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Abstract. Scaffolding proteins are proteins that are re-
quired to catalyse, regulate or modulate some step in
the assembly of a macromolecular complex. They asso-
ciate specifically with the nascent protein complex dur-
ing assembly, but are subsequently removed, and are
absent from the mature structure. Scaffolding proteins
have been described primarily from viral systems, in
particular from the double-stranded DNA bacterio-
phages, but most likely play a more general role in
macromolecular assembly, a fundamental process in all
biological systems. Scaffolding proteins may act in a
specific fashion, by actively encouraging the formation

of correct protein-protein interactions, or more gener-
ally by nucleating and promoting assembly. They may
also work to ensure the fidelity of the assembly process
by preventing the formation of improper interactions,
in many ways similar to the role of molecular chaper-
ones in protein folding. In viruses, scaffolding proteins
are found both in the form of internal cores and exter-
nal bracing, and may form elaborate and complex
structures. This review will focus on the viral scaffold-
ing proteins, for which an increasing amount of struc-
tural and functional information has recently become
available.
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Introduction

Most proteins in the cell are part of larger macromolec-
ular complexes in their active form, or as it was put in
a recent series of reviews, the cell is a ‘collection of
molecular machines’ [1]. A considerable amount of in-
formation has over time been accumulated on the struc-
tures of some of these machines, but far less is known
about the fundamentally important process of macro-
molecular assembly, the process by which they are put
together spatially and temporally.

The study of macromolecular assembly dates back to
the studies on virus and bacteriophage assembly in the
1950s and 1960s [2—4], and most of what is known
about macromolecular assembly today still arises from
in vitro and in vivo studies of viral systems. In fact, with
the advent of more powerful and accessible structural

methods to complement the biochemical and genetic
data, this field has experienced somewhat of a renais-
sance in recent years.

These systems exhibit self-assembly, in which the assem-
bly process proceeds along ordered pathways that are
regulated solely through the sequential generation of
unique complementary interfaces and conformational
switching events [5—7]. Although more complex cellular
morphogenetic processes may be under additional tem-
poral control at the level of transcription, self-assembly
clearly still plays an important role. The energy required
for the self-assembly process is typically intrinsic to the
proteins themselves and stored as ‘conformational en-
ergy’ in the interacting components [8]. In the cell, of
course, many processes, including assembly, are driven
by nucleotide hydrolysis.
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The concept of a scaffolding (or scaffold) protein arose
from studies on the double-stranded (ds) DNA bacte-
riophages P22 [9] and T4 [10], where it was found that
certain proteins were associated with immature capsid
structures (assembly intermediates), termed procapsids
or proheads, but were absent from the mature virions.
In scaffolding protein mutants, no assembly would oc-
cur, or only aberrant capsid-related structures were
formed. Subsequently, scaffolding proteins were iden-
tified in a number of other viral systems, and became
well established as a common theme in the assembly of
dsDNA bacteriophages [11, 12]. Scaffolding proteins
have also been found in some other systems, both viral
and nonviral, and are likely to play a far more impor-
tant role in macromolecular assembly in general than is
generally recognized. (Many of the proteins that bind
and regulate the polymerisation of actin and tubulin,
for example, may be considered de facto scaffolding
proteins.)

Scaffolding proteins have been likened to a higher-order
equivalent of molecular chaperones, operating at the
level of quaternary structure in the same way that
chaperones act on the secondary and tertiary structure
of proteins. Chaperones usually act by inhibiting unpro-
ductive folding and preventing illicit interactions be-
tween unfolded or partially folded protein chains, but
may in some cases also actively promote correct folding
[13]. Like chaperones, scaffolding proteins may act by
preventing the formation of improper assemblies, but in
general tend to play a far more active role in determin-
ing the structure of the final assembly. Most traditional
chaperones exhibit little specificity for their substrate;
scaffolding proteins, on the other hand, are quite spe-
cific and not generally usable for more than one struc-
ture. In addition, scaffolding proteins are not
necessarily catalytic per se, since they may be involved
in only one round of assembly, and are sometimes
degraded proteolytically after use. However, there is a
close connection between folding and assembly, and the
scaffolding proteins do affect both secondary and ter-
tiary structure in the course of their action. Conversely,
many of the typical chaperone proteins have functions
in the assembly and disassembly of macromolecular
complexes as well [13].

A note on terminology: Many proteins function as
‘scaffolds’ for subsequent assembly, for example in the
way that a viral core particle functions as the scaffold
for the outer shell layer, or titin may act as a scaffold
for actin assembly. These proteins are often called scaf-
fold(ing) proteins in common usage; however, the term
‘scaffolding protein’ as used in this review refers specifi-
cally to a protein which is required for some step in the
correct assembly of a macromolecular structure and is
subsequently removed from the complex. (Sometimes
proteolytic fragments of the scaffolding protein remain
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with the complex after completion of assembly, but
since its role in the assembly process has been played
out, it can still be considered a scaffolding protein,
rather than simply a structural component of the
virion.) This distinction between scaffolding proteins
and other structural proteins may be somewhat arbi-
trary, however, as there may be nothing really funda-
mentally different between the way they work.

