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The mechanism of viral capsid assembly is an intriguing problem because of its fundamental importance to
research on synthetic viral particle vaccines, gene delivery systems, antiviral drugs, chimeric viruses displaying
antigens or ligands, and the study of macromolecular interactions. The genes coding for the scaffolding (gp7),
capsid (gp8), and portal vertex (gp10) proteins of the procapsid of bacteriophage &29 of Bacillus subtilis were
expressed in Escherichia coli individually or in combination to study the mechanism of $29 procapsid assembly.
When expressed alone, gp7 existed as a soluble monomer, gp8 aggregated into inclusion bodies, and gp10
formed the portal vertex. Circular dichroisin spectrum analysis indicated that gp7 is mainly composed of «
helices. When two of the proteins were coexpressed, gp7 and gp8 assembled into procapsid-like particles with
variable sizes and shapes, gp7 and gp10 formed unstable complexes, and gp8 and gp10 did not interact. These
results suggested that gp7 served as a bridge for gp8 and gp10. When gp7, gp8, and gp10 were coexpressed,
active procapsids were produced. Complementation of extracts containing one or two structural components
could not produce active procapsids, indicating that no stable intermediates were formed. A dimeric gp7
concatemer promoted the solubility of gp8 but was inactive in the assembly of procapsid or procapsid-like
particles. Mutation at the C terminus of gp7 prevented it from interacting with gp8, indicating that this part
of gp7 may be important for interaction with gp8. Coexpression of the portal protein (gp20) of phage T4 with
29 gp7 and gp8 revealed the lack of interaction between T4 gp20 and $»29 gp7 and/or gp8. Perturbing the ratio
of the three structural proteins by duplicating one or another gene did not reduce the yield of potentially
infectious particles. Changing of the order of gene arrangement in plasmids did not affect the formation of
active procapsids significantly. These results indicate that $29 procapsid assembly deviated from the single-
assembly pathway and that coexistence of all three components with a threshold concentration was required
for procapsid assembly. The trimolecular interaction was so rapid that no true intermediates could be isolated.
This finding is in accord with the result of capsid assembly obtained by the equilibrium model proposed by A.
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Zlotnick (J. Mol. Biol. 241:59-67, 1994).

The mechanism of viral capsid assembly has attracted in-
creasing attention because of its fundamental importance to
research on the development of synthetic viral particle vaccines
(14-15b), the construction of in vivo gene delivery systems, the
design of antiviral drugs, the assembly of chimeric viruses dis-
playing antigenic determinants or ligands, and the study of
macromolecular interactions. The assembly of viral capsids
with multiple copies of protein subunits is analogous to the
process of constructing buildings, of various shapes and sizes,
with uniform building blocks. In constructing a building, it is
the site engineer who controls how particular blocks are as-
sembled into a defined structure. Beyond the principle of qua-
si-equivalence, the mechanism that controls the assembly of
capsids with an elongated (prolate) shape, such as phages T4
and ¢29, from uniform subunits is still unknown (14, 27).

There are common features of morphogenesis among the
double-stranded DNA viruses. Commonalty includes the use
of a noncapsid enzyme(s) to translocate the viral DNA into a
preassembled protein shell called procapsid (1, 4, 7, 9, 15b, 22,
31). In double-stranded DNA bacteriophages, the procapsids
are minimally composed of three structural components: the
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scaffolding, capsid, and portal vertex proteins (1, 2, 7, 9). The
shape and size of the procapsid are determined by these three
proteins (7, 24, 27).

The data accumulated from the study of phage assembly
have led to the conclusion that most macromolecular assembly
follows a well-defined single-assembly pathway (7). In the sin-
gle-assembly pathway, if the particle ABC is composed of com-
ponents A, B, and C, and the assembly pathway is A + B—AB
+ C—ABGC, then the interactions and reactions between A and
C and between B and C cannot occur. This is particularly true
in phage T4 tail assembly (7, 8a, 28-30). However, it has been
difficult to interpret the mechanism of procapsid assembly by
the single-assembly pathway (1, 27).

The portal vertex was postulated to be the initiator of phage
P22 procapsid assembly (36), but the scaffolding and capsid
proteins of P22 were polymerized efficiently into particles in
vivo and in vitro without portal vertex proteins, indicating that
the portal vertex is not required for the initiation of assembly
of P22 procapsid-like particles (3, 40). If the scaffolding and
capsid proteins interact first during procapsid formation, the
portal vertex should be subsequently inserted into the scaffold-
ing-capsid particle. However, the scaffolding and capsid pro-
teins of phage $29 formed particles of various sizes and shapes
in Escherichia coli without portal vertex proteins (18). Thus,
the portal vertex cannot be inserted into preformed scaffold-
ing-capsid particles, since this will result in procapsids of var-
ious sizes and shapes. Also, it has been demonstrated that
naked cores of phage T4 (46, 47) and herpes simplex virus (39)
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can be formed without capsid protein. These results eliminate
the possibility that the scaffolding-capsid protein complex
serves as an initiator in procapsid assembly. Some scientists
believe that the portal vertex is involved in the initiation of
procapsid assembly, but others have argued that the portal
vertex is inserted last into the structure composed of scaffold-
ing and capsid proteins. Therefore, the sequential interactions
of structural proteins in procapsid assembly remain an enigma.

