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The incorporation of the DNA packaging connector complex during lambdoid phage assembly in vivo is
strictly controlled—one and only one of the twelve identical icosahedral vertices is differentiated by the
inclusion of a portal or connector dodecamer. Proposed control mechanisms include obligate nucleation from
a connector containing complex, addition of the connector as the final step during assembly, and a
connector-mediated increase in the growth rate. The inability to recapitulate connector incorporation in vitro
has made it difficult to obtain direct biochemical evidence in support of one model over another. Here we
report the development an in vitro assembly system for the well characterized dsDNA phage Phi29 which
results in the co-assembly of connector with capsid and scaffolding proteins to form procapsid-like particles
(PLPs). Immuno-electron microscopy demonstrates the specific incorporation of connector vertex in PLPs.
The connector protein increases both the yield and the rate of capsid assembly suggesting that the
incorporation of the connector in Phi29 likely promotes nucleation of assembly.

© 2009 Elsevier Inc. All rights reserved.
Introduction

The genomes of icosahedral viruses are surrounded and protected
by an outer shell of protein which is assembled from hundreds of
copies of a single or small number of types of capsid protein subunits
through the use of quasi-equivalent bonding interactions (Caspar,
1980; Caspar and Klug, 1962). The two primary mechanisms of
genome encapsidation are concurrent assembly and packaging and
packaging into a preformed shell termed a procapsid or prohead
(Bazinet and King, 1985). In the latter case, typified by the dsDNA
containing bacteriophages, ATP-dependent DNA translocation pumps
DNA into the procapsid to liquid crystalline density. Recent crystal-
lographic, electron microscopic, and single molecule studies have
provided structural insights into the mechanism of DNA packaging
(Cuervo et al., 2007; Hugel et al., 2007; Lander et al., 2006a; Lebedev et
al., 2007; Poh et al., 2008; Smith et al., 2001; Sun et al., 2008, 2007;
Xiang et al., 2006). The motor is composed of a dodecameric
connector or portal protein (connector/portal vertex) which replaces
the capsid subunits at one of the icosahedral vertices and forms a
conduit for DNA translocation and egress and typically a two subunit
terminase complex which recognizes the viral DNA, delivers it to the
connector protein, and couples the hydrolysis of ATP to translocation.
Once the genome is packaged conformational changes in the
connector complex cause the dissociation of the terminase proteins
and allow the attachment of the completion proteins necessary to
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form an infectious phage (Lander et al., 2006b; Lhuillier et al., 2009;
Xiang et al., 2006).

To successfully package a full length genome incorporation of one
and only one connector vertex into the procapsid is essential (Moore
and Prevelige, 2002). In vivo, nearly every assembled procapsid has
one and only one connector vertex and is able to package DNA and
mature into an infectious phage (Casjens and King, 1974). This narrow
distribution in which 95% of particles have a single connector vertex
cannot be explained by random statistical incorporation and implies
the existence of a control mechanism. A number of possible control
mechanisms have been proposed, including obligate coupling of
connector incorporation to nucleation, the formation of an mRNA/
protein nucleation complex (Bazinet et al., 1990), incorporation
during lattice growth (Moore and Prevelige, 2002) , and incorporation
as the final assembly step (Cerritelli and Studier, 1996).

In the dsDNA phage procapsid assembly involves the capsid,
connector, and scaffolding proteins (Fane and Prevelige, 2003).
Mutational studies have indicated that scaffolding protein is involved
either directly or indirectly in the incorporation of the connector
vertex during procapsid assembly in a variety of phages (Bazinet and
King, 1988; Earnshaw and King, 1978; Greene and King, 1996).
However, with the exception of the Bacillus subtilis phage Phi29 a
direct biochemical interaction between connector and scaffolding
protein has not been reported (Lee and Guo, 1995).