Virus assembly and the role of scaffolding proteins in
the assembly process have been reviewed numerous
times before [7, 11, 12, 14—16]. In this review, I will
focus on the scaffolding proteins themselves, their struc-
tures and biochemical properties, as there have been
many recent developments in this area. I will concen-
trate on the ‘classical’ scaffolding proteins from the
dsDNA bacteriophages and other viral systems, for
which a fair amount of structural or mechanistic infor-
mation is available. A discussion of the many cytoskele-
tal proteins that in principle could be considered
scaffolding proteins is outside the scope of this review.

Virus structure and assembly

Since most of the discussion of scaffolding proteins
relates to virus assembly, a few general points about
viral structure and assembly are appropriate here.
Although viruses may be isometric, elongated, filamen-
tous or irregularly shaped, here we will be concerned
mainly with the so-called spherical or isometric viruses
of icosahedral symmetry (and their prolate cousins).
The icosahedron is a closed, isometric surface consisting
of 20 triangular faces arranged with 60-fold symmetry.
Although the isometric viruses are not necessarily icosa-
hedrally shaped, they still conform to the icosahedral
symmetry. The 60-fold symmetry implies that the struc-
tural proteins must be present in the capsid in multiples
of 60. The exact multiple that is utilised is reflected in
the triangulation number (T number), and this number
can be thought of as a subdivision of the triangular
faces into smaller triangles. The utilisation of more than
60 subunits implies that there will be T nonequivalent
subunit types in the shell. This is reflected in the capsid
proteins as conformational variation, which can range
from slight to dramatic. Many viruses, however, includ-
ing the dsDNA bacteriophages, are only quasi-icosahe-
dral, as they have a unique fivefold vertex containing
specialised structures such as the tail. Prolate capsids
are derived from the icosahedral ones by elongation at
the equator [17].

Some simple viruses may assemble through direct asso-
ciation of the genome and capsid proteins. More com-
plex viruses, such as the dsDNA bacteriophages,
however, assemble through far more elaborate assembly
pathways [12, 14, 16]. Such an assembly pathway may
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start from an initiator complex, often containing a
12-fold (or 13-fold) symmetric connector, onto which
the precursor capsid, or procapsid is assembled, often
with the aid of scaffolding proteins (fig. 1). The genome
is subsequently packaged into this precursor capsid
through a largely unknown mechanism, most likely
involving the connector. During this process, large con-
formational changes in the shell may take place, to-
gether with the removal of the scaffolding proteins.
Although less is known about the assembly of other
large viruses, the herpes- and adenoviruses appear to
assemble in a similar fashion.

Classification of scaffolding proteins

The viral scaffolding proteins known at this point can
be roughly classified into three groups: (i) the icosahe-
drally ordered, external scaffolds of bacteriophage P4
and the ¢ X174-related phages; (ii) the internal, corelike
scaffolds, like those of P22, herpes and 4; and (iii) the
prolate core of the T4-like phages (table 1, fig. 2).
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Internal scaffolds appear to be more common, but more
structural information is available on the external scaf-
folds, which have icosahedrally ordered structures. The
internal corelike scaffolds of spherical viruses appear to
lack such order and are thus less amenable to structural
analysis; nevertheless, from a functional point of view
the internal scaffolds are better characterised than the
external ones. The T4 prolate core is a far more com-
plex structure consisting of several proteins, and will be
considered separately.

Note that this classification scheme is relatively arbi-
trary at present, and much more information is needed
on more different proteins before classification into
groups based on functional or evolutionary relation-
ships can be attempted. So far, only the internal core-
like scaffolds appear to form a coherent group. A
number of scaffolding proteins of other viruses, not to
mention those present in nonviral systems, have not
been characterised in sufficient detail to establish
whether they share any structural, functional or evolu-
tionary properties, and cannot be classified into a spe-
cific group at present.
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Figure 1. General assembly pathway for a dsDNA bacteriophage. (a) Initiation of assembly at the connector; () scaffolding-dependent
procapsid assembly; (¢) removal and possibly recycling of the scaffolding protein; (d) DNA packaging may occur after or simultaneous
with scaffold removal, and is accompanied by major structural changes in the shell; (e) tail attachment and capsid finishing.
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Table 1. An overview of viral scaffolding proteins.
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Virus Protein Size Copy Function/location Properties Reference
(kDa) no.
¢X174 D 16.9 240 external scaffolding forms asymmetrically [18, 20]
organized outer shell; four
conformations; o helical
B 13.8 60 internal partially ordered [18, 20]
P4 Sid 27.2 60/120 external, size-determining elongated, « helical, forms [31, 40]
scaffold ‘cage’ connected at 3f axes
P2/P4 gpO 314 ~70 internal scaffold cleaved; fragment remains [143]
inside capsid
P22 egp8 34.0 ~200 internal core elongated, « helical; forms [52, 54]
300 dimers and tetramers; recycled
A gpNu3 134 ~200 internal scaffolding not cleaved [71]
T7 ep9 33.8 ~156 internal scaffolding core not cleaved [74, 76, 77]
herpes VP22a* 40.0 ~ 600 internal core elongated, cleaved 98]
T4 gp22 29.9 ~576 main internal core elongated; pl =4.3; 80% [7, 105, 121]
o helix. Cleaved; fragment
remains inside capsid.
egp67 13.0 ~341 internal core
2p68 17.0 ~240 internal core
IPI1, IPII, 10, 11 ~360 (dispensable) core proteins
IPIII 21.7 each
gp21 232 ~72 protease, centre of scaffold
$29 gp7 11.3 ~180 internal scaffold recycled [137-139]