The active procapsid of $29 can be composed of only three
proteins: the scaffolding protein gp7, the capsid protein gps§,
and the portal vertex protein (connector or DNA-translocating
vertex) gpl0 (1). $29 has a simple procapsid in comparison
with that of other phages. The head fiber gp8.5 is dispensable
(42). All of the procapsid structural genes are well character-
ized and have been sequenced (23, 38, 42, 45). When coex-
pressed from cloned genes in E. coli, the three structural pro-
teins assemble into procapsids indistinguishable from native
$29 procapsids purified from infected Bacillus subtilis cells
(18). A small viral RNA (pRNA [p for packaging]) encoded by
the ¢$29 genome has a novel and essential role in viral DNA
packaging (17). Procapsids produced in E. coli, in the absence
of $29 pRNA, were fully competent to package $29 DNA in
the defined in vitro DNA packaging system (19) by the in vitro
addition of cloned and purified pRNA (16, 17, 21, 49, 53, 54).
Moreover, these DNA-filled heads were subsequently con-
verted to infectious virions after the addition of neck and tail
proteins (19, 32, 33).

Traditionally, suppressor-sensitive mutants of procapsid
structural components were used for the studies of procapsid
assembly (23, 37, 44). These mutations, still harboring the
genes coding for fragments of a structural components, might
react atypically with other structural components and interfere
with the procapsid assembly. To circumvent this problem and
to elucidate the interactions among the procapsid structural
components, the genes for the procapsid structural compo-
nents of phage $29 were cloned individually and in combina-
tion in 13 E. coli plasmids to study the sequential interactions
among these proteins.

MATERIALS AND METHODS

Construction of plasmids for protein expression. To construct plasmid pARS8
(Fig. 1), two oligonucleotides, GP8F and GP8R (Table 1), were used to produce
a DNA fragment with the template plasmid pAR7-8-8.5-9-10 (18) by PCR. The
resulting DNA fragment contained a gp8 gene, with Ndel (from GP8F) and
BamHI (from GP8R) restriction sites at the 5’ and 3’ ends, respectively. This
DNA fragment was inserted into Ndel-BamHI sites of the expression plasmid
pET3c/EV (33) (Fig. 1), which was derived from pET3c (43) by the removal of
the EcoRV fragment.

To construct plasmid pARS-10, the Clal fragment of plasmid pARS (Fig. 1)
was replaced by a Clal fragment of plasmid pAR7-8-8.5-9-10, resulting in a
plasmid containing the gp8 and gp10 genes, plus the gp8.5 and gp9 genes, which
are not essential for procapsid assembly.

To construct plasmid pAR7-10, plasmid pAR7-8-8.5-9-10 was digested with
Nhel and then partially with Xbal to remove the gp8, gp8.5, and gp9 genes. The
Nhel and Xbal digestion produced compatible cohesive ends. Ligation of di-
gested products produced plasmid pAR7-10 containing the gp7 and gp10 genes.

To construct plasmid pARd7-8-8.5-9-10, a DNA fragment containing only the
gp7 gene was synthesized by PCR with primer pair 215D (Table 1) and M13
reverse primer, using plasmid pBlue6K (18) as a DNA template. Plasmid
pBlue6K is a pBluescript KS(+) derivative containing $29 the gp7, gp8, gp8.5,
gp9, and gp10 genes. Primer 215D targeted at the end of the gp7 coding sequence
and contained an Ndel site to generate a new site for cloning. The resulting PCR
fragment had Ndel restriction sites at both ends. After digestion with Ndel, the
DNA fragment was inserted into the 5’ Ndel site of plasmid pARgp7 (18)
containing the gp7 gene, yielding plasmid pARd7 carrying duplicated gp7 genes
fused from COOH to NH; termini without a stop codon. The Nhel-BamHI
fragment from plasmid pARgp7-8-8.5-9-10 was cloned into the Nhel-BamHI
sites of plasmid pARd7 to produce plasmid pARd7-8-8.5-9-10.

To construct plasmid pAR10, the Xbal fragment containing the gp7, gp8,
gp8.5, and gp9 genes was deleted from plasmid pARgp7-8-8.5-9-10.

To construct plasmid pAR7-8-8.5-20, a DNA fragment containing phage T4
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portal vertex gene 20 was generated by PCR using plasmid pR20-4-6, kindly
provided by L. W. Black (35), as a template with primers GP20F and GP20R
containing BamHI sites (Table 1). The PCR fragment was then digested with
BamHI and inserted into the BamHI site of plasmid pAR7-8-8.5 (18). The
resulting plasmid, pAR7-8-8.5-20, contained the genes coding for gp7, gp8, and
gp8.5 of $29 and gp20 of T4.

To construct plasmid pAR7M-8-8.5-10/Nde, the KpnI-Clal fragment from
plasmid pBlue6K (18) was inserted into KpnlI-Clal sites of plasmid pBlue-
scriptSK(+), resulting in plasmid pBlue7. A DNA fragment was produced by
PCR using plasmid pBlue7 as a template with primers GP7F and GP7QN (Table
1). GP7QN had three base mutations at the 3’ end of the gp7 gene, causing the
mutation of three acidic amino acids at the C-terminal region of gp7 to neutral
ones (Fig. 1). This PCR DNA fragment was used as a megaprimer in the
following PCR. The PCR DNA fragment containing mutant gp7 was synthesized
by using plasmid pBlue7 as a template with the megaprimer and M13 reverse
primer. This second PCR DNA fragment was digested with restriction enzymes
Ndel and Nhel and inserted between the Ndel and Nhel sites of plasmid pAR7-
8-8.5-10/Nde (53). Plasmid pAR7M-8-8.5-10/Nde is the same as plasmid pAR7-
8-8.5-10/Nde except for a three-base mutation in the gp7 gene.