The Phi29 procapsid is composed of 235 copies of capsid protein,
∼180 copies of internal form-determining scaffolding protein, and 12
molecules of the connector protein arranged as a 43 nm×53 nm
prolate procapsid particles with a triangulation number of T=3 and
an elongation factor of Q=5 (Morais et al., 2005; Tao et al., 1998). The
connector dodecamer occupies one pentameric vertex along the
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Fig. 2. Connector protein assembled with capsid and scaffolding proteins in vitro
assayed by sucrose gradient/SDS page analysis. Assembly products of reactions
containing (a) capsid protein, (b) capsid protein and scaffolding protein, (c) capsid
protein, scaffolding protein and connector protein, (d) capsid protein and connector
protein, and (e) connector protein only were analyzed by SDS-PAGE after sucrose
gradient fractionation from bottom (fraction 1) to top (fraction 13). The samples loaded
on to the gradients were shown in the lane L on the left. CA, capsid protein; SF,
scaffolding protein; CON, connector protein.
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elongated axis and is complexedwith 5 or 6molecules of a small pRNA
required for packaging linear dsDNA genome covalently linked to the
terminal protein gp3. Packaging is powered by multiple copies of the
ATPase gp16 (Grimes et al., 2002;Guo et al., 1987; Simpson et al., 2000;
Tao et al., 1998; Zhang et al., 1998). We have previously developed an
in vitro assembly system for Phi29 procapsids (Fu et al., 2007). In this
manuscript we report the adaptation of that system to incorporate the
connector protein and utilization of this system to gain insight into the
mechanism of controlled connector incorporation.

Results

Connector protein assembled with capsid protein and scaffolding
protein in vitro

An in vitro assembly system in which Phi29 capsid protein and
scaffolding proteins assemble into prolate and T=3 isometric
procapsid-like particles (PLPs) has previously been described (Fu et
al., 2007). To investigate the role of the connector protein in capsid
assembly the system was modified to include the connector protein.
Recombinant connector protein was expressed and purified as
previously described (Poliakov et al., 2007). Nativemass spectrometry
and sedimentation velocity experiments demonstrated that the
purified connector protein was dodecameric (Poliakov et al., 2007).

The two-component assembly system utilizes polyethylene glycol
to promote polymerization. In the three-component system the
concentration of polyethylene glycol was lowered from 13% to 6% to
achieve higher fidelity at the expense of some yield. Although
connector protein requires high a concentration of NaCl (400 mM)
to prevent it from aggregating, the interactions between scaffolding
and capsid proteins are salt sensitive and particle formation drops by
half at 80 mM NaCl when compared to 18 mM NaCl (Fu et al., 2007).
As a tradeoff between connector solubility and assembly yield the
NaCl concentration of the assembly reaction was maintained at 60–
80 mM. The kinetics of assembly were followed by the time-
dependent increase in turbidity at 340 nm and the products were
analyzed by centrifugation through a 10–40% sucrose gradient
followed by SDS-PAGE.

In accord with previous findings the capsid protein at 20 μM
(1 mg/ml) did not polymerize on its own as there was no apparent
increase in turbidity over 2 h of reaction (Fig. 1) and the capsid
Fig. 1. Connector protein increased capsid assembly kinetics and assembly yield in vitro.
The assembly kinetics of reactions containing 20 μM capsid protein (crosses), 20 μM
capsid protein and 40 μM scaffolding protein (closed squares), 20 μM capsid protein,
40 μM scaffolding protein and 4 μM connector protein (closed triangles), 20 μM capsid
protein and 4 μM connector protein (open squares), and 4 μM connector protein only
(open circles) were followed by turbidity at OD 340 nm. The error bars display the
standard deviation for five independent measurements.
protein remained at the top of the sucrose gradient, the expected
position for a monomeric protein (Fig. 2). However, capsid assembly
was promoted by the addition of 40 μM scaffolding protein as
evidenced by a time-dependent increase in turbidity (Fig. 1) and co-
sedimentation of the scaffolding and coat proteins to the middle of
the sucrose gradient (Fig. 2). When 4 μM of connector protein was
added to the mixture the assembly kinetics displayed a rate increase
of approximately 3.5-fold and an approximately 2.5-fold increase in
the final turbidity level compared to the reaction containing only
capsid and scaffolding proteins (Fig. 1). Analysis of the sucrose
gradients demonstrated that the fraction of polymerized capsid
protein increased from 47% to 74% in the presence of the connector.
Sucrose gradient fractions 6 and 7 showed co-migration of the
connector protein with the capsid and scaffolding proteins indicat-
ing association. The molar ratio of connector to capsid proteins was
approximately 1:9 as determined by densitometry. This is higher
than the 1:20 ratio expected for a single dodecameric connector
incorporated in a 240-subunit capsid and suggests that connector
may have been incorporated into aberrant or partially assembled
shells. The fractions toward the bottom of the gradient had higher
connector/capsid ratio but lower scaffolding content suggesting
they were malformed. Indeed, unclosed or partially assembled
particles were seen in these fractions by negative-stained EM (data
not shown). Mutant scaffolding protein which could not bind the
connector was not incorporated thereby providing evidence for
specific incorporation.

