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Abstract—Nanobiotechnology involves the creation, charac-
terization, and modification of organized nanomaterials to
serve as building blocks for constructing nanoscale devices in
technology and medicine. Living systems contain a wide
variety of nanomachines and highly ordered structures of
macromolecules. The novelty and ingenious design of the
bacterial virus phi29 DNA packaging motor and its parts
inspired the synthesis of this motor and its components as
biomimetics. This 30-nm nanomotor uses six copies of an
ATP-binding pRNA to gear the motor. The structural
versatility of pRNA has been utilized to construct dimers,
trimers, hexamers, and patterned superstructures via the
interaction of two interlocking loops. The approach, based
on bottom-up assembly, has also been applied to nanoma-
chine fabrication, pathogen detection and the delivery of
drugs, siRNA, ribozymes, and genes to specific cells in vitro
and in vivo. Another essential component of the motor is the
connector, which contains 12 copies of a protein gp10 to
form a 3.6-nm central channel as a path for DNA. This
article will review current studies of the structure and
function of the phi29 DNA packaging motor, as well as the
mechanism of motion, the principle of in vitro construction,
and its potential nanotechnological and medical applications.
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INTRODUCTION

Essential components in living organisms are rou-
tinely and actively transported by molecular motors,
such as F1-ATPase, kinesin, myosin, helicase, and the
viral DNA packaging motor. Elucidation of their
structure and function has inspired attempts to inte-
grate these machines into synthetic devices.3,84,92,112,118

Current micro- and nanoscaled fabrication approaches

employ diverse and robust materials. Fabrication of
super-scaled materials can be accomplished by various
physical or chemical methods, including replication,37

crosslinking,6,12 deposition,23,26,141 complementation,4,87,89

donor/receptor interaction,101 self-assembly,28,78,125,151

colloidal crystallization,94,95,97,137,138 and nanoimprint
lithography.70

In double-stranded (ds) DNA viruses, the viral
genome is packaged into a preformed protein shell
called a procapsid.47,53,55 The translocation of DNA
into the procapsid is entropically unfavorable due to
the extreme compact nature of DNA arrangement
within the capsid.29 The DNA packaging task is
accomplished by a DNA-packaging motor that uses
ATP as energy.29,49,51,53 In phi29, the quantification of
ATP consumption in DNA packaging has revealed
that one ATP is needed for the translocation of two
base pairs of DNA into the procapsid.51,120 The novel,
ingenious design of the phi29 DNA packaging motor,
one of the strongest biomotors studied to date,120 has
inspired the synthesis of this motor and its components
as biomimetics. An imitative motor has been success-
fully constructed in vitro using purified recombinant
proteins and artificially synthesized RNA. The motor
can be turned on and off at will. The whole motor
complex, as well as each motor component, has the
potential to be used as a building block in nanotech-
nology and nanomedicine. This review will summarize
current studies on the structure, function, construc-
tion, and mechanism of the phi29 DNA packaging
motor, as well as address the potential application of
these artificial motors.

STRUCTURE OF PHI29 DNA

PACKAGING MOTOR

Due to its relatively simple structure, the phi29
DNA packaging motor is a good model to study the
fundamental biological mechanisms of bionanomotors
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that transduce chemical energy from ATP hydrolysis
into physico-mechanical motion of DNA.55,93 Exactly
defined as in vitro phi29 DNA packaging,49 this system
was developed by using synthetic nucleic acid and
purified recombinant components, such as DNA-gp3,
procapsid, gp16, pRNA, along with ATP as an energy
source that can package up to 90% of the added DNA-
gp3 into the procapsid. After DNA packaging, the
in vitro assembly system can convert a DNA-filled
capsid into infectious phi29 virions when purified
proteins, such as tail protein (gp9), neck protein (gp11
and gp12), and morphogenic factor (gp13), are added.
Recent single-molecule studies using an optical twee-
zers technique have demonstrated that the force
required to prevent the DNA from being inserted in
the phi29 DNA packaging motor is about 57 pico-
newtons (pN), indicating that the phi29 DNA-
packaging motor is one of the strongest biomotors
studied to date.123

Structural Components: Procapsid and Connector

The procapsid is composed of three proteins: capsid,
scaffolding, and connector.5,15,53 The three-dimen-
sional structure of the phi29 procapsid, obtained by
reconstruction of cryo-electron microscopy (cryo-EM)
images120 revealed that the icosahedral procapsid of
phi29 consists of 235 copies of the major capsid protein
(gp8), 180 copies of scaffolding protein (gp7), and
12 copies of the head–tail connector protein
(gp10).103,116,120 Scaffolding proteins are structural
proteins that are required for correct procapsid
assembly but are released from the procapsids at the
initiation of or during DNA packaging. Phi29 scaf-
folding protein (gp7)5 is not required for the compe-
tence of procapsids in DNA packaging.53 Although the
exact function of scaffolding proteins is not yet clear,
they may form a core structure around which capsid
proteins assemble. In some cases, they may serve as
chaperones to promote the correct folding of capsid
proteins. Additionally, they may be involved in medi-
ating a putative capsid protein/connector protein
interaction, excluding cellular proteins from the inside
of the procapsid, or facilitating the early stages of
DNA entrance into the procapsid.10,53,76,77

The procapsid contains a single portal vertex, called
the connector (gp10) because of its role in DNA
translocation.5,15 The connector is involved in the
formation of the procapsid and is the base on which
the procapsid is assembled. It is also involved in DNA
packaging and in the binding of a tail protein to the
mature head.10,53 Three-dimensional structural infor-
mation for the phi29 connector has been obtained by
using atomic force microscopy, cryo-EM, immuno-
electron microscopy, and X-ray crystallography.43,135

The DNA-binding domain seems to be important for
the recognition of DNA in the first steps of DNA
packaging. The RNA-binding domain, rich in Arg-Lys
residues, plays a critical role in pRNA binding and is
essential for DNA packaging.7,48,63

The head fibers (gp8.5) radiate from the apical
regions of the head. Twelve copies of the lower collar
(gp11), 12 copies of the appendage (gp12), and 10
copies of the tail knob protein (gp9) are assembled
onto the DNA-filled head in a single morphogenetic
pathway to yield the mature virion.116,120 A morpho-
genetic factor (gp13) is also required for neck and tail
(gp11–12) assembly. Recently, gp13 was found to be an
enzyme aiding the degradation of the cell wall to help
the virus attachment and DNA injection of phi29.22,142

However, these fiber and tail proteins are not required
for DNA packaging/translocation.

