorly (Figure 7A). The tethering ef-
ficiency of WT motor was ∼85% whereas that of V195 and
E195 motors was ∼20% (Figure 7A). We suspected that this
was because the mutant motors could not efficiently initi-
ate DNA packaging and form the stalled complex (see Fig-
ure 6A). Furthermore, <1% of the mutant motor tethers
packaged DNA whereas >80% of WT motor tethers ended
up packaging DNA (Figure 7A). Clearly, the mutant mo-
tors were defective in initiating DNA packaging. Our previ-
ous data suggested that packaging initiation is energetically
costly because the motor ATPases must fire in rapid succes-
sion (17) in order to translocate the initial ∼30-bp of DNA
deep into the 100-nm long motor/portal channel such that
it will not come back out. Thus, the E195 and Val195 mo-
tors were unable to fire ATPases at a high rate.

We found that the tethering efficiency of mutant motors
could be enhanced by adding the small terminase protein
gp16, the gp17-ATPase activator protein. It has been well
established that gp16 stimulates the rate of ATP hydroly-
sis by gp17 ATPase up to ∼50-fold (16). This stimulation
appears to be essential for efficient ackaging initiation in
vivo (16), because initiation must follow immediately af-
ter cutting the concatemeric DNA by the holo-terminase
(TerL–TerS) complex followed by assembly of the motor on
the prohead portal (2). Otherwise, the newly generated end
could slip out of the motor complex. However, since cutting
is not required for in vitro DNA packaging, gp17 alone can
attach to an already cut end and initiate packaging without
the assistance of the ATPase activator protein gp16. Since
the E195 and V195 mutants exhibited lower rates of ATP
hydrolysis and were unable to form tethers efficiently, we
hypothesized that this could be compensated by stimulat-
ing the ATPase activity of the mutant proteins with gp16.

By screening various gp16 mutants, we identified a mu-
tant, gp16 N-C fusion, in which the central oligomeriza-
tion domain was deleted and the N- and C-domains were
fused, being the most effective in enhancing tether forma-
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Figure 6. Schematic of single-molecule DNA packaging using optical
tweezers. DNA beads were prepared by incubating Streptavidin-coated
polystyrene beads with 3.4-kb dsDNA that had biotin on one end. Stalled
complexes were assembled by mixing DNA beads with T4 capsids and
gp17 in the presence of 1 mM ATP for 10 s, followed by addition of 2
mM ATP-�S. Where needed, gp16 N-C fusion was added. Tethers were
formed by moving the antibody bead close to the DNA bead for 1 s and
then pulling apart until a force of 5 pN was felt, which indicated forma-
tion of a tether. The tether was held at 5 pN force and moved to the ATP
channel where packaging (indicated by the shortening of the tether) was
recorded against 5 pN of applied force.

tion. In previous studies (15), the same mutant, like the WT
gp16, also stimulated the gp17-ATPase activity. But unlike
the WT gp16 which inhibited DNA packaging in bulk as-
says (42), the N-C fusion stimulated DNA packaging (15).
Therefore, the gp16 N-C fusion mutant was used to stim-
ulate packaging initiation so that the speed of the mutant
motors could be measured while the DNA is being translo-
cated. The above experiments were repeated by assembling
the stalled complexes in the presence of both gp17 and gp16

N-C fusion (Figure 6A). The stalled complex was then cap-
tured by the DNA-bead and suspended in a buffer contain-
ing no gp16 and the DNA between the capsid-bead and
DNA-bead was stretched to determine tethering efficiency
(Figure 6B–D). Under these conditions, the tethering effi-
ciency of the mutant motors was greatly increased, from
∼20 to ∼80%, whereas the already high ∼85% tethering effi-
ciency of WT motor increased only marginally (Figure 7A).
In fact, this is the first direct demonstration that gp16 (N-C
fusion) increases the efficiency of packaging initiation.