*Many related viruses for which the scaffolding proteins have different names: HSV, VP22a/UL26.5/ICP35; CMV, pAP/UL80a; VZV,

UL33.5

External scaffolding proteins

$X174 protein D

The only scaffolding protein structures known to high
resolution are those of the single-stranded (ss) DNA
Escherichia coli bacteriophage ¢ X174, for which the
X-ray structure of a scaffolding-containing procapsid
was recently determined to 3.5 A resolution [18-20].
Prior to the determination of the crystal structure, cryo-
electron microscopy (EM) had shown the procapsid at
25 A resolution [21]. The ¢ X174 procapsid contains 60
copies each of the major capsid protein F (48.4 kDa),
the fivefold spike protein G (19.0 kDa) and the internal
scaffolding protein B (13.8 kDa), whereas 240 copies of
protein D (16.9 kDa) forms an external scaffold. Both
the B and D scaffolding proteins are required for pro-
capsid assembly [22-25]. The following discussion will
concentrate on the external scaffolding protein D;
protein B will be described later, together with the other
internal scaffolding proteins.

Pentamers of the F and G are through to comprise the
earliest assembly intermediates [22, 23, 26] (fig. 2). In
cells infected with mutants in protein D, 12S particles,
which may consist of a pentamer each of the F and G
proteins, accumulate [26, 27]. These particles may repre-
sent an assembly intermediate, possibly forming a sub-
strate for the D protein, in the presence of which
functional 108S procapsids are produced [23, 24]. Either
during or subsequent to DNA packaging the procapsid
undergoes major structural rearrangements, and the

internal scaffolding proteins are removed, generating a
1328 particle [18, 21, 24]. Finally, the external scaffold-
ing is removed, perhaps only upon lysis of the cell [28]
(fig. 2).

In the ¢ X174 procapsid, there are four copies of the
external scaffolding protein D per asymmetric unit (a
total of 240). The most striking features of the D
scaffolding protein are its unusual arrangement on the
surface of the particle and its great structural variabil-
ity. The four symmetrically nonequivalent copies are
arranged in an asymmetric fashion, where each subunit
presents a different surface to the other capsid proteins
and its environment. One subunit (D1) is located near
the pentameric spikes where it interacts with the G
protein; the other three subunits (D1-D3) are lined up
along the twofold interface, across which subunits D2
and D4 make contact with twofold related subunits in
the adjacent asymmetric unit (fig. 3A). D4 makes the
primary contact with the underlying F protein. The
external scaffolding provides the main, if not only,
contact between the G protein spikes and the underly-
ing F protein shell as well as the main contact between
adjacent pentameric subunits [18, 21].

The four subunits are organised into two asymmetric
dimers (D1:D2 and D3:D4) which can be mutually
superimposed with an r.m.s. deviation of less than 2.5 A
for 67% of the residues [18] (fig. 3A, 4). This dimer
could represent an intermediate in the assembly path-
way. Biochemical studies, however, suggested that the
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D protein existed as a tetramer in solution [29]. If so, suggest that the D protein may have the capability to
this tetramer is most likely not represented in the scaf- form shells in the absence of other viral proteins. Under
fold itself [18]. At higher protein concentration, protein  physiological conditions, however, scaffold assembly is
D forms a higher-order 20S complex, of which the likely to be dependent on the interaction between scaf-
nature is at present unknown [29], although it could folding and capsid proteins.
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Figure 2. Comparison of assembly pathways for several of the viruses discussed in the text.
Scaffolding proteins are shown in red (internal) or orange (external), whereas capsid proteins are
coloured blue, connector protein green and decoration proteins yellow. The schematics have been
somewhat simplified, and tail assembly has been omitted. Protein cleavage reactions are indicated
as protein — protein* + Aprotein (e.g. N > N* + AN). (a) ¢ X174 [18], (b) P2/P4 [31, 34], (¢) P22
[43], (d) 4 [15, 65], (e) T4 [7, 105].
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Figure 3. Structures of the external scaffolds of ¢ X174 (4) and P4 (B). (4) Surface representation at 10 A resolution of the $X174
procapsid, viewed down a twofold axis [18]. One asymmetric unit triangle is indicated. The four D scaffolding proteins within the
asymmetric unit (triangle) are coloured: D1, green; D2, yellow; D3, red; D4, blue. The particle diameter is 330 A. (B) Surface
representation at about 30 A resolution of the P4 procapsid electron density map [31]. The Sid scaffolding protein is shown in orange,
and the asymmetric unit triangle is indicated. The P4 procapsid is approximately 400 A in diameter. The view is the same as in (A4),

although the particles are not exactly to scale.