Nonstructural Components: pRNA

A unique feature of the phi29 DNA packaging
motor is the presence of RNA. Small packaging RNA
(pRNA), discovered in 1987,48 is vital for DNA
packaging activity. Notably, the pRNA binds the
connector and participates actively in DNA translo-
cation but leaves the capsid after DNA packaging is
completed. Two functional domains of pRNA have
been identified (Fig. 1A): a procapsid-binding domain
for binding to the N-terminus of the connector,143

located at its central region, and a DNA translocation
domain for gp16 binding,73,79 located at the 5¢/3¢
paired ends. A three-base bulge (C18C19A20) located in
the DNA translocating domain is critical for DNA
translocation. It has been shown that pRNA can be
redesigned by a two-module architecture approach,
resulting in full activity in DNA packaging and
assembly of infectious phi29 virions in vitro.32 The
pRNA binds ATP114 and enhances the ATPase activity
of gp16.42,80 The pRNA forms dimers which are the
building blocks of pRNA hexamer conformation. Six
phi29 pRNAs form a ring through intermolecular
base-pairing between the right loop (bases 42–25) and
the left loop (bases 82–85), as observed by transmission
electron microscopy with nanogold-labeled pRNA
(Fig. 1D)144,145 (on-line animation: http://www.eng.uc.
edu/nanomedicine/newmovs.html, or http://nar.oxford
journals.org/content/vol0/issue2008/images/data/gkn6
69/DC1/nar-01176-a-2008-File006.ppt). Cryo-AFM
has also been used to directly visualize the tertiary
structure of pRNA monomers, native and covalently
linked dimers, and native trimers.118 The DNA trans-
locating machine is geared by a pRNA hexameric
complex (Fig. 1B), suggesting that the mechanism
employed is similar to that of the consecutive firing of
six cylinders of a car engine.20
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Substantial evidence supports the configuration of
the pRNA hexamer. In 1997, extensive complementa-
tion analyses were published, showing the presence of a
pRNA hexamer and inter-pRNA interactions.20 Again
in 1998, two labs54,149 independently reported the
hexameric nature of pRNA as it is bound to the motor.
Following the approaches of biochemistry, mathe-
matics, and genetics, the hexameric pRNA ring was
observed in 2000 using cryo-EM.68 Recent high-sensi-
tivity single-molecule counting with photobleaching
technology revealed that each DNA packaging motor
contains six copies of pRNA,119 a difficult task due to
the limited resolution power and sensitivity of light
microscopy. The newly customized single-molecule
dual-viewing total internal reflection fluorescence
(SMDV-TIRF) imaging system with a top-prism
(Fig. 2a)119 produces stable signals with extremely low
background for single fluorophore detection. Single-
fluorophore imaging has enabled a clear identification
of the quantized photobleaching steps in the phi29
pRNA labeled with a single fluorophore to conclude its
stoichiometry within the motor (Fig. 2b). The pack-
aging motors were stalled by nonhydrolyzable ATP,
then restarted by adding fresh ATP to simulate the

DNA packaging in real time. Dual-color detection in
the stalled intermediates, containing both Cy3- and
Cy5-pRNA, showed that most of the motor complexes
contain six copies of pRNA before and during DNA
translocation (Figs. 3a–3c).119 The hexameric structure
was also supported by a DNA packaging model pro-
posed by Fang et al.32 and by binding affinity quanti-
fication reported by Robinson et al.106 In addition,
recent single-molecule imaging reports have revealed
that the hexamer ring was formed by either a pure
dimer or trimer alone.145 When two inactive pRNAs
with intermolecular complementarity were mixed in a
1:1 molar ratio, the packaging motor was fully active
to produce infectious virions, indicating that the stoi-
chiometry of the pRNA should be a multiple of two.
When the procedure was repeated with three inactive
pRNAs, the motor was again fully active in production
of virions, which suggests a multiple of three.116

It is intriguing that the pRNA hexameric ring is
configurationally and functionally reminiscent of
another family of ATPases, the large AAA+ family
(ATPases associated with a variety of cellular activi-
ties), to which the phi29 DNA packaging protein gp16
belongs (Fig. 1C).79 The proteins in this family also

FIGURE 1. Phi29 DNA packaging motor. (A) Sequence and secondary structure of phi29 pRNA. (B) Schematic assembly model of
phi29 DNA packaging motor. (C) Proposed phi29 DNA packaging motor structure with a pRNA hexameric ring and gp16 bound to a
channel connector (a)79 in comparison with hexameric PCNA and clamp–loader complex (b). (D) Transmission electron micrograph
of phi29 procapsid/pRNA-gold complexes. Bar equals 50 nm.144 All figures were adapted with permission from the Elsevier and
Oxford Journals for the respective citation.
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form a hexameric ring in interactions with DNA or
RNA, indicating that this class of nanomachines might
possess a similar mechanism in nucleotide contact and

DNA/RNA translocation. DNA polymerase, P4 RNA
packaging motors, RNA polymerase, helicase, rho
factor, DNA polymerase processivity factor, BPV E1
replication initiator, and tens of other nucleotide-
binding or translocating proteins also exist as hexa-
mers.55

Nonstructural Components: Packaging Enzyme gp16

The gp16 packaging enzyme contains both Walker
A- and B-type consensus ATP-binding sequences;
therefore, it likely functions as an ATPase during
DNA packaging.51 The A-type sequence of gp16 con-
tains ‘‘basic-hydrophobic region-G-X2-G-X-G-K–S-
X7-hydrophobic’’ amino acids. The gp16 enzyme binds
and hydrolyzes ATP,49,50,65,80,114 but the role of gp16
in the phi29 DNA packaging motor is still unclear. The
hydrophobicity, low solubility, and self-aggregation of
phi29 gp16 have long hindered further refinement of
the current understanding of its packaging mechanism.
For this reason, much contradictory data has been
produced regarding ATPase activity, binding location,
and the stoichiometry of gp16.42,49,69

It has been observed that gp16 binds DNA without
sequence specificity, but specifically to pRNA,79 which
implies that the binding properties of gp16 are
important determining factors for the biological
activity of gp16. It has been long known that gp16
functions during DNA packaging by binding and
hydrolyzing ATP to gain energy from the high-energy
phosphate bond.49,80,115

FIGURE 2. Methods for single-molecule studies on phi29 DNA packaging motor.119 (a) Setup of single-molecule dual-viewing
total internal reflection fluorescence (SMDV-TIRF) microscopy. (b) Experimental design for detection of fluorescent labeled pRNA
at its 5 end on phi29 DNA packaging motor. All figures were adapted with permission from the European Molecular Biology
Organization.

