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Abstract
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Double-stranded DNA viruses package their genomes into procapsids via an ATP-driven nanomotor.
This ingenious motor configuration has inspired the development of biomimetics in nanotechnology.
Bacteriophage ϕ29 DNA-packaging motor has been a popular tool in nanomedicine. To provide
information for further motor modification, conjugation, labeling, and manufacturing, the connector
protein gp10 of the ϕ29 DNA packaging motor was truncated, mutated, and extended. A 25-residue
deletion or a 14-residue extension at the C terminus of gp10 did not affect procapsid assembly. A
42–amino acid extension at the N terminus did not interfere with the procapsid assembly but
significantly decreased the DNA-packaging efficiency. DNA-packaging activity was restored upon
protease cleavage of the extended region. Replacing the N-terminal peptide containing arginine and
lysine with a histidine-rich peptide did not affect procapsid assembly but completely inhibited the
packaging RNA (pRNA) binding to the connector and hindered subsequent DNA packaging. These
results indicate that (1) the N-terminal arginine-lysine residues play a critical role in pRNA binding
but are not essential for procapsid assembly; (2) the connector core, but not the flexible N- or
C-terminal domains, is responsible for signaling the procapsid assembly; (3) pRNA binds to the
connector as a result of electrostatic interactions between the polyanionic nature of nucleic acids and
the cationic side groups of the amino acids, similar to RNA binding to Tat or polyArg.
© 2008 Published by Elsevier Inc.
phi29; Connector; DNA packaging motor; Procapsid assembly

After synthesis by separate machinery, viral structural
proteins and genome DNA interact to form DNA-filled
capsids through a process referred to as DNA packaging.1-4
Most, if not all, double-stranded DNA (dsDNA) viruses,
such as ϕ29,5 T4,6 SPP1,7 λ,8,9 T3 and T7,10,11 P22,12-14
P1,15 ψM2,16 Sfi21,17 herpes simplex virus,18-21 cytome-
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galovirus,22 adenovirus,23-25 and poxvirus,26,27 share common features in this late stage of the maturation process. In
this group, their genomic DNA is packaged into a
preformed procapsid. This entropically unfavorable DNA
translocation process is accomplished by an ATP-driven
nanomotor. In bacteriophages the motor involves DNApackaging enzymes and a connector containing a central
channel for DNA transport. This intriguing motor has
provoked interest among virologists, bacteriologists, biochemists, biophysicists, chemists, structural biologists, and
computational scientists alike. In the last decade extensive
investigations28-30 have been carried out to unravel the
motor mechanism in DNA packaging and viral assembly.
Significant contributions have been made to the construction of bionanomotors,7,31,32 the development of therapeutic viral vectors, and the search for antiviral targets,33-36 as
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Figure 1. Illustration of different procapsid constructs (bottom and side view). The procapsid is shown as a black pentagon. The portal protein is shown in gray
wireframe (PDB ID: 1h5w).47 The N- or C- terminal deletions, named as N-DeEx (deletion and extension both located at the N terminus) and C-DeEx (deletion
and extension both located at the C terminus), are displayed as green ribbons. The N- or C-terminal extensions, N-Ex (extension only at the N terminus), C-Ex
(extension only at the C terminus), N-DeEx and C-DeEx, are displayed as red curly lines but are not drawn to scale with the connector size.