The packaging speed, defined as the number of bp
translocated per second, was determined after packaging
was initiated as above. Significantly, only ∼25% of the mu-
tant motor tethers re-initiated packaging whereas ∼90% of
the WT motor tethers could re-initiate (Figure 7A). Of note
is that gp16 is no longer available in the packaging buffer
and it is unlikely that gp16 added earlier was still associ-
ated with the motor complex because the unbound mate-
rial was washed off in the chamber. Furthermore, previous
studies showed that the interaction between gp16 and gp17
is very weak and a gp16–gp17 complex could not be isolated
(43). Of the motors that did initiate packaging (Figure 7B),
the V195 and E195 mutant motors showed 2.5–4.5 times
slower speed than the WT motor. In addition, while the
WT motors packaged at a fairly uniform rate, the mutant
motors exhibited frequent pausing where the motor tem-
porarily stopped packaging. The E195 motor exhibited even
more frequent pausing than the V195 motor. During paus-
ing, the mutant motors allowed unpackaging, a previously
observed behavior where the packaged DNA was slowly re-
leased under 5 pN force, probably due to the motor’s weak-
ened grip on the DNA (Figure 7B) (32). Comparing motor
speeds only when the motor was engaged in packaging (by
disregarding pauses), the WT motors packaged at an aver-
age rate of about 900 bp/s, whereas the E195 and V195 mo-
tors packaged at 200 bp/s and 375 bp/s, respectively (Fig-
ure 7C). The mean packaged length between two successive
pauses was also reduced, from 2.3-kb for WT to 125-bp for
the E195 motor and 900 bp for the V195 motor (Figure 7D).

DISCUSSION

The speed at which a motor performs its task is critical for
optimal functioning of a metabolic process and ultimately
for the survival of an organism. Our previous studies (18) in-
dicated that the speed of different phage packaging motors
may be evolutionarily optimized to accommodate the size
of the genome the virus packages. Otherwise, a phage such
as T4 that packages a large genome may not be able to effec-
tively compete with another phage packaging much smaller
genome if both phages infected the same cell. In addition,
packaging sequesters the newly replicated genome inside the
capsid, protecting it from degradation by nonspecific nucle-
ases. Controlling motor speed would be even more compli-
cated in cellular organisms where, often, multiple motors
must work together for a desired outcome. However, there
have been no attempts to address this critical point. Here, we
addressed this question by formulating a defined hypothe-
sis and directly testing it using a combination of structural,
biochemical, genetic and single-molecule biophysical anal-
yses. These led to a speed control mechanism that could be
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Figure 7. The speed of E195 and V195 mutant motors is slower than the WT motor. (A) Frequency of tether formation (blue) and packaging (red) of WT,
E195 and V195 motors. (B) Representative traces showing packaging of WT (blue), E195 or V195 (red) motors (n = 17). Each line represents packaging
by one individual packaging motor. (C) Mean packaging velocity of WT (blue) or mutant (red) motors. The velocity was calculated from the areas when
the motor is engaged in packaging and by disregarding the pauses. Error bars are standard deviations. (D) Mean packaged length in bp of WT (blue) or
mutant (red) motors. Error bars are standard deviations.

broadly applicable to numerous molecular motors that play
critical roles in living organisms.

Our genetic and structural analyses revealed that the hy-
drophobic microenvironment in the catalytic space encom-
passing Walker B catalytic glutamate and � -phosphate of
ATP might be a critical determinant of motor speed. Bulk
solvent is excluded from this space, except for, generally,
two to four water molecules of which one is the lytic wa-
ter (8,38). Polarization of lytic water molecule and accep-
tance of a proton by the glutamate base creates an OH− nu-
cleophile that then attacks the � -phosphate (9,25). This ar-
chitecture provides a large window to modulate hydropho-
bicity by introducing combinations of sidechains into this
space, thereby controlling the rate at which the nucleophile
is generated. The rate of ATP hydrolysis and the speed of
the motor could be manipulated in this way, which allows
for selection of an optimally performing motor.

Our structural analyses identified two hydrophobic
residues, M195 and F259, oriented at the distance of 5.3
and 6.4 Å respectively from catalytic glutamate, which we
predicted would contribute to the hydrophobicity. These
residues are strictly conserved in the T4 related large termi-
nases and notably, in the slow-packaging phage phi29 mo-
tor, the equivalently positioned residues are polar and/or
charged (19). Combinatorial mutagenesis of these residues
showed that, at both the positions, hydrophobic substitu-
tions were tolerated whereas polar or charged substitutions
resulted in null or partially functional phenotypes.