FIGURE 3. Dual-view imaging on phi29 DNA packaging
motor.119 (a) pRNA dimer constructed with Cy3-pRNA and
Cy5-pRNA, which are in alternating positions to form a hex-
amer. (b) Typical fluorescence image showing procapsids
bound with the dual-labeled pRNA dimers. (c) Fluorescence
intensity vs. time to show photobleaching steps of procapsids
reconstituted with the dimer. All figures were adapted with
permission from the European Molecular Biology Organiza-
tion.
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Packaging Substrate: Genomic DNA-gp3

Understanding the genomicDNA structure is critical
for DNA packaging and will help us to understand the
mechanisms of motors, including DNA supercoiling,
gyrase activity, or the contact between the wall of the
motor channel and the DNA axle. Studies conducted
in vitro have revealed that both gaps and single-stranded
(ss)DNA will stall or block the DNA packaging, while
nicks (breaks) can be tolerated in phi29.91

The question of DNA specificity remains, i.e., how
the viral motor packages its own genomic DNA but not
nonspecific DNA. Few investigations have reported on
the conformational requirements of the DNA sub-
strates that can be packaged. Natural DNA in solution
is generally present in the supercoiled or relaxed form,
which suggests that the helical nature of the B-form
DNA is the preferred conformation. Phi29 DNA-gp3 is
treated as a single complex, since the DNA and termi-
nal protein gp3 are covalently linked together. There-
fore, it does not require either terminase activity to cut
concatemeric DNA into a single copy, as in k, P2, P4,
T3, and T7, or a ‘‘headful’’ mechanism, as observed in
T4, P22, and P1.2,43,100,105,136

CONSTRUCTION OF THE PHI29 DNA

PACKAGING MOTOR

Construction, Assembly, and Purification of Procapsids

The phi29 procapsid is composed of a scaffolding
protein (gp7), a capsid protein (gp8), and a portal
protein (gp10) that form the major motor dodecamer
channel. The structural genes of the phi29 procapsid
were cloned and expressed in E. coli in combinations.
In vivo and in vitro studies showed that the scaffolding
protein interacts with both the portal vertex and capsid
proteins. These results suggest that the scaffolding
protein serves as the linkage between the portal vertex
and the capsid proteins, and that the portal vertex plays
a crucial role in regulating the size and shape of the
procapsid. The packaging motor-containing procapsids
can be expressed, assembled and purified from E. coli,
and are fully functional in DNA packaging in vitro.52

Overproduction and Purification of gp16

In E. coli, gp16 was overproduced from a cloned
gene and purified to near homogeneity.49 When over-
expressed in E. coli, gp16 aggregates into lumps and
loses biological activity. To resolve the aggregated
gp16 to homogeneity in a soluble and active form, the
gp16 in lumps (inclusion bodies) requires denaturation
followed by renaturation.49 To obtain a soluble
enzyme, the lumps (inclusion body) were collected by

differential centrifugation, denatured with 6 M guan-
idinium chloride at pH 5.2, and then passed through a
Sephadex G150-packed column. Then, gp16 was eluted
as a discrete peak with more than 90% purity. The
purified gp16 in this peak was inactive in driving the
motor. The gp16 required renaturation by dialysis
against 10 mM KCl with 50 mM Tris–HCl at pH 7 for
40 min. It was shown that both cysteine residues of
gp16 are very important for biological activity, and the
use of reducing agents, for example dithiothreitol
(DTT), was necessary when guanidinium chloride or
urea was used for denaturation. Although such rena-
tured gp16 was biologically active, it reaggregated
within 20 min after the renaturation. Co-expression of
gp16 with groE was reported to produce soluble and
active gp16. But while the coexpression of gp16 with
groE solved the problem of aggregation within the cell,
it could not solve the problem of self-aggregation after
purification.69 Another approach has been developed
to obtain affinity-purified, soluble, and highly active
gp16. The gene coding for gp16 was fused to a gene
coding thioredoxin to be connected to the N-terminus
of gp16,65,66 resulting in a chimeric gp16 containing a
thioredoxin. Introduction of the redox protein thiore-
doxin enhanced the solubility and biological activity of
the purified gp16. PEG and acetone were found to
enhance gp16 solubility and activity.65,66 Recently, a
method for the preparation of more soluble gp16 has
also been developed by over-expression in Bacillus
subtilis.73 As observed by EM, gp16 forms a variety of
ring structures depending on the concentration of
gp16. The finding is very similar to the ring structure
observed for the DNA packaging enzyme gp16 of T4.82

Construction, Synthesis, and Purification of pRNA

Biologically active pRNA can be purified from four
sources: (1) separation from procapsids purified from
phi29-infected Bacillus subtilis; (2) purification from
Bacillus subtilis containing plasmids carrying the
pRNA gene and its native promoter; (3) isolation from
an in vitro transcription of pRNA by T7 RNA poly-
merase; and (4) solid state chemical synthesis. Of these,
the isolation from an in vitro transcription with T7
RNA polymerase is the simplest and most convenient.
A DNA template of the wild-type or mutant pRNA
for the in vitro transcription can be generated by
polymerase chain reaction (PCR) using a primer con-
taining the T7 promoter.