well as the exploration of their applications in nanobiotechnology.31,37-41
Bacteriophage ϕ29, of Bacillus subtilis, is a dsDNA virus
with a 19,285–base pair linear genome.42 The infectious
virion can be assembled in vitro in a defined biochemical
system using eight purified components.43 Scaffold gp7,
capsid gp8, head fiber gp8.5, and connector gp10 overexpressed in Escherichia coli from cloned genes selfassemble into empty procapsids. Its genomic DNA-gp3,
a DNA with protein gp3 attached to each 5′ end, can be
packaged into the procapsids with up to 90% efficiency
with the aid of pRNA and the DNA-packaging protein
gp16.44,45 Following the addition of the tail protein gp9,
upper collar gp11, appendage gp12, and morphogenesis
factor gp13, all of which are overexpressed in E. coli, up
to 109 plaque-forming units/mL of infectious virion were
assembled from the DNA-filled capsids.43 This in vitro
assembly system makes ϕ29 a powerful model for the
investigation of numerous biological processes.
The head-tail connector, also called portal vertex or DNA
entrance vertex, plays a key role in the procapsid assembly and
the DNA packaging. Structural analysis of the portal vertices
of different phages reveals surprising structural similarities
despite the lack of sequence homology. This structural
similarity accounts for the common function in DNA
translocation. A homo-dodecameric cone-shaped architecture
with a central channel is shared by most bacteriophages
including ϕ29, T3, T4, T7, λ, SPP1, and P22.46-55
Procapsid morphogenesis is an intriguing topic for the
study of macromolecular assembly. The connector of T4
bacteriophage (gp20) can initiate and induce the procapsid

and core assembly.56 The connector core of T7 permits the
incomplete capsid shells to assemble into a complete
procapsid.57 In contrast, the ϕ29 connector has been
shown to be a key component in regulating the shape and
size of the procapsid during its assembly. During morphogenesis, scaffolding proteins interact with both the capsid
protein and connector.58,59 The wider domain of the
connector is encapsulated inside the procapsid.46,48,60
Structure determination by x-ray crystallography revealed
that the narrow domain, also the N terminus (residues 1–10),
of ϕ29 connector is flexible and structurally disordered.
The unique homo-dodecameric structure with an inner
channel makes the connector a distinct and fascinating
building block in nanotechnology and nanomedicine. Further
understanding of the role of the amino acid sequence of the
connector in procapsid assembly will facilitate motor or
procapsid conjugation, labeling, modification, and manufacture. Using proteolytic cleavage we have demonstrated
elsewhere that the N-terminal 14 residues of the connector
are critical for RNA binding.61, 62 In this article we extend our
analysis on the connector structure-function relationship by
investigating the effect of N- and C-terminal mutations on
procapsid assembly and DNA packaging.

Results
Effect of C-terminal extension on the procapsid assembly
and DNA packaging
The C terminus of gp10 is located at the wide end of the
connector, and residues 286–309 represent a flexible region
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Figure 2. 10% SDS-PAGE analysis of mutant procapsids. Lane 1, N-Ex procapsid, molecular weight (MW) of N-Ex gp10 was 40.2 kDa; lane 2, N-Ex procapsid
cleaved by TEV. MW of treated N-Ex gp10 was 35.9 kDa; lane3, C-Ex procapsid. MW of C-Ex gp10 was 37.3 kDa; lane 4, N-DeEx procapsid. MW of N-DeEx
gp10 was 36.8 kDa; lane 5, N-DeEx procapsid cleaved by TEV. MW of treated N-DeEx gp10 was 35.9 kDa; lane 6, C-DeEx procapsid. MW of C-DeEx gp10 was
34.3 kDa; lane 7, normal procapsid. MW of normal gp10 was 35.9 kDa. The small arrowhead refers to the mutated gp10, which has been treated by TEV,
removing the N-terminus peptide tag. The star refers to the TEV protease.

Table 1
Gp10 sequence modification for the construction of mutant procapsids

sedimentation and imaged by transmission electron microscopy (TEM; Figure 3). The C-Ex procapsid (Figure 3, B)
displayed a morphology similar to the unmodified procapsid
(Figure 3, E). However, the biological activities of the
mutant procapsid with C-terminal fusions were slightly
altered (Figures 4 and 5). The activity of C-Ex procapsid
in the DNA-packaging experiment decreased 10-fold
(Figure 4, A and B, lane 5) as compared with normal
procapsid (Figure 4, A and B, lane 2); the same was observed
for its virion assembly activity (Figure 5).
Effect of C-terminal deletion on procapsid assembly
and DNA packaging