To construct plasmids pAR7-7-8-8.5-9-10, pAR8-7-8-8.5-9-10, and pAR10-7-
8-8.5-9-10, the Bg/lI-BamHI fragments from plasmids pARgp7, pARS, and
PARI0, respectively, were inserted into the Bg/II site of plasmid pAR7-8-8.5-9-10
(18).

To construct plasmids pSK8 and pSK10, the Bg/II-BamHI fragments from
plasmids pARS8 and pARI10, respectively, were inserted into the BamHI site of
pBluescriptSK(+).

To construct plasmid pARS8-7-10, the Xbal fragment from plasmid pSK8 was
inserted into the Xbal site of plasmid pAR7-10.

To construct plasmid pAR10-7-8-8.5, the Xbal fragment from plasmid pSK10
was inserted into the Xbal site of plasmid pAR7-8-8.5.

Expression and purification of structural proteins. The purification of gp10
has been described elsewhere (25). However, the system used for protein over-
production in this study is different from the one reported by Ibanez et al. (25).
The procedures described by Guo and Moss (20) and Guo et al. (18) were
followed for induction and expression with the use of E. coli HMS174(DE3) or
HMS174(DE3)/pLysS as the host.

To purify capsid protein gp8, a 1-liter bacterial culture was centrifuged after
induction. The pellet was resuspended in 10 mM TMS buffer (0.05 M Tris-Cl [pH
7.8],0.01 M MgCl,, 0.1 M NaCl), lysed in a French pressure cell, and centrifuged
at 2,000 X g for 10 min to remove cell debris. The supernatant containing gp8 was
then centrifuged at 12,000 X g for 10 min. The pellets (containing inclusion
bodies) were dissolved in 10 ml of GnCl buffer (0.01 M Tris-Cl [pH 7.5], 0.005 M
dithiothreitol, 6 M guanidinium chloride) and centrifuged at 100,000 X g for 1 h.
The supernatant was dialyzed against TMS buffer overnight at room tempera-
ture.

To analyze the formation of procapsid by sucrose gradient, a 100-ml bacterial
culture was induced with isopropylthiogalactopyranoside (IPTG), collected by
centrifugation, and resuspended in 0.5 ml of MMS buffer (2 mM sodium azide,
5 mM maleic acid [pH 5.6], 0.1 M NaCl, 15 mM MgCl,). The cells were broken
by sonication and sedimented at 10,000 rpm for 10 min to remove cell debris. The
supernatant was loaded onto a 5 to 20% sucrose gradient in MMS buffer and
centrifuged at 35,000 rpm for 30 min at 20°C with an SW55 rotor. The opaque
bands, which contained particles, were isolated and examined by electron mi-
croscopy.

Biological assay for phage assembly after E. coli extract complementation.
The synthesis and purification of pRNA (48, 52-54), gp16 (19), and DNA-gp3
(32), as well as the preparation of extracts (32), have been reported. The two E.
coli extracts (10 ml), containing one or two $29 procapsid structural proteins,
were mixed and incubated for 2 h at ambient temperature to assay procapsid
formation by complementation. In vitro $29 assembly was performed as previ-
ously described (32, 33), using the complementation mixtures described above as
sources of procapsids.

Assay for efficiency of procapsid formation by sucrose gradient sedimentation.
One-milliliter overnight cultures of E. coli HMS174(DE3) containing plasmid
pARgp7-8-8.5-9-10, pARgp7-8-8.5-10/Nde, pAR7-7-8-8.5-9-10, pARS-7-8-8.5-9-
10, pAR10-7-8-8.5-9-10, pAR8-7-10, or pAR10-7-8-8.5 were diluted in 100 ml of
Superbroth (20) containing 50 pg of ampicillin per ml. After incubation for 2 h
at 37°C, IPTG was added to a final concentration of 0.5 mM, and the mixtures
were incubated for an additional 2 h. The bacteria were harvested by centrifu-
gation, and cell pellets were suspended in 10 ml of buffer A (20). The cells were
then lysed by passage through a French press cell. Cell debris was removed by
centrifugation at 12,000 X g for 30 min. The supernatants were loaded on 10 to
30% (wt/vol) sucrose gradient in MMS buffer and centrifuged at 25,000 rpm for
4.5 h with an SW28 rotor. The procapsid bands were identified under visible
light.

Electron microscopy. Micrographs with negative staining were prepared by
John Turek. Samples were spotted on 400-mesh grids covered with Formvar-
carbon. The grids were washed three times with distilled water and negatively
stained with 1.5% aqueous uranyl acetate solution. After drying on filter paper,
the sample grids were examined with a JEOL 100CX electron microscope. The
micrographs of cryoelectron microscopy were prepared by Tim Baker and Nor-
man Olson as described previously (18).
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FIG. 1. Outline of plasmid construction showing the polylinker sites, gene inserts, and certain relevant restriction sites. P+, T7 promoter; Bl, Bg/II; Bm, BamHI;

Cl, Clal; E1, EcoRI; EV, EcoRV; Nd, Ndel; Xb, Xbal.