The D protein itself is largely o helical, consisting of
seven main helical segments separated by short ( <10
residues) loop segments. One slightly longer loop (18
residues) forms some f structure (fig. 4). The four
subunits share a structurally conserved core of about 75
residues, whereas in the remainder of the protein there
is great conformational variation. In general, these vari-
able regions represent domains of functional impor-
tance in the capsid assembly. Subunits D1 and D3 are
almost identical, but the other subunits differ in several
aspects: (i) the N-terminal helix 1 is rotated by ~ 100°
around residue Q22 in D4 relative to the other subunits;
(i1) helix 3 is kinked at G61 in D1 and D3, but is
straight in D2 and D4; (iii) loop 5 has variable sec-
ondary structure and forms the main twofold contact in
the scaffold; (iv) the C-terminus is partly disordered in
D1, D2 and D3, but forms a long « helix in D, which
forms the most significant contact between the scaffold
and the underlying F protein shell [18, 20].

The different conformations in the D protein suggest
how the scaffold—and thus the whole shell—may be
assembled through a series of conformational switching
events. At least two conformational switches can be
distinguished: (i) A switch from a kinked to a straight

helix 3 in D2 and D4. This switch would be required to
change the subunit into a nonsticky conformation once
it has bound to its partner (D1 or D3). Otherwise, it
would have the potential to continue adding more sub-
units infinitely [18, 30]. (ii) Switching of loop 5 in D4
into a conformation able to form interactions across the
twofold interface. This may be related to and perhaps
triggered by the formation of the long, ordered C-termi-
nal helix 7 in D4 and its binding to the underlying F
protein. The twofold interaction is the crucial step that
ties together the precursor pentamers across the twofold
axis; without it, the pentamers cannot assemble further,
as apparently the F protein is not able to form these
interactions unaided. The existence of mutations in
protein F that can suppress conditionally lethal muta-
tions in the N-terminal helix 1 of protein D suggests
that there is a functional interaction between the D and
F proteins in a region that is not seen to make contact
in the procapsid X-ray structure. However, these re-
gions may have been in contact at an earlier stage in the
assembly process. This model is supported by analysis
of the procapsid EM reconstruction, which probably
represents a stage in the assembly process prior to
maturational conformational changes in the shell [18,
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20, 21]. Once the capsid proteins have been brought
into proximity by the scaffold, additional switches in
the F capsid protein, probably involving a set of «
helices at the threefold axes, reinforces the shell, so that
the scaffolding proteins can be removed [18, 20]. Like-
wise, the G protein spikes, which are not in contact with
the capsid protein in the procapsid, must undergo con-
formational changes to allow the interactions between
the F and G proteins to be established [20, 21].

The D protein is highly conserved between different
members of the Microviridae, except in the N-terminal
20 amino acids and a shorter segments near the C-ter-
minus. In spite of this conservation, the D proteins
exhibit little cross-functionality between different spe-
cies, suggesting that the species specificity is conferred
by the less conserved N- and C-terminal regions [B.
Fane, personal communication)].

P4 Sid protein

Another scaffolding protein for which a three-dimen-
sional structure is available, albeit at low resolution, is
the external scaffold of E. coli dSDNA bacteriophage

Scaffolding proteins and their role in viral assembly

P4 [31], a satellite virus of dsDNA phage P2. P4 de-
pends on P2 for most structural gene products, includ-
ing the major capsid protein, gpN [32-34]. In the
bacteriophage P2—P4 system, the choice of morpho-
genetic pathway is made through the presence or ab-
sence of a single scaffolding protein. P2 normally forms
an icosahedral T =7 capsid from 415 copies of the
gpN-derived protein N* [35] (fig. 2). During a co-infec-
tion of P2 and P4, or on infection of a P2 lysogen with
P4, a smaller T =4 capsid is formed containing only
235 copies of gpN-derived protein [35]. This capsid can
package the P4 genome, while effectively excluding the
three times larger P2 genome from being packaged. The
gene product responsible for this size determination is
the 244-amino acid, 27-kDa P4-encoded protein Sid (for
Size determination), which acts as a scaffolding protein
during P4 assembly [36] (fig. 2). Mutations in the sid
gene lead to a failure to produce small capsids [37]. In
addition, mutations in N, called sir (sid responsiveness),
are known that renders the gpN capsid protein resistant
to the effect of Sid [38]. These sir mutations can be
suppressed by second-site mutants in sid, so-called ‘su-
per-sid’ mutants [K.-J. Kim et al., unpublished results].