The extended sequence is shown in bold letters. The deleted sequence is
shown in gray, italic. Letters within a border represent the sequence of the
whole protein or protein fragment. Gp10 (A –A indicates the sequence
23
300
of the 23–300 amino acids of gp10.).

embedded inside the procapsid.47,48 An extension of 14
residues to the C terminus of gp10 (C-Ex) was designed to
investigate its influence in procapsid assembly and DNA
packaging. Procapsid C-Ex (Figure 1) was constructed using
mutant gp10 (Figure 2) with a C-terminal extension of (Gly)6
(GGGGGG) and a Strep-tag II (WSHPQFEK) (Table 1). The
assembled procapsids were isolated using sucrose gradient

Procapsid C-terminal deletion (C-DeEx) was generated
by replacing the 25 residues at the C-terminal flexible region
of gp10 with a 14–amino acid peptide containing (Gly)6Strep-tag II (Figure 1). As expected, the structure of the
assembled procapsid was normal as revealed by TEM
(Figure 3, D). This provides evidence that truncation and
replacement of the last 25 residues of the C-terminal domain
do not interfere with the procapsid assembly. It was
interesting to find that the C-DeEx procapsid showed
nonvisible DNA-packaging activity (Figure 4, A and B,
lane 8). Results suggest that the 25-residue domain at the C
terminus of gp10, which was found to be a structurally
flexible region as revealed in x-ray crystallography, plays a
key role in ϕ29 DNA packaging.
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Figure 3. Transmission electron microscopy (TEM) images of procapsids. A, N-Ex procapsid; B, C-Ex procapsid; C, N-DeEx; D, C-DeEx procapsid; E, normal
procapsid. Bar = 100 nm.

Figure 4. DNA packaging activity of mutant procapsids with pRNA (A) Ii′and (B) SphI Ii′. Same quantity of DNA (0.5 μg) as in lane 10, and same quantity of
mutant procapsid proteins (1 μg) were used for each experiment. After DNA packaging, the mixtures excluding lane 10 were digested with DNase I to remove the
unpackaged DNA. The packaged DNA was released from procapsid by heating at 75°C in the presence of 0.05 M EDTA, then treated with protease K before
loading onto the gel. Lane 1: 1 kb DNA ladder; 2: normal procapsid; 3: N-Ex; 4: procapsid N-Ex + TEV; 5: C-Ex; 6: N-DeEx; 7: N-DeEx + TEV; 8: C-DeEx;
9: normal procapsid without ATP as negative control; 10: phi29 DNA without DNase treatment but digested with protease K used for the packaging experiment.
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Figure 5. Virion assembly activity of four mutant procapsids. Equal amount
of procapsid protein was used for each test. “TEV” represents the procapsids
being treated with TEV protease to remove the N-terminal extensions.

Effect of N-terminal extension on procapsid assembly
and DNA packaging
A procapsid containing a connector with a 20-residue
extension at its N terminus was shown elsewhere to retain the
typical prolate shape of ϕ29 procapsid but showed
diminished DNA-packaging activity.62 To further investigate
the effect of N-terminal extensions on DNA packaging, we
constructed a procapsid with a 40–amino acid addition to the
N terminus of gp10 (N-Ex), which was located at the narrow
domain of the connector. The extended sequence included a
Strep-tag II (WSHPQFEK), a 10-glycine linker, a His6-tag,
and a tobacco etch virus (TEV) protease recognition site
(ENLYFQG) (Table 1). The TEV cleavage site permitted
the removal of the extended region by TEV protease
digestion if desired. The sensitivity to protease digestion
(Figure 2, lane 2) of procapsid N-Ex also confirmed that
the extended peptides protrude toward the outside of the
procapsid (Figure 1).
TEM images of the N-Ex procapsid (Figure 3, A) were
indistinguishable, in terms of size and structure, from those
of normal procapsids (Figure 3, E), suggesting that the
N-terminal fusions oriented toward the outside of the
procapsid and did not interfere with procapsid morphogenesis. However, the biological functions of the N-Ex
procapsid were affected. A 10-fold decrease in DNApackaging activity was observed when using either pRNA
Ii′ (Figure 4, A, lane 3) or pRNA SphI Ii′ (Figure 4, B,
lane 3). The 100-fold reduction in phage assembly activity of
N-Ex as compared with the wild-type procapsid provides
further evidence that the biological activity is impaired
by the N-terminal extension (Figure 5). No binding of
3
H-labeled pRNA to procapsid N-Ex could be detected by
5–20% sucrose gradient sedimentation analysis (Figure 6).
Such data was consistent with the previous report that the
binding of pRNA to gp10 was sterically hindered when a