Defined In Vitro DNA Packaging System Using
the Motor Synthesized In Vitro

The defined in vitro phi29 DNA packaging system
first developed in 198649 forms the basic platform for
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further development, modification, and refinement.
The entire DNA packaging motor includes procapsid,
DNA-gp3, gp16, pRNA, and ATP. Phi29 offers many
advantages for the study of viral DNA packaging in
general, because up to 90% of the population of
available phage DNA can be packaged in this defined
in vitro system. The efficiency of DNA packaging can
be assayed either by sucrose gradient sedimentation to
detect the DNA-filled procapsids,49 or by DNase I
protection assay detected by an agarose gel electro-
phoresis.40,52 The DNA packaging can also be observed
directly under a microscope.17,119,123

MECHANISM OF THE PHI29 DNA

PACKAGING MOTOR

Single-molecule Studies of DNA Packaging Motors

Recent advances in single-molecule microscopy
have provided a new way to understand motor mech-
anisms through the direct counting of motor compo-
nents and observing motion events (Fig. 3). This
technique allows the analysis of individual motor
components, as opposed to averaging the measure-
ments from a massive population of homogenous
molecules that are either motionless or in synchronous
motion.58,108 As mentioned earlier, single-molecule
microscopy has been successfully applied to count
the number of pRNAs in the active DNA packaging
motor, from which the stoichiometry of pRNA was
revealed as a hexamer (Fig. 2).119,150 Unveiling the
stoichiometry of motor components that are actively
involved in the motor function will make it possible to
elucidate the properties of bionanomotors and other
biological machines, and it will also help to design
novel nanodevices, as well as to imitate natural
organs.35

Photobleaching of Single Fluorescene Molecules

Due to the limitation of spatial resolution of optical
microscopy, direct detection of phi29 motor or count-
ing of the motor components is challenging, especially
for RNA, which is conformationally versatile and
structurally flexible. A customized single-molecule
dual-viewing total internal reflection fluorescence
imaging system (SMDV-TIRF) was constructed to
directly count the copy number of RNA within each
motor.150 The RNA molecules were labeled with a
single fluorophore by in vitro transcription in the
presence of a fluorescent AMP. Precise calculation of
identical or mixed pRNA building blocks of one, two,
three, or six copies within the phi29 DNA packaging
motor has been demonstrated by applying a photo-
bleaching assay and evaluated by binomial distribution.

The dual-viewing system for excitation and recording at
different wavelengths makes it possible to differentiate
molecules with different labels.

To image the motor, DNA-packaging intermediates
with partially packaged DNA are isolated and utilized
to determine the stoichiometry of pRNA. The real time
DNA translocation process was directly observed.
Single fluorophore imaging clearly identified the
quantized photobleaching steps from pRNA labeled
with a single fluorophore and concluded its stoichi-
ometry within the motor. Almost all of the motors
contained six copies of pRNA before and during DNA
translocation, identified by dual-color detection of the
stalled intermediates of motors containing Cy3-pRNA
and Cy5-DNA.119

Single Molecule Approach to Study the Mechanism
of pRNA Hexameric Ring Formation

Many nucleic acid-binding proteins and the AAA+
family form hexameric rings, but the mechanism of
hexamer assembly is unclear. Single molecule studies
with the SMDV-TIRF elucidated a mechanism sug-
gesting the specificity and affinity in protein/RNA
interaction relies on pRNA static ring formation.145

pRNA did not form a ring prior to motor binding. A
combined pRNA ring-forming group was very specific
for motor binding, but the isolated individual members
of the ring-forming group bind to the motor nonspe-
cifically. Only those RNAs that formed a static ring,
via the interlocking loops, stayed on the motor. Single
interlocking loop interruption resulted in pRNA
detachment. Extension or reduction of the ring cir-
cumference failed in motor binding. This new mecha-
nism was tested by redesigning two artificial RNAs
that formed a hexamer and packaged DNA. The
results confirmed the stoichiometry of pRNA on the
motor was hexameric with a common multiple of two
and three.

Direct Observation of Motor Motion

Single-molecule approaches allow the direct obser-
vation of physical behaviors to answer many ques-
tions, including (1) how chemical energy is converted
into physical motion,146 (2) how force is generated,129

(3) how the molecular structure is involved in chemical
reactions,152 (4) how the motion starts and continues
without interruptions,59 (5) how each motor compo-
nent responds to the applied force,123 and (6) how the
conformational change of each motor component is
correlated to the generation of force.19 Covalent
attachment of a fluorescent bead to DNA has been
used to track the motion of DNA during transloca-
tion.119 This attached bead is then able to be visualized
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through the amplification of the signal using a fluo-
rescence microscope (Fig. 4a). The motion of translo-
cation can then be profiled three-dimensionally (x, y,
and z axes), providing information on the orientation
of the DNA and the motor. An ATP derivative,
c-S-ATP, proves to be non-hydrolyzable, and thus the
DNA packaging intermediates can be stalled using this
derivative, restarted by addition of ATP, and observed
in real-time by fluorescence microscopy. The migration
of DNA into the procapsid during packaging caused
the attached microsphere to show a gradual reduction
in swing range (Fig. 4a).119 After the DNA was com-
pletely packaged, the motion stopped, corresponding
to a ‘‘zero-distance change’’ from the reference origin
under the CCD camera.

The phi29 DNA packaging behavior has also been
observed in bright field by using a relatively simple
magnetomechanical system (Fig. 4b). In a microfluidic
chamber, the partially packaged phi29 intermediate
was immobilized on a glass wall via a phi29-specific
antibody. On the opposing end of the DNA, a micron-
sized magnetic bead was attached to serve as a

displacement-indicator, and the DNA was subse-
quently stretched by the magnetic force. By monitoring
the distance between the bead and the glass wall with a
conventional optical microscope, it was demonstrated
that the motor can transport cargo that is 10,000-fold
larger than itself.17

The Force Measurement of the DNA Packaging Motor
Using Optical Tweezers

Optical tweezers, or laser traps, have been utilized to
catch or trap a small particle by the force generated
from laser radiation pressure. When the force from the
phi29 DNA packaging motor was investigated, it was
found that the motor can package DNA against an
internal force of 57 pN, making the phi29 motor the
most powerful motor ever constructed to date
(Fig. 4c).123 This force measurement also implies that
as DNA is tightly packaged, the viral capsid is able to
withstand high internal pressure, and it has even been
suggested that the tensile strength is comparable to
an aluminum alloy.123 It has been shown that the

FIGURE 4. Direct observations of DNA translocation during phi29 DNA packaging by single-molecule studies using (a) fluo-
rescent microsphere-attached phi29 DNA,119 (b) magnetic bead-attached phi29 DNA,17 and (c) optical tweezers for packaging rate
and force measurement.123 All figures were adapted with permission from the European Molecular Biology Organization, the
American Institute of Physics, and the Nature Publishing Group to the respective citation.
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generation of force for translocation occurs as the high
energy phosphate bond is broken on ATP to generate
the release of phosphate and ADP, rather than ATP
binding to the motor. These results, in correlation with
previous experiments,115,123 indicate that the sequential
action of multiple ATPase subunits power the pack-
aging reaction and each ATPase subunit might com-
plete its ATP hydrolysis cycle before the next cycle
starts.