The connector protein alone showed strong scattering and
sedimented to the bottom of the gradient when diluted into assembly



Table 1
Distance distribution of gold particles.

Gold particle distance from PLP With connector Without connector

b15 nm 71% 2%
15–30 nm 13% 12%
N30 nm 15% 79%
Number of particles counted 45 86
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buffer consistent with aggregation. The aggregation of connector
protein, proposed as a linear stacking of rings (Tsuprun et al., 1994), is
likely due to low NaCl concentration and the presence of the crowding
agent PEG. Interestingly, mixing capsid protein with connector
protein prevented aggregation as assayed by turbidity. However,
when the mixture was analyzed by sucrose gradient centrifugation,
the coat protein remained at the top of the gradient and the connector
pelleted. These results suggest that there might be some interaction
between capsid and connector proteins which prevents connector
protein self-aggregation but that the interactions are weak and were
disrupted during gradient centrifugation. It should be noted that the
putative capsid/connector protein interaction alonewas not sufficient
to initiate or propagate assembly.

Connector protein was incorporated to procapsid-like particles in vitro

Immuno-electron microscopy was performed to directly demon-
strate the specific incorporation of connector protein into PLPs. After
absorption to grids a primary antibody against connector protein was
used to tag the portal vertex in PLPs and visualization was
accomplished using a secondary antibody conjugated to 10 nm gold
particle followed by negative staining (Fig. 3, and Table 1).

In the case of procapsids purified in vivo (Fig. 3a) one gold-particle
appeared to be associated at one end of either the major or minor axis
of the prolate particles. This difference in presentation likely arises
from the propensity of the absorbed particles to adopt different
orientations on the grid. In the case of the PLPs assembled in vivo in
the presence of connector the micrographs showed a similar size and
morphology for the PLPs as well as a similar gold-labeling pattern
(Figs. 3b, c). Only 10–15% labeling efficiency was achieved in the
procapsid sample, perhaps partially due to inaccessibility of the
connector vertex in particles absorbed on grid. Therefore, the
efficiency of connector incorporation in vitro was hard to determine.
However, the labeled PLPs had predominantly one gold-label and very
Fig. 3. Connector protein incorporated to PLPs. Electron micrographs of immuno-gold lab
assembled with added connector protein, and (d) procapsid-like particles assembled witho
Table 1 shows the distance distribution from the center of gold particles to the nearest PLP
rarely had two. The particles formed without connector protein were
not immuno-gold labeled (Fig. 3d).

Connector protein lowered capsid protein concentration for assembly

To determine whether the connector protein is involved in
nucleating assembly, the effect of connector protein on the critical
concentration of capsid protein required for assembly was investi-
gated. Assembly reactions containing capsid protein concentrations
ranging from 2.2 to 20 μM (0.1–1.0 mg/ml) were carried out in the
presence or absence of 4 μM connector protein. The fraction of
assembled capsid protein was determined by quantitative SDS-PAGE
analysis following sucrose gradient separation and plotted as a
function of input capsid protein (Fig. 4a). The presence of connector
protein increased the assembly yield at all capsid concentrations. At
the lower capsid protein concentration (2.2 μM) the addition of
connector resulted in an approximately five fold increase in yield
whereas at higher concentration (20 μM) it resulted in an approxi-
mately two fold increase. A disproportionate effect of connector
protein on yield as the capsid protein approaches the critical
concentration is consistent with enhanced nucleation and lowered
critical concentration. Complementary results were obtained when a
fixed concentration of capsid protein (20 μM) was assembled in the
presence of increasing concentrations of connector protein from 0 to
4 μM (Fig. 4b). In this experiment the addition of connector protein
eled of connector protein in (a) authentic procapsids, (b, c) procapsid-like particles
ut added connector protein. Blown-up views of the particles in a–c are shown in e–g.
s in the samples assembled in the presence or absence of connector protein.