Figure 6. 5–20% Sucrose gradient sedimentation used to detect the binding
of N-terminus mutant procapsid to 3H-labeled pRNA.

His6-tag was attached to the N terminus of the protein.62 The
binding ability of N-Ex procapsid with pRNA was further
investigated by single-molecule fluorescent imaging, in
which each pRNA molecule was labeled with one Cy3
fluorophore45. In this experiment, individual normal procapsid–Cy3-pRNA and N-Ex procapsid–Cy3-pRNA complexes, immobilized on the surface through the antiprocapsid IgG, appeared as distinct bright spots under the
microscope after laser excitation (Figures 7 and 8). The
single-molecule imaging result indicated that the pRNAbinding activity of N-Ex procapsid was about 100-fold
(Figure 8, C) lower than that of a normal procapsid (Figure 8,
B), which agreed with the finding in sucrose gradient
sedimentation where the binding of 3H-labeled pRNA to
N-Ex procapsid was undetectable (Figure 6). The N-terminal
extension was susceptible to TEV protease, although the
cleavage was incomplete (Figure 2, lane 2). Removal of
the extended sequence restored the DNA-packaging activity
(Figure 4, A and B, lane 4) and the virion assembly activity
of infectious ϕ29 virions (Figure 5). Therefore, it was
further proved that the N-terminal extension did not
disrupt the morphogenesis of ϕ29 procapsid but instead
altered the pRNA binding ability and the DNA-packaging
efficiency.62
Effect of N-terminal mutation on procapsid assembly
and DNA packaging
It was reported that the flexible region of residues 1–10
protrudes out of the connector's N-terminal narrow domain,
followed by residues 11–14, which act as the distal end for
one of the five α-helices of the gp10 subunit.47 Many RNAbinding proteins, such as Tat peptide63,64 or polyArg,65 use
the cationic side groups of arginine or lysine to interact with
polyanionic nucleic acids. Thus, it is reasonable to assume
that the basic residues at the N-terminal domain of gp10,
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Figure 7. Schematic drawing of single-molecule imaging design. The surface of the quartz slide of the perfusion chamber was coated with anti-procapsid IgG.
Each pRNA was labeled by one Cy3 fluorophore at the 5′ end. The procapsid–Cy3-pRNA complex, immobilized to the quartz surface by the antibody to
procapsid, was imaged through a total internal reflection.

Figure 8. Single-molecule fluorescence microscopy used to visualize the relative binding affinity of mutant procapsids to Cy3-pRNA. Individual mutant
procapsids with Cy3-pRNA were incubated at room temperature for 30 minutes. The mixtures were then diluted 20 (left column) or 200 times (right column)
before applying to the quartz slide surface. Imaging was carried out using a single-molecule dual-viewing system with a 60× objective at 1.6× magnification.45 A,
Cy3-pRNA without procapsid. B, Normal procapsid with Cy3-pRNA. C, Procapsid N-Ex with Cy3-pRNA. D, Procapsid N-DeEx with Cy3-pRNA. The green
color was presented as the pseudo color, with each spot representing one procapsid–pRNA complex.