RESULTS

Comparison of the solubilities and structure formation of
the scaffolding (gp7), capsid (gp8), and portal vertex (gp10)
proteins expressed alone in E. coli. To study the sequential
interaction among the structural components, it is essential to
investigate the solubility and structure formation of each com-
ponent when expressed alone. The solubility of gp7 (18) and
the formation of portal vertex particles (5) have been reported.
However, it is necessary to compare the three structural com-
ponents with identical overproduction systems.

E. coli HMS174(DE3)/pLysS cells, harboring plasmid
pARgp7 (18), were induced with IPTG to overproduce the
scaffolding protein. When these cells were lysed and centri-

TABLE 1. Primers used for PCR

Name Sequence
GPS8F ... 5'-TACAACACATATGCGAA-3'
Ndel
GP8R......oie 5'-AGTAAATGGATCCATCA-3'
BamHI
215D i S'-TTACATATGCTTTGCTTCT-3’
Ndel
GP20F ..o 5'-ATGGATCCCATTTGGAG-3'
BamHI
GP20R.....ciiiiiiiiicirieireine 5'-AAAGGATCCATTAAAAA-3’
BamHI
GPTF .. 5'-AAGAGGTGAAACATATG-3'
Ndel
GP7QN ..o 5'-TGCTTGTAAGTTCTGGAT-3’
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FIG. 2. SDS-PAGE for the analysis of the solubility of $29 procapsid struc-
tural proteins. After induction, E. coli cells (3 ml) were centrifuged and resus-
pended in 0.5 ml of buffer A. After freeze-thawing, the lysates were centrifuged
at 1,000 X g for 10 min to remove the cell debris. The supernatant was centri-
fuged again at 16,000 X g for 30 min. The pellets were dissolved in 0.2 ml of
buffer A and subjected to SDS-PAGE side by side with the corresponding
supernatants. Lane 1, purified $29 procapsid. Even-numbered lanes contained
supernatants and odd-numbered lanes contained pellets of E. coli harboring the
following plasmids: lane 2 and 3, pARgp7; lane 4 and 5, pARS; lane 6 and 7,
PAR10; lane 8 and 9, pAR7-8-8.5; lanes 10 and 11, pAR7-10; lanes 12 and 13,
PARS-10; lanes 14 and 15, pAR7-8-8.5-9-10; lanes 16 and 17, pARd7-8-8.5-9-10;
and lanes 18 and 19, pAR7M-8-8.5-10/Nde.

fuged, the majority of the scaffolding protein was in the super-
natant (Fig. 2, lanes 2 and 3). After purification, gp7 was
applied to a 5 to 20% sucrose gradient and centrifuged at
35,000 rpm for 30 min; subsequently, each fraction of this
gradient was analyzed by sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis (SDS-PAGE). The scaffolding proteins
stayed on top of the gradient, indicating that these proteins did
not aggregate to form particles and supporting our previous
report that the purified scaffolding protein existed in a soluble
form (18). In contrast, in phage T4 (46, 47) and herpes simplex
virus, the scaffolding protein alone forms particles (39). The
purified gp7 monomers were measured by circular dichroism
with a Jasco J600 spectropolarimeter. When predicted from
the circular dichroism spectrum by the method of Yang et al.
(51), the secondary structure of gp7 was mostly composed of a
helices (data not shown), a result in accord with the report that

mensil B

FIG. 3. Negatively stained (A to D) and cryoelectron (E) micrographs of $29 structural components. (A) Purified portal vertex; (B) particles from E. coli containing
plasmid pARS; (C) particles from E. coli containing plasmid pARd7-8-8.5-9-10; (D and E) procapsids from E. coli containing plasmid pAR7-8-8.5-9-10. In panels B
and C, E. coli cells were lysed by sonication and centrifuged. The supernatants were examined by electron microscopy directly. The linear arrows in panels D and E
show the typical prolate shape of $29 procapsid, and the curved arrows indicate the procapsids oriented with their long axes perpendicular to the plane of view.
Magnifications: (A) X125,000; (B and C) X82,500; (D) X25,000; (E) x100,000.
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a high ratio of « helices is found in the scaffolding protein of
phage T4 (34).

When the portal vertex proteins were expressed in E. coli
HMS174(DE3)/pLysS harboring plasmid pAR10, these pro-
teins assembled into connectors that automatically formed a
tetragonal array when observed by electron microscopy with
negative staining (Fig. 3A). They were also present in the
supernatant (Fig. 2, lanes 6 and 7).

When the capsid protein gp8 was expressed in E. coli
HMS174(DE3)/pLysS harboring plasmid pARS, most capsid
proteins aggregated in the cells to form inclusion bodies, and
the majority precipitated when centrifuged after cell lysis (Fig.
2, lanes 4 and 5). The precipitated capsid proteins were iso-
lated and denatured in 6 M guanidinium chloride and rena-
tured in TMS buffer. When the renatured product was exam-
ined by electron microscopy, only aberrant structures were
found. Some capsid proteins in E. coli were in the supernatant
after centrifugation, and these proteins also formed aberrant
structures (Fig. 3B), indicating that the behavior of the capsid
protein of this double-stranded DNA virus is different from the
capsid protein of RNA viruses, of which the capsid proteins
assemble into virus-like particles when expressed alone (12, 13,
26).