Fig. 4. Connector protein lowered capsid concentration required for assembly. (a) The
fraction of assembled capsid protein formed with (closed squares) or without (open
squares) connector protein was plotted as the function of input capsid protein 2.2 -
20 μM. The error bars display the standard deviation for five independent measure-
ments. (b) The fraction of assembled capsid protein formed as the function of input
connector protein (0–4 μM) at 20 μM capsid protein.
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resulted in an approximately doubling of the yield of assembled
capsid.

Discussion

Various mechanisms have been suggested to insure that one
and only one portal complex is associated with a procapsid during
assembly. The simplest scenario is that connector protein serves as
a nucleus to initiate assembly thus insuring that every procapsid
contains one and only one connector vertex. In phage T4, assembly
was proposed to initiate at the connector vertex which is
associated with the cell membrane through the protein gp40
(Black and Silverman, 1978; Traub and Maeder, 1984). In contrast,
the rate of procapsid assembly for phages P22 and SPP1 is not
affected by the presence or absence of connector protein (Bazinet
and King, 1988; Droge et al., 2000; Droge and Tavares, 2000;
Moore and Prevelige, 2002) and in Phi29 procapsid assembly can
occur in the absence of connector (Guo et al., 1991). These results
imply that incorporation of the connector is neither obligate nor
the rate determining step in procapsid assembly. Moore and
Prevelige (2002) demonstrated that the P22 connector cannot be
incorporated into pre-assembled procapsids ruling out incorpora-
tion as the final step and connector incorporation as the final
assembly step was ruled out for Phi29 based on its ability to
determine whether prolate or isometric particles were produced
(Guo et al., 1991). Moore and Prevelige (2002) demonstrated that
high-level overexpression of P22 portal protein could result in
multiple incorporation implying a kinetic rather than structural
control mechanism.

The fact that it has proven difficult to incorporate the connector
into procapsids assembled in vitro from purified components has
made it difficult to dissect the mechanism of controlled incorporation.
Prior to this report, the only documented case of in vitro incorporation
was the scaffolding-mediated incorporation of portal into herpes
simplex virus (Singer et al., 2005). In the case of Phi29 we have been
able to develop an in vitro assembly system in which the connector
protein is incorporated. Purified recombinant dodecameric connector
protein assembles with capsid and scaffolding proteins to form
procapsid-like particles. The incorporation of connector vertex is
mediated by scaffolding protein, agreeing with the in vivo data that a
temperature-sensitive scaffolding protein can promote capsid assem-
bly but fails to incorporate connector protein (Camacho et al., 1977;
Guo et al., 1991; Hagen et al., 1976; Lee and Guo, 1995). Even though
capsid and scaffolding proteins can assemble in the absence of
connector (Fu et al., 2007; Guo et al., 1991), the presence of the
connector protein affects the assembly kinetics and yield. The initial
rate of assembly is increased ∼3.5 fold by the presence of the
connector with a resultant ∼2 fold increase in the amount of
assembled capsid. The data suggest that connector protein lowers
the critical concentration of capsid protein required for assembly and
thereby serves to nucleate assembly and ensure specific incorporation
and proper positioning of one and only one connector vertex. As
suggested by Guo et al. (1991) the likely nucleation complex is a
ternary complex consisting of scaffolding, connector, and capsid
protein. In the absence of connector nucleation can still occur, albeit
less readily, through the interaction of scaffolding and capsid protein
alone.