especially the three consecutive basic residues Arg-Lys-Arg,
are essential for pRNA binding. To confirm this assumption,
we deleted the 14–amino acid sequence at the N-terminal
domain of gp10 and replaced it with a peptide that does not

contain arginine or lysine but histidine and other uncharged
amino acids. This mutant procapsid, N-DeEx (Figure 1),
displayed the typical morphology of ϕ29 procapsid as
revealed by TEM (Figure 3, C). The result suggests that the
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flexible region at the N-terminal domain and the distal αhelical region are dispensable for procapsid assembly.
To further investigate the role of these 14 residues in ϕ29
motor function, the DNA-packaging activity of the resulting
mutant procapsid was tested (Figure 4) and was found to be
inactive in DNA packaging (Figure 4, A and B, lane 6). This
implies that the 14–amino acid sequences play a critical role
in DNA packaging. In vitro ϕ29 virion assembly assay
revealed that no virion was produced when procapsid NDeEx was used (Figure 5). Removal of the extended peptide
by TEV protease cleavage did not rescue its DNA-packaging
activity (Figure 4, A and B, lane 7) or virion assembly
activity (Figure 5), further supporting the conclusion that the
sequences containing arginine and lysine are essential for
DNA packaging and cannot be replaced with a peptide not
containing arginine or lysine.
The procapsid-RNA binding assays were performed to
further elucidate the mechanisms responsible for the loss of
DNA-packaging function of the mutant procapsid. It was
shown that no binding between mutant procapsid N-DeEx
and pRNA could be detected either by 5–20% sucrose
gradient sedimentation analysis (Figure 6) or singlemolecule fluorescence imaging (Figure 8, D). Because the
total number of amino acids in gp10 of mutant procapsid NEx was similar to that of normal procapsid, the difference of
activity in DNA packaging and phage assembly implied that
the loss of activity in N-DeEx was a result of the deletion of
Arg-Lys-Arg. It was concluded that the Arg-Lys-Arg
sequence in the N-terminal 14 amino acids is essential for
pRNA binding and cannot be replaced by the histidinecontaining sequence. The loss of DNA-packaging activity
and/or virion assembly is the consequence of the failure of
pRNA binding to the N terminus of gp10.
Discussion
Four different kinds of mutant procapsids, with modification on either the C or N terminus of gp10, were constructed.
No significant negative effect on procapsid assembly was
observed for both N- and C-terminal extensions. Structural
studies have revealed that both the N- and C-terminal
domains are structurally flexible.47,48 We speculate that as
long as the modified gp10 proteins can self-associate into the
connector core, they will interact with the scaffolding protein
gp7 and the capsid protein gp10 to guide the assembly of the
procapsid into the correct prolate particle. Truncation of up
to 14 residues at the N terminus or up to 25 residues at the C
terminus did not affect procapsid assembly. However,
truncation of more than 35 residues at the C terminus or
more than 37 residues at the N terminus resulted in a gp10
mutant that was insoluble and unable to assemble into the
connector (unpublished data).
The detectable sequential steps in the assay for the
morphogenesis of ϕ29 virion are: binding of pRNA to the
connector of the procapsid → DNA packaging → virion
assembly assayed by a plaque-forming unit. Although the