Formation of gp7-gp8 particles and unstable gp7-gp10 com-
plexes. When the genes coding for scaffolding protein gp7 and
capsid protein gp8 were coexpressed in E. coli harboring plas-
mid pARgp7-8-8.5, the majority of the proteins stayed in the
supernatant when the cell lysate was subjected to centrifuga-
tion (Fig. 2, lanes 8 and 9). These capsid proteins formed
procapsid-like structures of various sizes and shapes (18).
These results indicated that in the absence of gp7, gp8 did not
have the capability to assemble into procapsid, and gp7 pre-
vented the capsid proteins from forming inclusion bodies.

When gp7 and gpl0 were coexpressed in E. coli harboring
plasmid pAR7-10, both proteins remained in the supernatant
(Fig. 2, lane 10 and 11). The complex of gp7 and gpl0 was
identified by sucrose gradient sedimentation (data not shown;
a result similar to that shown in Fig. 4 [see below]). However,
the majority of gp7 and gp10 remained separated, indicating
that the complex was unstable.

gp7 and gp10 were purified, mixed, and dialyzed successively
against TBE and TMS buffers for 20 min each at ambient
temperature. The mixture was applied to a 5 to 20% sucrose

HER AN
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FIG. 4. SDS-PAGE of fractions from sucrose gradients showing the interac-
tion of scaffolding (gp7) and portal vertex (gp10) proteins. The purified gp7 and
gpl0 were mixed and dialyzed against TBE and TMS for 20 min each at room
temperature. The mixture was applied to 5 to 20% sucrose gradient and centri-
fuged at 35,000 rpm with a Beckman SW55 rotor for 2 h. Sedimentation was from
right to left; fraction numbers are indicated.

gradient in TMS and centrifuged for 2 h at 35,000 rpm, using
a Beckman SW55 rotor. The gradient fractions were analyzed
by SDS-PAGE (Fig. 4). The particle with the faster sedimen-
tation rate appeared at fraction 12, which contained both gp10
and gp7. A peak at fraction 14 represents portal vertex itself
without the binding of gp7. Without the portal vertex proteins,
the scaffolding proteins stayed on the top of the gradient (data
not shown). Formation of a gp7-gp10 complex has also been
demonstrated by mixing a fixed concentration of gpl0 with
increasing amounts of gp7 to observe an increase in the mi-
gration rate of the product in a nondenaturing agarose gel
(18). However, the scaffold-portal vertex complexes did not
form procapsid-like particles, since more scaffolding proteins
(about 111 copies per one procapsid) should have interacted
with the portal vertex proteins (12 to 13 copies per one pro-
capsid) to form procapsid-like particles. Only a small portion
of the scaffolding proteins interacted with portal vertex pro-
teins, indicating that the gp7-gpl0 particles were unstable in
the absence of capsid protein gp8.

Cloning and coexpression of genes coding for gp8 and gp10.
The genes coding for the capsid protein gp8 and the portal
vertex protein gpl0 were cloned and coexpressed in E. coli
harboring plasmid pARS-10. When the cell lysate was sub-
jected to centrifugation, the capsid proteins were found in
precipitated fractions as observed when the capsid protein was
expressed alone (Fig. 2, lanes 12 and 13). The portal vertex
proteins were in the supernatant fraction, similar to the ex-
pression of portal vertex alone. The result demonstrated that
the two proteins did not interact. Capsid proteins in the su-
pernatant fraction formed aberrant structures which were the
same as those from the E. coli harboring plasmid pARS (Fig.
3B).

Complementation of E. coli extracts containing one or two
procapsid structural proteins. One approach to determine the
pathways in procapsid assembly is to isolate the procapsid
assembly intermediates and/or to convert the intermediates to
infectious mature virions. Both the gp7-gp8 and gp7-gp10 com-
plexes are possible candidates. The most reliable way to answer
this question is to determine whether the complexes them-
selves can be converted to infectious virions.

E. coli extracts containing gp7-gp8 complexes were comple-
mented with an extract containing protein gpl0 and assayed
for biological activity by the in vitro $29 assembly system. This
system provided the ¢$29 DNA-gp3, pRNA, DNA-packaging
protein gpl6, ATP, and neck and tail proteins. If the procap-
sids were assembled from gp7-gp8 complexes plus protein

J. VIROL.

TABLE 2. In vitro complementation to analyze procapsid
formation with in vitro $29 assembly system

Expt Complementation of extracts® PFU/mI® (10°)
1 gp7-8 + gpl0 0
2 gp8-10 + gp7 0
3 gp7-10 + gp8 0
4 gp7 + gp8 + gpl0 0
5 gp7-8 + gp8-10 + gp7-10 0
6 gp7-8-8.5-10/Nde 5.0

“ E. coli extracts containing one or two structural proteins were complemented
by incubation for 2 h at ambient temperature and then used as procapsid sources
for in vitro $29 assembly.