ATP Consumption by the DNA Packaging Motor

Molecular motors need energy to function. Most
molecular motors use chemical energy from the
hydrolysis of ATP. The active sites on motor proteins
bind ATP molecules and catalyze the decomposition to
ADP and inorganic phosphate (Pi), thereby releasing a
significant quantity of energy, which in turn leads to a
conformational change in the motor protein, ulti-
mately resulting in motor movement. This catalytic
process repeats with another ATP molecule so that the
motor protein can continue the movement. DNA
packaging is entropically unfavorable, since the DNA
arrangement within the capsid is extremely compact,
and the packaged DNA undergoes an approximately
30- to 100-fold decrease in volume compared to that
before packaging.53 ATP hydrolysis provides the
driving force for viral DNA-packaging motors. The
ATP consumption in the phi29 DNA packaging was
quantified to be two base pairs of DNA translocation
per single ATP hydrolysis event with purified compo-
nents.51 The individual ATPase activities were found
to be stimulated by other motor components, including
pRNA and DNA-gp3.42,80,114 These results suggest
that the consumption of ATP in the phi29 DNA
packaging system is very complicated. ATP is believed
to be consumed for the initiation of DNA packaging
and translocation, with all components of the pack-
aging system, including pRNA, procapsid, gp16, and
DNA-gp3, involved in the generation of maximal
ATPase activity.

Energy Conversion in Motor Force Generation

Sequence comparison of the DNA packaging pro-
teins revealed that most of these proteins contain a
conserved Walker-A motif, (G/A)XXXXGK(S/T),
which is a consensus ATP-binding motif.51 Mutation
of a single amino acid at this region could completely
abolish ATP binding and hydrolysis, thereby com-
pletely inhibiting the DNA packaging. Phi29 pRNA
itself does not show ATPase activity, and gp16 itself
shows low-affinity ATPase activity.80 However, the
pRNA/gp16 complex shows DNA-dependent ATP-
ase activity.80 The ATPase activity of gp16 can be

stimulated by either pRNA or DNA. Similarly, pro-
capsids with pRNA stimulate the ATPase activity of
gp16 by tenfold, as compared to the lack of stimulation
by procapsids alone. The ATPase activity was maxi-
mally stimulated by all packaging motor components,
including pRNA, procapsid, gp16, and DNA-gp3.51,114

The motor translocates DNA containing an extra load
of 2.2 lm polystyrene beads at an initial rate of
115–170 base pairs per second as revealed by single-
molecule studies.36,123 In another recent report with
high resolution optical tweezers, highly coordinated
ATP hydrolysis by gp16 was shown to take place in
sequential manner to translocate 2.5 base pair of DNA
per each ATP hydrolysis.90 These observations indicate
that the binding of ATP is essential to induce a con-
formational change in the motor in order to convert
chemical energy (ATP) into physical motion (packag-
ing). The conformational change of the motor com-
ponent might be correlated with a release of Pi to
generate a power stroke on the DNA, rather than the
ATP-binding step.123

Models for the Mechanism of the Phi29 DNA
Packaging Motor

A number of models have been proposed to describe
the mechanism of DNA translocation.

Classic Packaging Models

Many classic models have been proposed to explain
the mechanism of the DNA packaging motor. These
models were largely based on preliminary under-
standings of viral structure before the detailed motor
structure was revealed. The gyrase-driven packaging
model proposed that supercoiled DNA is translocated
by DNA gyrase activity of the motor using ATP as an
energy source. Recent fluorescence correlation spec-
troscopy (FCS)-based studies in T499,109 still support
this model through observations proving that nicked
DNA fails to be packaged. However, recent studies
showed that phi29 still packages nicked DNA
in vitro,91 implying that the model is only applicable to
limited examples. The osmotic ratchet model proposed
that the expansion of the procapsid lowers the osmotic
pressure inside the capsid, and the connector acts as a
ratchet to grab the packaged DNA.113 This model fails
to explain how the decreased osmotic pressure can still
drive DNA translocation when the internal pressure of
the procapsid has increased as it is filled with DNA. In
addition, phi29 procapsid expansion is not necessary.
The connector rotating thread model, based on the
symmetry mismatch between the fivefold portal vertex
of the procapsid and the sixfold connector, proposed
that the connector rotation produces a driving force to
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translocate the DNA through the connector channel.
Recent reports of single-molecule analysis indicate
that preventing the connector from rotating does not
inhibit DNA packaging,9,67 raising doubt about the
validity of the rotation theory. The supercoiled DNA
wrapping model proposed that supercoiled DNA
wraps around the portal vertex, and the rotation of the
connector allows DNA to pass into the procapsid. This
model was based on the finding that the phi29 con-
nector preferentially induces supercoiled DNA rather
than the linear form.41 This unique model is not
favored, since recent structural data from analysis of
partially packaged procapsids by cryo-EM120 has
shown that DNA is likely positioned in the central
channel of the connector.

Sequential Action Model

The sequential action of phi29 motor components
was demonstrated empirically by Chen and Guo in
1997.20 This model was recently confirmed by single
molecule studies90 (also see Introduction of the Ref. 90).
Chen and Guo20 proposed that the relative motion of
two rings could provide a driving force for DNA
translocation. Analogous to a car engine, the sequential
action of cylinders is a possible way to turn the motor.
The finding that a hexameric pRNA complex binds to
the connector and that six pRNAs work sequentially
provide strong evidence to support the sequential action
model. They also predicted that the pRNA contains two
domains: one for the connector binding, and the other
for the DNA translocation. pRNA binds to the con-
nector leaving the 5¢/3¢ domain free to interact with
gp16, a prediction that was confirmed nine years later.79