binding of pRNA to procapsid is a prerequisite in DNA
packaging and virion assembly, it was interesting to discover
that the pRNA binding activity of some of the procapsid
mutants with partial activity in DNA packaging and/or virion
assembly could not be detected by sucrose gradient
sedimentation. For example, procapsid N-Ex might have
low pRNA-binding affinity that leads to the formation of
unstable pRNA/procapsid complexes that could not be
detected with our techniques. The complexes would fall
apart when using sucrose gradient sedimentation or gel shift
assay. The DNA-packaging activity could still be observed,
because it occurred in solution.
Various basic peptides have the ability to bind to nucleic
acids. For example, HIV-1 Tat protein contains a highly basic
region responsible for RNA binding and import. This
cationic core of the peptide (Tat48–57) is rich in arginine
and lysine residues and is often referred to as the Tat
peptide.63,64 An oligomer of arginine, (Rn, n = 5–9) is also
frequently designed for the purpose of RNA/DNA binding,
membrane translocation, cellular uptake, etc.65 Based on
their common function of binding to nucleic acids, we
assume that the N-terminal domain of the connector binds to
pRNA in a similar fashion. The sequence homologies among
the N-terminal residues of the connector in normal
procapsid, mutants N-Ex, N-DeEx, Tat peptide (Tat48–57),
and polyArg indicate that the eight basic amino acids
(arginine or lysine) in the N-terminal 22 residues of the
normal connector protein display surprising similarities to
the Tat peptide, which also contains eight basic amino acids
(Figure 9). The pRNA-connector interactions could be
described by a mechanism similar to that of the RNA and
polyArg or Tat interactions. This finding is in concurrence
with previous studies on cleavage,61 extension,62 and
mutagenesis66 of the N terminus of connector protein
gp10. Here we demonstrate that the gp10 N terminus,
which is extended from the narrow domain and oriented to
the outside of the procapsid, contributes to the binding of
pRNA and subsequently to the binding of gp16 to activate
the DNA-packaging motor. Because pRNA binding is
critical for the function of the ϕ29 DNA-packaging motor,
we believe that these basic amino acids contribute to the
pRNA binding and thus are essential for the motor function.
Deletion or replacement of the N-terminal 14 residues
resulted in the loss of RNA-binding ability;61,62 therefore,
the DNA-packaging activity was lost for procapsid N-DeEx.
However, extension on the N terminus of the connector with
a 40-residue peptide significantly reduced the binding ability
of pRNA to the procapsid N-Ex (Figures 6 and 8, C) but only
negligibly altered its biological activities (Figure 4, A and B,
lane 3; Figure 5). The DNA-packaging activity of the
procapsid was rescued following the cleavage of the extended
sequence, which confirmed the previous report that the
pRNA binding to the connector might be physically hindered
by the sequence extension.65 We further speculate that the
connector C-terminal region localized inside the procapsid
might play a key role in the DNA packaging. A 105-fold
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Figure 9. Sequence alignment for the N-terminal sequence of the connector in normal procapsid, procapsid N-Ex, procapsid N-DeEx with the Tat peptide
(Tat48–57), and polyArg R9.
Table 2
Sequence of the PCR primers used for the plasmid construction of mutant procapsids⁎
Procapsid

Primers

Sequence (5′–3′)

Procapsid N-Ex

F1

TAATGTGGAGCCACCCGCAGTTCGAAAAGGGAGGTGGTGGAGGAGGTGGAGGTGGTGGAGC

R1

TACACCTCGGTGGGCGTCAAGCTTTTCCCTCCACCACCTCCTCCACCTCCACCACCTCGAT

Procapsid C-Ex

F1, F2

CGCAGCTGGCATATGGCACGTAAACGCAGTAAC

R1

GGATGACTCCAACCTCCTCCACCACCTCCCTCATTTGTTTCACCGT

R2

ATAATGTTCTCGAGCTACTTTTCGAACTGCGGATGACTCCAACCTC

F1

GTAACCTGCATATGCACCATCACCATCACCATGATTACGATATCCCAACGACTGA

F2

CGATATCCCAACGACTGAAAACCTGTACTTCCAGGGAATACAGCGTCAAAAACGG

Procapsid N-DeEx

Procapsid C-DeEx

R1, R2

CTAGCTATCTCGAGTTAGATGTCATATCTGAATTTAACTT

F1, F2

CGCAGCTGGCATATGGCACGTAAACGCAGTAAC

R1

GGATGACTCCAACCTCCTCCACCACCTCCGATGTCATATCTGAATT

R2

ATAATGTTCTCGAGCTACTTTTCGAACTGCGGATGACTCCAACCTC

⁎F1/R1 and F2/R2 were the first and second pair of primers, respectively.

higher virion assembly activity for procapsid C-Ex as
compared with procapsid C-DeEx has been observed (Figure
5). Both procapsids contained the same extended sequence,
except that procapsid C-DeEx included an additional Cterminal deletion. The data suggests that the sequence of the
C-terminal structurally flexible 25 residues is involved in
DNA packaging or ejection. Because the C terminus is
embedded inside the procapsid, its interaction with DNA may
play a mechanical role in the processes of DNA entering or
exiting the portal vertex.