® Average of three experiments.

gpl0, active procapsids would package DNA-gp3, and the
DNA-filled capsids would be converted to infectious phages by
the assembly of necks and tails as reported previously (32, 33).
No plaques were produced by complementation of gp7-gp8
complexes with gp10 (Table 2, experiment 1). Zero dilution
also gave no plaques, even when all of the packaging mixtures
were plated. The gp7-gp8 particles were isolated from the
lysate of E. coli containing plasmid pARgp7-8-8.5 by sucrose
gradient sedimentation to remove the noninteracted individual
gp7 and gp8 proteins. The complementation of purified gp7-
gp8 complexes with purified protein gpl0 also produced no
procapsids when assayed with the sensitive in vitro ¢$29 assem-
bly system.

Similar results were obtained when E. coli extracts contain-
ing gp8-gp10 or gp7-gp10 complexes were complemented with
extracts containing gp7 or gp8, respectively (Table 2, experi-
ments 2 and 3). No plaques were identified after complemen-
tation of the three E. coli extracts containing gp7, gp8, and
gpl0 (Table 2, experiment 4).

The concatemeric gp7 dimer promoted the solubility of gp8
but was inactive in procapsid assembly. The gp7 gene lacking
a stop codon was inserted upstream of another gp7 gene in
plasmid pARgp7-8-8.5-10 to produce a head-to-tail dimer of
the scaffolding protein. Proteins with molecular weights twice
that of the normal gp7 could be detected by SDS-PAGE (Fig.
2, lane 16). Only aberrant structures with a low degree of
organization were found, similar to those found in cells ex-
pressing the gp8 gene alone (Fig. 3C). However, capsid pro-
teins were found in the supernatant when dimeric gp7 was
coexpressed (Fig. 2, lanes 16 and 17), indicating that the
dimeric fusion scaffolding protein could interact with the cap-
sid proteins and prevent them from forming inclusion bodies.
However, the fusion proteins were inactive in the assembly of
normal procapsids, possibly because of incorrect folding.

Inactivation of the scaffolding protein by mutation of three
amino acids in the C-terminal region. The three acidic amino
acids, Glu and/or Asp, within the final eight-amino-acid stretch
of gp7 were mutated to neutral amino acids, Gln and Asn (Fig.
1). When the mutant gp7 was coexpressed with wild-type gp8
and gpl0 in E. coli containing plasmid pAR7M-8-8.5-10/Nde,
gp8 formed inclusion bodies (Fig. 2, lanes 18 and 19). The
mutant scaffolding proteins lost the ability to interact with
capsid proteins and could not prevent gp8 from forming inclu-
sion bodies.

Coexpression of portal vertex protein gp20 of T4 with $29
scaffolding and capsid proteins. It was reported that the portal
protein gp10 of $29 could be incorporated into the procapsid
of phage lambda (8). To investigate whether chimeric $29-T4
procapsids can be constructed, the gene coding for the portal
protein gp20 of T4 was inserted into plasmid pARgp7-8-8.5 to
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FIG. 5. SDS-PAGE (15% polyacrylamide gel) showing the coexpression of
T4 portal protein gp20 with $29 scaffolding protein gp7 and capsid protein gp8
in E. coli with the following plasmids: lane 1, pET3¢/EV; lane 2, pAR7-8-8.5; lane
3, pAR7-8-8.5-20; and lane 4, pR20-4-6.

generate plasmid pAR7-8-8.5-20. The gp20 of T4 was coex-
pressed with the scaffolding protein gp7 and capsid protein gp8
of $29 (Fig. 5). The lysate of E. coli harboring plasmid pAR7-
8-8.5-20 was fractionated by sucrose gradient sedimentation.
Particles with variable shapes and sizes were observed under
electron microscopy, a result similar to that for the lysate of E.
coli harboring the plasmid containing the genes encoding gp7
and gp8 only (18), indicating the lack of interaction between
the T4 portal protein and $29 scaffolding and capsid proteins.

Unbalanced overproduction of one of the structural compo-
nents. To test whether perturbing the ratio of the three struc-
tural components of the $29 procapsid could affect its assem-
bly, one of the structural genes was duplicated by insertion of
the gene into the coexpression plasmid pAR7-8-8.5-9-10 (Fig.
1). The resulting plasmids, pAR7-7-8-8.5-9-10, pARS8-7-8-8.5-
9-10, and pAR10-7-8-8.5-9-10, were used to perturb the ratio
of scaffolding, capsid, and portal vertex proteins, respectively,
in E. coli (Fig. 1). The efficiency of procapsid formation was
assayed by sucrose gradient sedimentation and by plaque for-
mation analysis with the highly sensitive $29 assembly system
(32). Results from both sucrose gradient and sensitive system
analyses showed that no difference could be demonstrated with
lysates of E. coli harboring plasmids pAR7-7-8-8.5-9-10,
PARS-7-8-8.5-9-10, and pAR10-7-8-8.5-9-10 compared with a
lysate of E. coli harboring the normal coexpression plasmid
pAR7-8-8.5-9-10 (Table 3).