Figure 4. Ribbon representation of the four copies of D scaffolding protein within one asymmetric unit (triangle) of the ¢X174
procapsid [18], corresponding to the coloured portion in figure 3A. The two threefold, the twofold and the fivefold axes of symmetry
are indicated, as are the N— and C—termini that are visible in this view.
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This analysis thus identifies gpN as the most likely
target for Sid. The sir mutations are clustered in the
centre of gpN, and could affect either the flexibility (or
‘intrinsic curvature’) of the gpN protein, and thereby its
ability to form small capsids, or the interaction of gpN
with Sid [35].

True procapsids of either P2 or P4 have not been
identified; however, expression of the gpN protein to-
gether with Sid protein leads to the production of a set
of small Sid-containing T =4 particles, which are as-
sumed to be equivalent to procapsids. However, these
particles lack the portal structure and hence cannot
package DNA [39]. In three-dimensional (3D) recon-
structions of these procapsids, the Sid protein is seen to
form an embracing ‘cage’, which connects at the three-
fold axes and makes contact with the underlying shell at
the twofold axes [31] (fig. 3B). Only two of the gpN
subunits in the twofold hexamer appear to take part in
this gpN-Sid interaction; the remaining four subunits
are apparently untouched, as are the pentamers.
Volume measurements in the reconstruction favoured a
number of 120 copies of the Sid protein in the scaffold,
although a T = 1 model of 60 copies is still a possibility
[31]. The shape of the Sid protein (consistent with both
models) is an ~ IOO-A-long tube with a constriction in
the middle. This suggests a two-domain structure for
Sid, where one domain is the trimer-forming domain
and the other domain forms the Sid-gpN and the two-
fold Sid-Sid interactions (fig. 3B).

Such a two-domain structure is supported by genetic
data, which showed a clustering of a number of the sid
mutations in the C-terminal region [40]. (Other muta-
tions were located near the N-terminus (N27Q, T34P),
and in the centre of the sequence (G107V, T112K), but
the significance of this is unclear.) Also the super-sid
mutations are clustered in the C-terminal part of the Sid
protein, and are not allele-specific with respect to the sir
mutations. Taken together this suggests that the C-ter-
minal region may be involved in Sid-Sid interactions,
e.g. at the threefold axes, and that the super-sid muta-
tions strengthen these interactions [K.-J. Kim et al.
unpublished results]. Recent results from my labora-
tory, comparing the in vitro assembly properties of
full-length and truncated Sid protein, also support this
conclusion [unpublished].

Secondary structure predictions predict a predomi-
nantly o helical structure for Sid, with seven main o
helical stretches [40], but a high degree of predicted
disorder or flexibility is also seen over most of the
sequence [unpublished results]. The 27-kDa Sid protein
has an apparent mass of 31 kDa by SDS-polyacryl-
amide gel electrophoresis (PAGE), suggesting that the
protein has an unusual shape. By EM the Sid protein
also appears to be fibrous is nature. Attempts to crystal-
lize the Sid protein have not been successful, probably
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due to the shape and flexibility of the protein, as well as
a tendency of the protein to aggregate.

The structure of the external scaffold and its interaction
with the capsid hexamers led to a model in which the
Sid protein would act upon a hexamer subassembly
[31]. More recently, Erik Jacobsen [University of Oslo,
Norway, personal communication] proposed a simpler
and thus perhaps more plausible model, in which the
gpN trimer forms the basic building block. In either
model, the curvature enforced upon the subassemblies
by the Sid protein would force the generation of pen-
tamers at the appropriate places. The advantage of the
trimer model is that it assumes no separate subassembly
of pentameric structures, whereas the pentamer/hex-
amer model assumes that there must be a control point
for the production of pentamers vs. hexamers from the
same gpN monomers. No gpN subassemblies of any
kind have yet been observed, however.

Internal corelike scaffolds

P22 protein gp8

From a functional point of view, the gp8 protein of the
Salmonella typhimurium dsDNA bacteriophage P22 is
the best-described scaffolding protein. During P22 as-
sembly, about 2—-300 copies of gp8 associate with the
420 copies of gp5 required to make a T =7 shell [9,
41-43] (fig. 2). During DNA packaging, the gp8
proteins are removed and used in subsequent cycles of
assembly. The gp8 protein shows no propensity to as-
semble on its own in vitro [44—46], and the gp5 capsid
protein assembles only a few unclosed shells and protein
aggregates in an 8§~ mutant infection [47]. This suggests
that it is the interaction between coat and scaffolding
proteins that leads to a switching from a nonassembling
to an assembling form [46].