Methods
Construction of plasmids for the expression
of four procapsids
Four mutant procapsids have been constructed: (1) N-Ex,
N-terminal extension of 40 residues to the connector; (2) CEx, C-terminal extension of 14 residues to the connector;
(3) N-DeEx, N-terminal deletion of 14 residues and
extension of 21 residues to the connector; (4) C-DeEx,
C-terminal deletion of 25 residues and extension of 14
residues to the connector (Figure 1, Table 1).
The plasmid vectors for the production of four procapsids
were constructed using the same plasmid pARgp7-8-8.5 and
four corresponding plasmid coding for gp10 plasmid DNA.

gp10 N-Ex was generated by inserting the annealed primer pair
F1-R1 into the NdeI site of vector pHis-gp10.67 gp10 C-Ex,
gp10 N-DeEx, and gp10 C-DeEx were constructed from vector
pET-21a(+) (EMB Biosciences, Madison, Wisconsin) with a
two-step polymerase chain reaction (PCR). First primer pair F1R1 was used to amplify the gp10 gene from the ϕ29 genomic
DNA-gp3; its product was then used as a template for the
subsequent PCR with the primer pair F2-R2 to incorporate
restriction sites and affinity tags. The second PCR product was
digested with NdeI-XhoI and ligated into the NdeI-XhoI sites of
the vector pET-21a(+). The plasmid pARgp7-8-8.5 was
digested with BamHI and BglII, generating a DNA fragment
containing gp7-8-8.5 with two cohesive ends, both compatible
with BglII. Four gp10 plasmid DNAs were digested with BglII
and dephosphorylated with shrimp alkaline phosphatase (USB,
Cleveland, Ohio). Ligation of the gp7-8-8.5 fragment with
gp10 vectors digested with BglII generated the four plasmids
desired for the expression of the four procapsids. The
nucleotide sequence of the primers used in the procapsid
construction is given in Tables 2 and 3.
Expression and purification of procapsids
The constructed plasmid vectors were transformed into the
E. coli strain HMS174 (DE3), respectively, for protein
expression. A volume of 10 mL cell culture was grown
overnight at 37°C in a Luria-Bertani medium containing 100 μg/
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Table 3
Effect of N- and C-terminal extensions with/without truncations on the
procapsid structure and function⁎

45-μm condenser and objective aperture, respectively,
operated at 80 kV.

Procapsid
mutant

Procapsid
morphology

DNA
packaging

Virion
assembly

Sample preparation for single-molecule measurements

N-Ex

Normal

↓ 10-fold

↓ 100-fold

C-Ex

Normal

↓ 10-fold

↓ 10-fold

N-DeEx

Normal

∼0

∼0

C-DeEx

Normal

↓ 100-fold

∼0

⁎The DNA packaging activity and phage assembly activity were given
relative to those of the wild-type procapsid.