Changing of the order of gene arrangement in plasmids
coexpressing the structural proteins. To investigate the effect
of changing the order of gene arrangement on procapsid for-
mation, the positions of genes coding for gp7, gp8, and gp10
were switched in the coexpression plasmids (Fig. 1). For ex-
ample, in plasmid pAR10-7-8-8.5, the portal vertex gp10 gene

TABLE 3. Effect of unbalanced overproduction of one procapsid
structural protein on procapsid formation”

Avg PFU/ml = SD
(10%¢

Plasmid (gene arrangement)”

pAR7-7-8-8.5-9-10 (P-SD-7-P-SD-7-

SD8-SD-8.5-SD-9-SD-10)...occc.eorreeverrereeressreeees 0.79 + 0.42
PARS-7-8-8.5-9-10 (P-SD-8-P-SD-7-

SD8-SD-8.5-SD-9-SD-10)...occccccrrrrrerrrsroeressrerres 0.49 + 0.19
PAR10-7-8-8.5-9-10 (P-SD-10-P-SD-7-

SD8-SD-8.5-SD-9-SD-10)...occcccccoerrerrrrreerrssrerrs 0.28 = 0.18
PAR7-8-8.5-9-10 (P-SD-7-SD8-SD-8.5-

R DX T ) 037 + 0.28

¢ Extracts of E. coli harboring the individual plasmids were used as procapsid
sources for in vitro $29 assembly.

® P and SD denote T7 promoter and Shine-Dalgarno sequence, respectively.

¢ Average of three experiments.
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TABLE 4. Effect of the order of gene arrangement
on procapsid formation®

Plasmid (gene order) Avg PFU/ml = SD (10*)  No. of expts
pAR10-7-8-8.5 239 =£2.39 6
(P-SD-10-SD-7-SD-8-SD-8.5)
pARS-7-10 0.53 = 0.26 5
(P-SD-8-SD-7-SD-10)
pAR7-8-8.5-10/Nde 0.96 = 0.53 6

(P-SD-7-SD-8-SD-8.5-SD-10)

“ For details, see the footnotes to Table 3.

was positioned in front of the genes for gp7 and gp8 (Fig. 1).
All of the three genes were driven by a single T7 promoter to
produce a single polycistronic nRNA. Each gene contained its
own Shine-Dalgarno sequence for ribosome binding. The effi-
ciency of procapsid formation was assayed by sucrose gradient
sedimentation and by plaque formation analysis with the in
vitro $29 assembly system (32). Results from both sucrose
gradient and assembly system analyses indicated that no dif-
ferences could be demonstrated with lysates of E. coli harbor-
ing the plasmids with the gene order 8 —7 — 10 or 10 — 7 —
8 compared with the lysate of E. coli harboring the coexpres-
sion plasmid pAR7-8-8.5-9-10, in which the gene order was
identical to that in the $29 genome (Table 4).

DISCUSSION

If $29 procapsid assembly follows the single-assembly path-
way, the sequential interaction in $29 procapsid assembly
should be one of the following three possibilities: (i) scaffold-
ing proteins + capsid proteins — scaffolding-capsid complex +
portal vertex proteins — procapsid; (ii) capsid proteins + por-
tal vertex proteins — capsid-portal vertex complex + scaffold-
ing proteins — procapsid; or (iii) scaffolding proteins + portal
vertex proteins — scaffolding-portal vertex complex + capsid
proteins — procapsid. It was found that if only the scaffolding
and capsid proteins were coexpressed in E. coli, they formed
particles which varied in size and shape (18). Therefore, the
first pathway might not be correct because the size and shape
of normal procapsids should have been diverse if portal vertex
proteins were inserted into these preformed scaffolding-capsid
particles. The portal vertex protein, therefore, is not the final
component added to the scaffolding-capsid protein complex
during procapsid assembly. Our results also exclude the possi-
bility of the second pathway because capsid and portal vertex
proteins did not interact with each other. Also, our results
would not agree with the third pathway because if that pathway
were correct, the gp7-gp8 particles could not be formed. No
procapsids were produced when E. coli extracts containing one
or two structural components of procapsids were comple-
mented (Table 2). When gp7, gp8, and gp10 were coexpressed
in E. coli, active procapsids (18, 21) that could be converted
into infectious virions after DNA packaging and neck and tail
assembly (32, 33) were formed. These results indicate that the
true procapsid assembly intermediates composed of only two
structural components are unstable or cannot be formed, or
they could not be used in vitro because of the possible involve-
ment of host components, such as chaperone GroE. The three
components, i.e., scaffolding, capsid, and portal vertex pro-
teins, must coexist for assembly to occur. In an equilibrium
model, Zlotnick (55) proposed that the extent of viral assembly
at equilibrium is extremely concentration dependent and
highly cooperative. He deduced a sigmoidal curve describing a
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FIG. 6. Three models of $29 procapsid assembly (see Discussion for details). In model 1, the scaffolding protein gp7 and capsid protein gp8 interact first, forming
heterodimers or hetero-oligomers. The gp7-gp8 complexes then interact with the portal vertex consisting of 12 or 13 copies of gp10 to form active procapsids. In model
2, the portal vertex serves as an initiator to interact with gp7, which bridges gp8 and gp10. The number of gp7 molecules recruited by gp10 could subsequently determine
the number of gp8 molecules incorporated into the matured procapsid. Therefore, both gp10 and gp7 play roles in the determination of procapsid shape and size. In
model 3, there are trimolecular interactions of gp7, gp8, and gp10 with a threshold concentration requirement. gp7 also serves as a bridge for gp10 and gp8, and both

gp7 and gp10 play roles in procapsid shape and size determination as in model 2.