In the P22 procapsid, gp8 forms a spherical core of
about 200 A diameter [47, 48] (fig. 5). However, the core
is not observed in 3D reconstructions of procapsids,
suggesting that the scaffolding protein itself is not ar-
ranged with icosahedral symmetry [49]. Some increased
density is visible in the central part of the core, and a
small domain is found to form a specific interaction
with gp5 at the inside of the capsid shell. During assem-
bly, scaffolding protein copolymerises with coat protein
and is added to the edge of the growing shell [44, 45],
unlike e.g. bacteriophage T4, where initially a complete
scaffolding core is formed, around which the capsid
protein is assembled (see below). P22 assembly is com-
patible with a wide range of scaffolding:capsid protein
ratios, from 0.2:1 to more than 1:1 [44, 45]. The interac-
tion between gp8 and gp5 is relatively weak, as the gp8
protein can be removed from procapsid shells by a mild
treatment in 0.5 M guanidine hydrochloride (GuHCI),
which does not disrupt the shell itself.
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Figure 5. Schematic diagram of the P22 procapsid, which also
serves as a model for the internal cores of 1 and herpesvirus. The
scaffolding proteins have an elongated shape, and the C-termini
make contact with the capsid protein. There is a low-density
region between the core itself and the outer shell. The connector
(hatched) also forms interactions with the scaffolding proteins,
which are required for connector integration.

In solution, the gp8 scaffolding protein exists in equi-
librium between monomers, dimers and tetramers. The
dimer seems to be the active species in promoting capsid
assembly [50] (fig. 6). In fact, dimerisation of gp8 could
provide the driving force for capsid assembly if binding
of gp5 to gp8 favours dimer formation, which would
bring the coat protein monomers together spatially [51].
The C-terminal half (residues 141-303) of the protein is
required and sufficient both for dimer formation and to
direct capsid assembly [52, 53]. The N-terminal part
(residues 1-140) is required for tetramerisation, and
plays a role in stabilising the scaffolding protein and
ensuring the fidelity of the assembly process [53, 54].
The C-terminal 11 residues of gp8 form a ‘coat protein
recognition domain’ which binds to gp5 (fig. 6). These
residues form part of an amphipathic helix-loop-helix
motif of about 30 amino acids length, which exposes a
number of positively charged residues which probably
form specific, electrostatic interactions with the coat
protein [51, 53, 54]. Incidentally, this domain structure is
shared between P22 and the herpesviruses (see below).

Overall, the gp8 protein is rich in prolines and charged
amino acids. It has an elongated shape of 247 A by 22

o

A [50, 55, 56]. Spectroscopic studies have suggested an
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o helical content of about 40% and a highly flexible
tertiary structure comprised of multiple « helical do-
mains, which reaches its final conformation only upon
binding to the coat proteins [57]. Significant secondary
structure changes take place both within the scaffolding
and coat proteins upon assembly as well as during
maturation, which is associated with the release of
scaffolding protein [57-59].

Although the P22 capsid protein is able to form both
normal T =7 and smaller T =4 capsids in vivo in the
absence of scaffolding protein, only the larger capsids
are produced in the presence of scaffolding protein [47,
60, 61]. The elongated shape and size of the scaffolding
proteins provides a simple steric mechanism for ensur-
ing that the correct size capsid is made, since it would
be too large to allow the formation of a T =4 capsid
(fig. 5).

There is also a specific interaction between scaffolding
protein and the gpl portal protein [62]. Scaffolding
protein is required for incorporation of connectors into
the shell, and the aberrant shells that are formed in the
absence of scaffolding protein do not contain connec-
tors [47]. The same dependence on scaffolding protein is
found in both phage 4 and ¢29 (see below). Unlike
¢29, however, the scaffolding protein of P22 is suffi-
cient to ensure correct size determination of the shell,
and perfectly shaped, albeit inactive, procapsids can be
made from gp5 and gp8 alone in vitro [44].

/ protein gpNu3

The E. coli dsSDNA phage /4 has a similar T =7 struc-
ture to P22, consisting of 405 copies of the major capsid
protein gpE, the same number of an additional
nonessential ‘decoration protein’ gpD and a specialised
gpC-containing collar structure at the portal vertex [63,
64]. The whole assembly process of 4 has been repro-
duced in vitro using mutant extracts [65] (fig. 2). The
gpNu3 protein of phage /1 plays a similar role in the
assembly process to the P22 gp8 protein. It is absent
from the mature capsid and accumulates in 160S pro-
capsid-like particles produced in wild-type and certain
mutant infections (mutants in gpC and groEL) [66—68].
However, these 160S procapsids are not active in DNA
packaging [67]. The only procapsids that are active in
DNA packaging sediment at 135S and do not contain
gpNu3. Such active, gpNu3-less procapsids are found
during wild-type and terminase (gpA) mutant infections
[67]. Thus, the action of gpNu3 as a scaffolding protein
must be only transient in nature. X-ray solution scatter-
ing analysis indicated that the core was unstable and
was rapidly lost from gpNu3-containing procapsids
[69]. The complete cores seen in some mutant infections
could therefore be an artefact caused by a failure to
release the scaffolding protein.
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Several similarities exist between the P22 gp8 protein
and gpNu3. In the absence of gpNu3, the major capsid
protein gpE is primarily present as monomers or small
oligomers and a few aberrant assemblies [66, 67, 70].
Conversely, gpNu3 never associates into larger aggre-
gates in the absence of gpE [15, 68]. Furthermore,
gpNu3 is also required for the assembly and/or integra-
tion of the connector structure in addition to its func-
tion as a scaffolding protein. Nu3 mutants fail to
assemble the gpB-containing 25S preconnector interme-
diate, and mutants in B fail to incorporate gpNu3,
suggesting a direct interaction between the connector
and the scaffold [65, 67, 68]. The gpNu3 sequence is
identical with the C-terminal part of gpC, the collar
protein. gpC forms interactions with the gpB connector
at an early stage of assembly, and could perhaps serve
as a nucleation site for further scaffolding protein as-
sembly, if gpC-gpNu3 interactions were identical to
gpNu3-gpNu3 scaffolding interactions. However,
gpNu3-containing preheads accumulate in a C~ infec-
tion, which suggests that the role of gpC in assembling
the core is more indirect.