It was also proposed that pRNA is part of an ATPase
and possesses at least two conformations—a relaxed
form and a contracted form. Alternating between con-
traction and relaxation, each member of the hexameric
RNA complex driven by ATP hydrolysis helps to drive
the DNA translocation machine20 (Fig. 5a). This pro-
cess generates torque, driving the DNA translocation
machine and consuming one ATP for every 2 bp of
DNA translocated.51 Recent single-molecule fluores-
cence studies further confirmed that indeed pRNA in
the actively working packaging motor is of hexameric
conformation.119,150 As demonstrated pictorially in
Fig. 1C, the connector/pRNA complex resembles hex-
americ PCNA (proliferating-cell nuclear antigen), and
gp16 is anAAA+ type protein that interacts with DNA.
The fact that ATP induces a conformational change in
pRNA, and that pRNA loop/loop interactions are
essential to pass the signal from one pRNA to the other
yields support for this model.114 Additionally, recent
reports have shown that gp16 binds directly to pRNA
and that the binding enhances the ATPase activity

of gp16.42,69,79,80 Finally, recent work using optical
tweezers for single molecule analysis has also indicated
sequential ATPase activity of gp16.90

Because many dsDNA bacteriophage viruses share
structural similarities, the sequential action model may
be applicable for their packaging mechanism. Since
most employ terminases to perform DNA packaging, a
large subunit of the terminase complexes has been
proposed as a counterpart of pRNA.55 A sequential
action approach was recently proposed as a packaging
model for T4, using the large subunit (gp17) to drive
DNA translocation.127 Sequential mechanical motion
has also been proposed with ssRNA by the packaging
enzyme P4 in the virus phi12.85

Electrodipole Central Channel Model

A 3D crystal structure of the phi29 connector
revealed an electronegative interior surface of the cen-
tral channel.43,120 It was proposed that two lysine res-
idues, separated by 20 Å, formed two lysine rings inside
the channel.43 In this scenario, it is likely that, during
DNA translocation, contact is established between two
phosphates on the adjacent major grooves of DNA
contact and each of the lysine residues. The consecutive
rotation of the connector by every 6� displaces the
lysine-phosphate pairs one base pair apart at a time,

FIGURE 5. Proposed phi29 DNA packaging mechanism
models. (a) Sequential action model.20 (b) ‘‘Inverse Chinese
finger puzzle’’ model proposed by George Oster88 related to
connector contraction model. All figures were adapted with
permission from American Society for Microbiology and
Wiley-VCH Verlag GmbH for the respective citation.
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consistent with the fivefold/sixfold symmetry mismatch
hypothesis.20,60 However, a drawback of this model is
its failure to explain the ATP-driving mechanism, since
no ATP binding motif has been found in connector or
DNA. It is hard to reconcile how DNA translocation is
driven by the ATP-generated force acting on the con-
nector or on the DNA to promote its consecutive
movement, since the ATP binding sites were found in
both gp1651 and pRNA.114

Connector Contraction Model

This model was proposed based on the observation
of the 3D structure of the phi29 connector.120

Lengthwise expansion of the connector, led by a 12�
rotation of the narrow end of the connector, will
change the angle of the long helices, and the wide end
of the connector follows the narrow end. It allows
structural relaxation and contraction during DNA
translocation power stroked by pRNA, which is the
stator that uses the procapsid as its standing (footing)
base. The symmetry mismatch between pRNA (five-
fold) and connector (sixfold) yields discrete rotation
of the connector. It was estimated that one complete
turn of the connector transferred 60 bp of DNA into
the procapsid. In this model, during the consecutive
contraction and relaxation cycles, the connector
works as an ‘‘inverse Chinese finger puzzle,’’ as pro-
posed by George Oster (Fig. 5b),67,88 to alternatively
grip DNA in a coordinated cycle with ATPase
activity. However, this model contradicts the finding
that pRNA does not use the capsid protein gp8 as its
foothold, instead, but binds to the N-terminus of the
connector serving as pRNA foothold.7,143 In addition,
recent single-molecule studies have confirmed that the
pRNA ring is a hexamer,119 which does not lend
support to the fivefold portal vertex theory. More-
over, the recent single-molecule analysis of the rota-
tion-prevented connector also undercuts this rotation
model.9,67

APPLICATIONS OF PHI29 DNA

PACKAGING MOTOR

In nanotechnology, a nanomachine is a mechanical
or electromechanical device with nanometer scale
dimensions.24,25 Living systems utilize diverse nano-
scale machines consisting of protein, DNA, and RNA,
with high precision, including motors, arrays, pumps,
membrane cores, and valves. Although the structural
and conformational complexity of the biomolecules
retard practical experimental approaches at the bio-
nano interface,18,45,71,92,112,134 remarkable efforts have
been exerted to develop nanobiomachines for their

potential applications in various related fields. For
example, synthetic nanobiomachines, constructed to
mimic native structure and function, can be incorpo-
rated into conventional nanotechnological applica-
tions.39,61 Bottom-up assembly in nanotechnology
from building blocks of DNA,33,86,107,147 RNA,1,117,118

and protein46,110,133,139 has definitive advantages over
chemically synthesized materials, since biomolecules
allow for further modification, such as site-directed
modification or specific conjugation with defined stoi-
chiometry. Self-assembly of biomolecules without
additional catalysis is another simple, versatile
approach for high-volume production of biological
arrays.1,33,107,117,118,147 In addition, high precision in
their replication and manipulation offers strong
advantages in applications of nanotechnology,
including tissue engineering, cell scaffolding, drug
delivery, sensors, imaging, and nanomedicine.

Model System for the Study of RNA Interactions
to Form Dimers and Trimers

The novel dimerization or trimerization process of
phi29 pRNA can serve as a simple and stable model
system to resolve the structure of pRNA complexes
and to investigate the mechanism of universal RNA/
RNA interactions. For example, RNA–RNA interac-
tions are essential to the reaction of tRNA cleavage by
RNase P,8,44,98 dimerization of retroviral genomic
RNA for translation of viral proteins, reverse tran-
scription of RNA to DNA, encapsidation of viral
genomes, the assembly of infectious virions,102,121,128

and replications of the plasmid ColE1 regulated by
plasmid-specified small RNAs (RNA I and RNA II)
that form complexes by complementary RNA stem–
loop interactions.30 This model system can also be used
to study RNA–RNA intermolecular interactions fol-
lowed by the formation of a specific ribonucleoprotein
(RNP) particle, called bicoid mRNA 3¢ UTR-STAU-
FEN, that determines the formation of the anterior
pattern of the Drosophila embryo during develop-
ment.34

Model System for Studies of Macromolecular
Transportation Across a Wall Barrier of Cell Membrane

Translocation of proteins or nucleic acids or cell
membranes is a common process. Similarly, most
infected or transfected viral or plasmid DNA must
pass nuclear membranes to serve as templates for gene
expression.27 The Rev protein of HIV is known to be
involved in the translocation of viral mRNA from the
nucleus to the cytoplasm through nuclear pores.74,104

Since the phi29 DNA packaging motor contains DNA
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transportation and encapsidation, the motor can serve
as a model system for mechanism studies to provide
hints for macromolecular transportation and encapsi-
dation.