12th-power concentration dependence for assembly of a do-
decahedral capsid, using the equation

[V] — 511T128—3UAGC/RT[S]12

where [v] and [s] are concentrations of assembled capsids and
free capsid subunits, respectively, AG. is free energy of subunit
association (—4.08 kcal [1 cal = 4.184 J]/mol), R is the gas
constant (1.987 cal degree ' mol '), and T is temperature
(298 K). Although this model is deduced from analyzing the
assembly of a model procapsid composed of only one species
of protein, by analogy it could apply to $29 procapsid assembly
as well. The procapsid of $29 could not assemble until the
concentration of each of the three structural components
reached a certain value (threshold concentration require-
ment). As soon as the threshold concentration requirement
was fulfilled, cointeraction of the three components occurred
so rapidly that stable intermediates could not be isolated. This
rapid assembly prevented aberrant structures from accumulat-

ing. With his equilibrium model, Zlotnick (55) also predicted
that intermediates existed for very short periods of time in viral
capsid assembly. Assembly intermediates or intermediate par-
ticles have been identified in other double-stranded DNA vi-
ruses or phages (39, 40, 46, 47). Whether these are really
identical to the active intermediates that appear during the
procapsid assembly process remains to be proven by experi-
ments to convert these intermediates into infectious viral par-
ticles.

For most bacteriophage genes, their positions in the genome
reflect the interactions between their products (7). For exam-
ple, the gpD and gpE proteins of bacteriophage \ interact, and
these genes are adjacent (6, 50). Also, the N and C termini of
N gpA protein interact with gpNul protein and procapsid,
respectively. Thus, the A gene lies between Nul and genes
coding for the structural proteins of A procapsid (10, 11). The
genes encoding the scaffolding proteins of all known bacterio-
phages are positioned in front of capsid genes (7). To test if the
gene positions have any significant meaning, the positions of
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three procapsid structural genes were changed. Interestingly,
no differences in procapsid formation were found when the
positions of procapsid structural genes were changed (Table
4). This result indicates that the gene positions do not always
reflect the interactions of gene products and also favors the
model of trimolecular interactions with a threshold concentra-
tion requirement.

Beyond the single-assembly pathway, there are still three
possible models for procapsid assembly (Fig. 6). In the first
model, the scaffolding and capsid proteins interact first to form
heterodimers or hetero-oligomers (probably pentamers or hex-
amers), which then interact with the portal vertex to form an
initiation complex. After initiation, more scaffolding-capsid
complexes are assembled into the initiation complex to finish
the procapsid. The problem with this pathway is how to pre-
vent the formation of the portal vertex-lacking scaffold-capsid
particles with variable shapes and sizes as reported previously
(18). In the second model, the scaffolding and portal vertex
proteins interact first, and the capsid proteins are subsequently
added to the scaffold-portal vertex initiation complex. How-
ever, the $29 scaffold-portal vertex complexes were unstable.
Also, the other problem of this pathway is how to prevent the
formation of the aberrant scaffold-capsid particles. One possi-
bility is that the presence of portal protein could make correct
assembly more rapid, thus kinetically blocking the formation of
the aberrant scaffold-capsid complexes, which might form
more slowly. This possibility suggests that the gp7-gp10 com-
plexes can be complemented by the addition of gp8. However,
our results do not support this speculation (Table 2, experi-
ment 3). The failure of gp8 to complement an extract contain-
ing gp7-gp10 complexes is possibly due to the aggregation of
the gp8 within the overproducing cells. In the third model, a
trimolecular interaction among scaffolding, capsid, and portal
vertex proteins with a threshold concentration is required to
assemble a functional $29 procapsid. As discussed above, our
data do not support the first or the second model but favor the
third one. Interpretation of data from the in vitro study is
complicated by the fact that host factors are known to partic-
ipate in $29 procapsid assembly (41) and might participate in
the triple interaction. Our argument against binary assembly
followed by the addition of a third component remains to be
further verified by more in vivo studies. Interaction of gp7 with
gp8 has been documented by the finding that particles with
variable shapes and sizes were assembled when gp7 and gp8
were coexpressed (18). Interaction of gp7 with gp10 was ob-
served when gp7 and gpl0 were mixed or coexpressed. In all
models, gp7 molecules are speculated to serve as bridges to
link, and contain two domains to bind, gp10 and gp8, respec-
tively. This speculation is also supported by findings described
below. When the capsid protein and the portal protein were
coexpressed, the capsid proteins were still present in the insol-
uble fraction and did not interact with portal proteins. This
means that the portal proteins did not prevent the aggregation
of capsid proteins and the scaffolding proteins were required to
do so. Though not able to participate in procapsid assembly,
dimeric gp7 could, while gp7 with a C-terminal region muta-
tion could not, prevent the capsid proteins from forming in-
clusion bodies. Therefore, the C terminus of gp7 might be
important for scaffolding-capsid protein interaction. The scaf-
folding protein of phage P22 contains at least two folding
domains. The $29 scaffolding protein could possess a similar
property. One domain, probably the C terminus, interacts with
capsid protein to keep it from forming an inclusion body, and
the other participates in the interaction with the portal vertex.
A definite number of gp7 molecules recruited by the gpl0
oligomer (portal vertex) would concomitantly determine the
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number of gp8 molecules to be incorporated into the procap-
sid. Therefore, both gp7 and gp10 play key roles in procapsid
shape and size determination. This interpretation explains why
gp7-gp8 procapsid-like particles with variable shapes and sizes
have been produced in the absence of the portal protein gp10

(18).
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