The gpNu3 protein itself is a hydrophilic, 131-amino
acid protein with a pl of 4.2. In solution, it probably
exists primarily as a dimer or trimer, and has an un-
usual elongated shape of about 90 A length and an axial

(a)

(b)
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ratio of about 13 [71]. These parameters are not unlike
those of its gp8 counterpart in P22. Although gpNu3 is
only about half the length of gp8, only the C-terminal
half of gp8 was necessary for scaffolding action in the
P22 system [53]. Based on this analogy gpNu3 would
form interactions with the capsid protein at the C-ter-
minal end and intrascaffolding interactions at the N-ter-
minal end (fig. 5).

Low-angle X-ray solution scattering experiments indi-
cated that the gpNu3 core is a 100—150 A thick shell of
lower density than the outer shell, separated from it by
a low density ‘connecting’ region [69], consistent with its
elongated shape [71]. Small-head (T = 4) mutants in the
gpE capsid protein also contain gpNu3, demonstrating
that under these conditions the capsid protein can direct
the size of the scaffolding core [72]. Another difference
from P22 is that gpNu3 is completely degraded after
assembly is completed [66].

Bacteriophage T7 gp9

The capsid of the E. coli dSSDNA bacteriophage T7 has
T = 7 icosahedral symmetry, similar to the phages 4 and
P22, and contains a coaxial, internal connector-core
structure at one vertex [73]. The prohead (procapsid)
contains about 140 copies of the gp9 scaffolding

292 292
+ 4 4+
= +
3 +
03 3
141 141 141 141

(c)

Figure 6. Model for the gp8 scaffolding protein of P22. (¢) Full-length gp8 (303 amino acids), () N-terminally truncated gp8 (residues
141-303), (¢) N— and C-terminally truncated protein (residues 141-292). The N-terminally truncated protein (b) is sufficient for
promoting capsid assembly, whereas the N-terminal 140 residues ((a), hatched) are involved in tetramerization of uncertain function.
Removal of the C-terminal 12 residues (292—-303) destroys procapsid assembly activity (c). These residues form charged interactions
with the capsid protein via an amphipathic o helix. Residues 141-292 are sufficient for dimer formation. Adapted from [54].
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protein, along with the 415 copies of gpl0O capsid
protein that comprise the shell [73—75]. This ratio is
similar to that found for the P22 procapsid. T7 in
addition codes for three minor proteins, gpl4, gpl5 and
gpl6, which are associated with the permanent internal
core [74]. Mutants of any of these minor core proteins
or of the connector protein gp8 produce tubular struc-
tures called polycapsids, which lack any scaffolding
protein [76, 77].

T7 assembly has been reproduced both in vivo and in
vitro [77]. No capsid-related structures are seen during
expression of the capsid protein alone, but prohead-like
shells containing scaffolding and capsid proteins are
produced when both proteins are expressed together.
Similar results were obtained in vitro using purified
components:  scaffolding-containing, procapsid-like
structures were found when gp9 and gpl0 were
coassembled. Efficient assembly in vitro requires the
scaffolding protein to be present in large excess, without
which the shells remain unclosed [77]. If only small
amounts of scaffolding protein are made available,
most of the capsid protein assembles into polycapsids.
Coexpressions including the connector protein gp8 in
addition to gp9 and gpl0 result in the production of
heads that look like mature (expanded), empty capsids
and lack both scaffolding and connector proteins [77].
Apparently, the presence of connector protein favours
the conversion of procapsid-like structures to expanded
shells, even though the resulting shells contain neither
scaffolding nor connector protein. Probably the minor
core proteins, gpl4, gpl5 and gpl6, are essential for the
incorporation of connectors into the procapsids.
Interestingly, the T7 assembly data favours a model in
which initially formed incomplete shells are subse-
quently closed by the insertion of connectors [77]. This
model goes against the more commonly held view for
dsDNA phage assembly: that the connectors act as the
initiator for shell (and scaffold) assembly.