Model System for Studies on Nucleic Acid Sliding
and Tracking Processes

Most nucleic-acid-binding proteins involve a riding,
tracking, or sliding process to function in DNA repli-
cation, translocation, recombination, and RNA tran-
scription.31,54,62 Many of them form a hexameric
conformation with a ring-shaped morphology to
interact with nucleic acids. Helicase,96,140 E. coli tran-
scription termination factor rho,13,38 yeast DNA poly-
merase processivity factor,11 BPV E1,111 and E. coli
DNA polymerase81,124 all belong to this category.
Although their ultimate functions are very different
from viral DNA packaging, the common fact that their
interactions involve nucleic acid and protein, and that
their conformation is similar to hexameric pRNA
attached to a sixfold symmetrical connector during
DNA translocation, indicate that phi29 can serve as a
model system to determine a universal mechanism for
these motor systems.

Model System for Design of New Antiviral Strategies

By targeting phi29 pRNA in the packaging motor,
several methods have been reported for the inhibition
of viral replication, including in vitro inhibition of
phi29 assembly either by antisense DNA targeting
pRNA148 or by mutant pRNA.130–132 High inhibition
efficiencies make this system attractive for applications
in gene therapy, intracellular immunization, antiviral
drug design, or construction of transgenic plants
resistant to viral infection. These applications can
possibly be achieved through targeting certain viral
structural proteins, enzymes, and other RNAs pro-
duced during the viral replication cycle.

Applications of the Phi29 DNA Packaging Motor
to Nanotechnology

DNA packaging is one of the most fascinating areas
in recent bionanotechnology development, due to its
relatively simplistic structural studies and ease of
in vitro assembly from individually prepared compo-
nents with high efficiency. It has been suggested that
the motor itself and the individual motor components
can be used in a number of applications, such as a gene
delivery vector,56,57,64,72,83 bottom-up RNA assembly
and array,117,118 protein engineering, and single mole-
cule studies.119,150 Possible applications of the motor
components include the construction of pRNA or

protein arrays that will serve as templates for the
erection of patterned supramolecular structures, a
possible link between nanotubes and nanoparticles, as
well as the attachment of biological moieties and
chemical groups to the motor or to the constructed
arrays.

pRNA

Through utilization of the novel properties of
pRNA, it has been shown that pRNA can be engi-
neered to create a controlled dimer, trimer, or hexamer
formation, or even an array formation, as observed by
TEM with nanogold-labeled pRNA (Fig. 1D)144 and
cryo-AFM (Figs. 6a–6d).117,118 This indicates that
pRNA can be used in further construction of supra-
structures in applications to nanotechnology. It was
also found that pRNA can be used to control the
activity of the DNA packaging motor by the addition
or discharge of a peptide at the N-terminus of the
connector that interacts with the pRNA.126 In addi-
tion, pRNA with fluorescence-labeling technology
has been successfully adapted to the single-molecule
fluorescence technique for stoichiometry studies, as
described above, to resolve the long-term debate over
five or six copies of pRNA.119,150

Connector

Controlled modulation of procapsid assembly,
pRNA binding, and procapsid DNA packaging
activity were achieved through various artificially
constructed phi29 connectors with N- or C-terminal
truncations, extensions, or insertions of extra amino
acids.14,126 Also, the addition of a cleavable His- or
Strep-tag to either the N- or C-terminus of the con-
nector facilitated protein purifications to near homo-
geneity. Truncations/extensions up to 14 residues at
the N-terminus and up to 25 residues at the C-terminus
did not affect the connector or procapsid assembly.14

However, procapsids with N-terminal deletion on the
connector could not bind pRNA, since the deleted
Arg-Lys-Arg residues are essential for pRNA binding.7

A 25-residue deletion and/or 14-residue extension at
the C-terminus of gp10 did not affect procapsid
assembly. A 42-amino acid extension at the N-termi-
nus did not interfere with the procapsid assembly but
significantly decreased the DNA packaging effi-
ciency.14 It has been shown that the wild-type dode-
camer connector protein can be used to form arrays
with a mixture of single-, double-, or multiple-layered
structures.46 Single-layered connectors can be gener-
ated by exposing the former crystals over a period of a
few weeks to a salt-containing solution of gradually
increasing ionic strength.46 Single layer two-dimen-
sional arrays of C- or N-terminal-modified portal
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vertices can be easily produced by using a lipid
monolayer matrix at the air–water interface for the
adsorption and growth of 2D protein crystals.144 For
nanopatterning, Langmuir deposition or spreading
protein solution at the liquid–air interface has been
used to produce 2D crystals of proteins.16,92,122 Using
the engineered connector array will enable efficient and
reproducible transfer of such 2D crystalline protein
films onto solid substrates for the design of nano-
technological devices.

Applications of the Phi29 DNA Packaging Motor
to Clinical Therapies

The discovery of RNA catalytic activities in 198275

has brought about a revolution in the concept of RNA
function, in that RNA can act like an enzyme—thus
the term ‘‘ribozyme.’’ Specific ribozymes include

RNase P, self-splicing introns, hepatitis delta ribo-
zyme, and hammerhead and hairpin ribozymes. In
addition to ribozymes, small interfering RNA (siRNA)
has great potential as a therapeutic agent for the
treatment of cancer, viral infections, and other genetic
diseases. Although Science spotlighted siRNA as the
Molecule of the Year in 2002, its therapeutic applica-
tions have been hindered by the lack of an efficient,
safe, and nonimmunogenic in vivo delivery system to
target specific cells.