The phenotypic pattern of M195 substitutions was par-
ticularly instructive. Indeed, the difference between Ser and

Thr mutants was striking, considering that these amino
acids are generally interchangeable without resulting in any
phenotypic difference (2,27). The serine mutant with a po-
lar hydroxyl group in the sidechain was null whereas the
Thr mutant containing, in addition, a hydrophobic carbon
was partially functional (cs/sp). This means that while in-
troduction of a polar group into the microenvironment was
detrimental, it could be compensated by slightly increasing
the hydrophobicity. Similarly, a Glu substitution with two
hydrophobic carbons in the sidechain was partially func-
tional even though it has a terminal negative charge while
an aspartic acid containing one less hydrophobic carbon
was null. Our data further suggest that the hydrophobic
sidechain must align or fit into the hydrophobic pocket ap-
propriately. Leucine, having a linear sidechain, was func-
tional whereas Val substitution with a branched sidechain
was cs/sp and an Ile with the same branch but with a bulkier
sidechain was null.

Biochemical and single-molecule analyses demonstrated
that the primary functional defect in the mutants was reduc-
tion in the rate of ATP hydrolysis. In bulk assays, the E195
and V195 mutants showed 1.8- to 2.5-fold lower rate of ATP
hydrolysis when compared to WT gp17. These mutants, in
single molecule experiments, showed a remarkable drop in
the frequency of DNA tethering to the packaging motor. As
reported previously (20,32), tethering is directly related to
packaging initiation and energetically costly. Rapid firing of
the motor ATPases is essential to translocate the DNA end
sufficiently into the capsid such that it would remain stably
inserted in the capsid. The slow ATPase mutants apparently
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could not attain this high turnover rate necessary to achieve
successful initiation. The 5 pN force applied to stretch the
DNA probably imposed even more energy burden on the
mutants to initiate packaging. These data are in agreement
with the poor packaging efficiency of the mutants observed
in bulk assays which also measures packaging initiation ef-
ficiency of an ensemble of molecules.

In experiments where the speed of the individual motors
was directly measured, after the packaging was initiated,
the mutant motors exhibited 2.5- to 4.5-fold lower DNA
packaging velocity than the WT motors. Here, the packag-
ing velocity was determined by excluding the pauses such
that the measurements reflect the speed of the motor while
it is actively translocating the DNA. This could mean that
other functions of the motor such as the hinge movement,
force generation and DNA movement that are coupled to
ATP hydrolysis in the proposed electrostatic force mecha-
nism (11,14) may adjust such that the DNA is translocated
at a slower rate. Our data showed that the slow-packaging
mutant motors frequently pause, often accompanied by
unpackaging. This behavior is reminiscent of the pause-
unpackaging state of the WT motor when ATP is limiting
(32). Hence, the high frequency of pausing and unpackag-
ing in the speed mutants might be because the mutant mo-
tor is more frequently unoccupied with the nucleotide when
compared to the WT motor even when the ATP concentra-
tion was not limiting. As was observed in our previous stud-
ies (32), an unoccupied motor subunit pauses and also has
a weaker grip on the DNA, allowing slow unpackaging un-
der the influence of 5 pN force. Thus, it is possible that the
speed mutations also had lowered the binding affinity for
ATP. Alternatively, since the rate of OH− nucleophile gen-
eration is presumably slowed in the mutants, the off-rate of
ATP increased leading to transient unoccupancy, resulting
in pausing. Further analyses on the packaging dynamics of
the motor need to be performed in order to resolve these
questions.

In conclusion, our studies identified modulation of hy-
drophobicity in the predominantly hydrophobic nucleotide
binding pocket as one potential mechanism by which the
speed of a molecular motor can be controlled. The nu-
cleotide binding pocket is one of the most conserved and
ancient motifs (44) in living organisms. While the con-
served residues provide structural and catalytic frame-
work, and are rarely replaceable (2,27), the role of many
non-conserved residues that are also part of the ATPase
pocket remained unknown. Our results show that some of
these non-conserved residues, specifically the hydrophobic
residues located in the catalytic space, might fulfill impor-
tant regulatory functions, such as optimization of motor
speed by controlling the number of water molecules al-
lowed into this space and adjusting their network of inter-
actions. Selection of optimal speed variants that confer fit-
ness would then drive the evolution of a virus or an organ-
ism. The phenotypic difference observed between T195 and
S195 mutants is a good example of how subtle changes can
affect survival. We propose that in icosahedral phages such
a mechanism co-evolved with genome size allowing the se-
lection of a fast DNA packaging motor for the large genome
containing phage T4.
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