Materials and methods

Protein preparations

Recombinant capsid protein was purified form Escherichia coli
BL21 (DE3) pLysS as previously described (Fu et al., 2007). The
capsid protein was purified from inclusion bodies and refolded at
0.5 mg/ml in 0.7 M Arginine at pH 8. The refolded proteins were
dialyzed against 100 mM Tris, pH 8, 10 mM MgCl2 and 50 mM NaCl.
Capsid proteins were bound and eluted from HiTrap SP HP column
at around 150 mM NaCl in the same buffer. The purified capsid
protein was dialyzed and stored in 100 mM Tris, pH 8, 10 mM
MgCl2 and 150 mM NaCl.

Recombinant scaffolding proteins were expressed in E. coli BL21
(DE3) pLysS cells harboring plasmid pARgp7 (Fu et al., 2007; Lee and
Guo, 1995). The proteins were purified with HiTrap Q HP column
using a NaCl gradient in 50 mM Tris–HCl pH 8, 1 mM EDTA. The
scaffolding proteins eluted at 210 mM NaCl and were subsequently
dialyzed against the same buffer at 50 mM NaCl. Further purification
was carried out with Superdex G-75 size exclusion chromatography.
The purified scaffolding proteins were stored in 50 mM Tris-HCl pH 8,
50 mM NaCl and 1 mM EDTA.

The recombinant connector protein was expressed in E. coli
harboring plasmid pPLc28D and purified as described (Poliakov et
al., 2007). The cell pellets were resuspended in buffer containing
0.3 M NaCl, 50 mM Tris, pH 7.7. The protein was purified with HiTrap
SP HP column, eluting at around 0.75 M NaCl. Following dialysis
against 0.3 M NaCl and 50 mM Tris, pH 7.7, the second step of
purification was carried out with HiTrap Q HP column where the
proteinwas eluted at approximately 0.43MNaCl. The pooled fractions
were dialyzed against 0.4 M NaCl buffer for storage.
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In vitro assembly reactions

Typical assembly reactions were carried out at 20 μM (1 mg/ml)
capsid protein, 40 μM scaffolding protein and 4 μM connector protein.
350 μl of 9% PEG-3350 in 100 mM Tris, pH 8, 10 mMMgCl2 was added
to the cuvette and allowed temperature equilibrate to 13°C. 120 μl of
capsid protein, 20 μl of scaffolding protein, and 35 μl of connector
protein (or equivalent buffer in the reactions containing no connector
protein) were mixed to a final buffer composition of 6% PEG-3350,
100 mM Tris, pH 8, 10 mM MgCl2 and 60 mM NaCl. The assembly
kinetics were monitored by recording the turbidity at 340 nm at 40-s
intervals for 2 h using the Beckman DU640 spectrometer. The dead-
time between mixing and the start of data acquisition was 40 s.

200 μl aliquots were overlaid on a 10–40% sucrose gradient. A 50-μl
cushion of 60% CsCl in 50% sucrose was laid at the bottom. The
samples were centrifuged at 4°C at 45,000 rpm for 45 min in a
Beckman SW-55Ti rotor. The gradient was fractionated from the
bottom and analyzed by SDS-PAGE. The intensity of the coomasssie
blue stained protein bands was quantified using a Bio-Rad gel
documentation system. The stoichiometry of the capsid to connector
protein in PLPs was quantified by the relative protein intensity after
subtracted background reading and normalized to the intensity
reading obtained with known protein amount and ratio (lane L in
Fig. 2). The % yield displayed in Fig. 4 was calculated as the ratio of the
integrated capsid band intensity of gradient fraction 4–7 over all
fractions.

Immuno-electron microscopy

In vitro assembled particles were purified by sucrose gradient
centrifugation and dialyzed out of sucrose. The particles were
absorbed to glow discharged carbon-coated Formvar layer supported
nickel grids. The excess materials were removed with filter paper. The
grids were washed with 1% ovalumin in PBS buffer, blocked with 10%
ovalumin in PBS buffer for 1 h and incubated with primary antibody
against connector protein for 1 h. After washing, the grids were
incubated with secondary anti-rabbit IgG conjugated to 10 nm
conjugated gold particles for 45 min and washed out unbound
antibody. The grids were stained with 2% uranyl acetate for 40 s. The
images were taken at 26, 000×and 52, 000×with Titan transmission
electron microscope (FEI) operating with an accelerating voltage of
60 kV.
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