In contrast, phi29 pRNA provides a model for a
ribozyme that acts on DNA. It has been known that
the replacement of, or insertion into, the 5¢/3¢ helical
domain does not interfere with dimer formation.21

Thus, end conjugation on pRNA with a chemical
moiety or fusion with a receptor-binding RNA apt-
amer, siRNA, or ribozyme was shown to retain dimer
formation without interfering in the function of the
inserted moieties.56,57,72,83 Since these are maneuver-
able and controllable, such properties make pRNA an
ideal building block for use as a vector in the delivery
of multiple therapeutic RNAs, nanomachine fabrica-
tion, pathogen detection, and gene delivery. Through
RNA nanotechnology, therapeutic siRNA and recep-
tor-binding RNA aptamers have been engineered into
individual motor pRNAs of phi29. The RNA building
block harboring the therapeutic molecule was subse-
quently fabricated into a trimer by utilizing engineered
right and left interlocking RNA loops. Incubation of
such nanoscale devices containing receptor-binding
aptamers or other ligands resulted in binding and
co-entry of the trivalent therapeutic particles into cells,
subsequently modulating the apoptosis of cancer cells
and leukemia model lymphocytes. Animal trials con-
firmed the specific suppression of tumorigenicity of
cancer cells. We have demonstrated that 20- to 40-nm
pRNA dimers, trimers, or hexamers can be used as
polyvalent vehicles for the delivery of up to six thera-
peutic molecules to specific cells.56,57,72,83 The use of
such antigenicity-free nanoparticles, with sizes of
20–40 nm, will ensure repeated long-term administra-
tion and will avoid the problems of the short half-life
of small molecules encountered in vivo, due to short
retention times and the fact that molecules larger than
100 nm are unable to be delivered into cells.

The polyvalent pRNA complex can deliver up to six
kinds of therapeutics to specific cells, as demonstrated
in breast cancer, leukemia, lung cancer, and prostate
cancer cell lines (Fig. 6e),72 as well as hepatitis B virus
infected cells.64 It can simultaneously deliver both a
ribozyme and an siRNA or multiple siRNAs against
multiple targets or different regions of one target.
Thus, this particular system provides unprecedented
versatility in constructing polyvalent delivery vehicles
by separately constructing individual pRNA subunits

FIGURE 6. Applications of pRNA for nanotechnology and
therapeutic gene and drug delivery. Atomic force microscopy
(AFM) images showing (a) monomer, (b) dimer, (c) trimer, and
(d) array of engineered pRNA.118 (e) Potential use of pRNA
hexamers as polyvalent gene delivery vectors to carry foreign
moieties for targeting, therapy, and detection.72 Figures were
adapted with permission from the American Chemical Society
and Mary Ann Liebert, Inc. for the respective citation.
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with various cargos and mixing them together in any
desired combination. Incubation of the chimeric
pRNA complex containing receptor-binding aptamers
or folate resulted in cell binding and transport of the
chimeric pRNA/siRNA, pRNA/ribozyme, or drugs
into cells, consequently modulating programmed cell
death.56,72,83 The chimeric pRNA complex was found
to be processed into functional double-stranded
siRNA by Dicer56,72 Target delivery and specificity
were brought about by engineering a subunit in the
complex to include cell receptor binding ligands for
receptor-mediated endocytosis. Included in this pro-
cess is the conjugation of pRNA with folic acid mol-
ecules, which could help target certain kinds of cancer
cells that have folate receptors highly expressed on the
cell surface.57 Another subunit can carry components
to facilitate endosome disruption for the release of
therapeutic molecules; and, finally, the other subunits
can carry therapeutic siRNA, ribozymes, or pharma-
cologic compounds to be delivered directly to the cells
of interest. The efficiency of this procedure was con-
firmed in animal trials.72 Using such protein-free,
controllable nanoscale RNA particles as therapeutic
reagents, which avoid antibiotic response, would allow
for long-term administration, thus providing an
opportunity for repeated administration and treatment
of chronic diseases.

PERSPECTIVES

The phi29 DNA packaging motor serves as an
effective model for the study of dsDNA viral packag-
ing. The development of a defined in vitro packaging
system utilizing purified phi29 components will aid in
the advancement of research into DNA packaging
mechanisms, not only for the phi29 system, but also
for other genome packaging systems. Specific motor
parts and overall motor functions have great potential
for use in nanotechnology applications. This will pro-
vide a number of technological advances, among which
are the targeted delivery of therapeutic agents to cells,
precise single-molecule sequencing techniques, and
direct attachment of various motor parts to nanode-
vices. The strong tendency of phi29 pRNA to form
dimers, trimers, and hexamers can potentially be har-
nessed and utilized to construct polyvalent gene/drug
delivery vectors or self-assembling arrays that have far-
ranging technological possibilities. It also inspires the
development of ultra-high-density memory storage
systems and the isolation and separation of multiple
pathogens in medical diagnoses. Both the N- and
C-terminus of the connector gp10 protein can be easily
engineered by deletion, extension, insertion, or tagging
to grant additional properties to the DNA packaging

motor. Such an engineered connector can also be used
as a bottom-up building block to form a single- or
multiple-layered array. The gp16 protein can also be
engineered to modify its chemical or biological prop-
erties, which can then be utilized as an energizer in any
type of ATP-consuming works.

These advantages will inspire further assembly of
useful nanodevices, such as machineries for in vivo
drug delivery, molecular sieves or chips for the diag-
nosis of diseases, single molecule sensing, or as ultra-
high-density data storage systems. In addition, the
phi29 nanomotor with engineered components can be
a part of a DNA-sequencing apparatus, since the DNA
packaging process involves the movement of DNA
through a 3.6 nm pore surrounded by six pRNAs,
which possesses high potential to be engineered to emit
chemical signals. Small packaging RNA can be used to
construct nanoparticles as polyvalent vehicles for the
delivery of multiple therapeutics, such as siRNA or
drug molecules, with specific cell targeting for the
treatment of cancers, viral infections, and genetic dis-
eases. By isolating a chemical or metal ion-specific
pRNA aptamer mutant using the SELEX (systematic
evolution of ligands by exponential enrichment) tech-
nique, we can use the pRNA aptamer to detect envi-
ronmental pathogens or to sense biohazardous
chemicals, together with amplified detection signals
from fluorescence or radioactive probes labeled to
another pRNA moiety. The RNA arrays can be useful
as potential parts in nanotechnology for tissue engi-
neering, environmental pathogen detection, and
chemical sensing. The same principle can be applied to
complement other approaches to using biomolecular
self-assembly for precisely arranging particles on a
nanometer scale. Furthermore, since engineered
motors retain biological DNA packaging activity, a
new approach may be applicable to hybrid biological/
nonbiological devices in which nanodevices are pow-
ered by the biomimetic motor.
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