mL ampicillin and periodically shaken at 250 rpm. One percent
inoculation (v/v) was used for 500 mL culture, and 0.5 mM
isopropyl β-D-1-thiogalactopyranoside (IPTG) induction was
applied when the optical density at 600 nm (OD600) reached
0.5–0.6. Cells were harvested 3 hours after induction by
centrifugation at 5000 g for 20 minutes in a Beckman JS-7.5
rotor, and then stored at –70°C before purification. His- and
Strep II–tagged connector proteins were purified by His- or
Strep-affinity chromatography, respectively, whereas the
assembled mutant procapsids were isolated using sucrose
gradient sedimentation as described.62 Gel analysis (10%
SDS-PAGE) of the purified mutant procapsids is shown in
Figure 2.
Tobacco etch virus protease cleavage of N-terminal tags
The N-terminal tags of gp10 can be cleaved by TEV
protease. The reaction was performed by incubating 1 mg of
purified His–TEV protease with 20 mg of gp10 protein in the
presence of 1 mM dithiothreitol at 4°C overnight. Removal
of the N-terminal tag was verified by 10% SDS-PAGE gel
electrophoresis (Figure 2).
DNA packaging and in vitro virion assembly assay
The procedures for DNA packaging and in vitro virion
assembly assay have been described.43 Wild-type pRNA Ii′68
and SphI Ii′, a 26-base extension at the 3′ end of wild-type Ii′
pRNA,61,62 were used in comparing the DNA-packaging
activity of different procapsid constructs. For in vitro virion
assembly assay, pRNA Ii′ was included.
Binding of 3H-labeled pRNA to procapsid detected
by 5–20% sucrose gradient sedimentation
Binding ability of pRNA Aa′69 to the mutant procapsids
N-Ex and N-DeEx was tested through 5–20% sucrose
gradient sedimentation as reported elsewhere.61,62
Transmission electron microscopy imaging
The TEM grids were coated with 400-mesh formvar and
carbon and glow-discharged before use to increase their
hydrophilicity. The purified procapsid protein was dialyzed
and diluted when necessary before being negatively stained
with 2% uranyl acetate. Samples were imaged on a Philips
CM-100 transmission electron microscope with a 200- and

A perfusion chamber was constructed from a quartz slide
with two holes and a glass coverslip held together with
double-sided adhesive tape. A channel was cut into the tape
connecting the two holes in the quartz slide before the
assembly of the perfusion chamber. The procapsid mutants–
Cy3-pRNA complexes were immobilized to the surface of
the quartz slide via specific binding to anti-procapsid IgG
(Proteintech Group, Chicago, Illinois). The surface of the
quartz slide was first coated with IgG by incubation
overnight at 4°C with phosphate-buffered saline containing
0.1 mg/mL IgG. The unbound IgG was rinsed with
phosphate-buffered saline, and the quartz slide was blocked
with 10 mg/mL ultrapure bovine serum albumin (Ambion,
Austin, Texas) by incubation for 1 hour at 20°C. The flow
chamber was rinsed again with TMS buffer (100 mM TrisHCl, pH 8, 100 mM NaCl, 10 mM MgCl2) and then flushed
with procapsid–Cy3-pRNA mixture (Figure 7).45 Samples
were prepared by incubating for 30 minutes at room
temperature with 0.1 μg individual mutant procapsids and
20 ng Cy3–pRNA bearing matching loops. A dilution
factor of 20 or 200 from the stock solution was applied
before applying the samples to the flow chamber for
another 30 minutes of incubation. After removing the
excess procapsid–Cy3-pRNA by TMS buffer, the measurements were performed in the presence of an oxygendepleting solution containing glucose oxidase, catalase,
β-D-glucose, and 2-mercaptoethanol.70
Total internal fluorescence microscope experimental setup
Individual procapsid–Cy3-pRNA complexes were
imaged using a home-built, prism-type, dual-view total
Single Molecule Dual-View Total Internal Reflection Fluorescence System (SMDV-TIRF).45 Briefly, the system was
constructed based on an inverted microscope Olympus IX71
(Olympus, Center Valley, Pennsylvania) combined with a
Dual-View imager (Mag Biosystems, Tucson, Arizona). The
532-nm laser (Crystalaser, Reno, Nevada) was used to excite
the Cy3 flourescence. The angle of incidence for the
excitation light was adjusted using a series of mirrors and a
45-degree quartz prism. Fluorescence was collected via a 60×
oil-immersion objective, numerical aperture = 1.4 (Plan Apo,
San Marcos, California) and detected by an iXon 887 V
EMCCD camera (Andor Technology, South Windsor,
Connecticut) after passing through the Dual-View imager.
Data analysis was performed using the Andor IQ software
provided with the camera. A more detailed description of the
SMDV-TIRF has been given elsewhere.45
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