Based on its unusual mobility by SDS-PAGE, the gp9
scaffolding protein is likely to have an extended confor-
mation in solution, similar to those of P22 and 4 [77]. It
is also highly sensitive to protease digestion, indicative
of high structural flexibility. An elongated shape for gp9
was also suggested by EM studies, which showed a core
having fibrous projections that made contact with the
shell [76].

Herpesviridae scaffolding proteins

The herpesviridae family of large dsDNA animal
viruses include herpes simplex virus (HSV), cy-
tomegalovirus (CMV) and varicella-zoster virus (VZV).
These viruses undergo an assembly process similar to
that of the dsDNA bacteriophages, including the pro-
duction of an empty capsid precursor which is subse-
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quently filled with DNA, and the dependence of the
assembly process on scaffolding proteins [78, 79]. (Un-
less otherwise noted, the following discussion refers to
the most well-described member, HSV.)

The HSV virion contains a 1250 A-diameter, T=16
icosahedral nucleocapsid [80—82] comprising at least
five different proteins, enclosed inside a complex lipid
envelope (see [79]). The nucleocapsid contains 960
copies of VPS5, the major capsid protein, arranged as
hexamers and pentamers, and 320, 640 and 900 copies
of the three proteins VP19¢c, VP23 and VP26, respec-
tively. Three different nucleocapsid-related particles are
seen in HSV infections: native, DNA-filled C capsids,
scaffolding core-containing B capsids, presumably an
assembly intermediate, and empty A capsids, probably
an abortive byproduct.

The scaffolding cores found in the B capsids consist of
three major proteins, VP22a, VP21 and VP24, which
are all produced from the two overlapping reading
frames UL26 and UL26.5. VP22a is the main compo-
nent of the core, and is present in about 1000 copies
[83]. VP24 is a maturational protease, which is initially
expressed as a polyprotein containing the minor scaf-
folding protein VP21 at its C-terminus (fig. 5). VP21 in
turn includes all of VP22a at its C-terminus. Matura-
tion of the B capsids requires cleavage of the C-terminal
25 residues of VP22a and VP21 by the VP24 protease
[84]. This is concomitant with a structural change in the
core of the B capsids [85]. In addition to its scaffolding
core function, VP22a also serves to transport the major
capsid protein to the nucleus, which is the site of virus
assembly [86—88].

The role of VP22a (and other scaffolding-related
proteins) in HSV assembly has been elucidated both
through the use of a baculovirus assembly system [89—
91] and an in vitro system [92-94], as well as through
traditional mutational analysis [88, 95].

Expression of all the HSV nucleocapsid structural
proteins in the baculovirus system results in capsidlike
structures indistinguishable from normal nucleocapsids.
If any of the major mature capsid proteins (VP5, VP23
or VP19c) are left out, VP22a-containing particles of
400-600 A diameter are produced [90], the same size as
the cores seen inside HSV nucleocapsids [96]. Similar
size particles are also produced when VP22a is extracted
from B capsids with 2 M GuHCI and reassembled in
vitro [97]. In the absence of both VP22a and VP21
scaffolding proteins, mostly aberrant structures are
formed [90, 91], like those seen in null mutants of the
UL26 open reading frame (which removes VP22a, VP21
and VP24) [95]. However, some closed capsidlike parti-
cles are produced in the absence of VP22a if VP21 is
present. Apparently, the less abundant VP21 (whose
C-terminal part is identical to VP22a) can to some
extent substitute for VP22a; however, the resulting par-
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ticles lack obvious cores [91]. In the absence of VP21/
VP24, but in the presence of VP22a, particles similar to
B capsids are produced [91].

More rounded scaffolding-containing particles appear
in an in vitro system after about 1 h of assembly. These
particles mature into angular particles looking like B
capsids over a period of 8 h [93, 98] and probably
represent procapsids, similar to those seen in the bacte-
riophages. Wedge-shaped intermediates, appearing to
consist of a partial procapsid shell, are seen after about
a minute of assembly, demonstrating that the scaffold-
ing protein coassembles with the capsid proteins.

The C-terminal 12 residues of VP22a form specific
interactions with the major capsid protein [99] (fig. 5).
These residues are predicted to form an o helix, and
contain an essential Phe residue. In CMYV, the C-termi-
nal 16-21 amino acids of the scaffolding protein, called
assembly protein, or pAP, is required for this capsid
protein interaction [87, 100]. Swapping this region be-
tween VP22a and pAP changes the capsid protein spe-
cificity [100, 101]. Likewise, HSV assembly was
supported by the VZV scaffolding protein if the 23
C-terminal residues were swapped with those of VP22a
[102]. Between the more homologous bovine and hu-
man HSV, the UL26 and UL26.5 open reading frames
(encoding VP22a, VP21 and VP24) can be exchanged
without loss of function [103].

The C-terminal region is not essential for forming in-
trascaffolding interactions, since mature VP22a, in
which the 25 last residues have been cleaved off, can
reassemble into corelike particles in vitro after particle
disruption [97]. Thus, while the C-terminal part of the
protein forms specific interactions with the capsid
proteins, the N-terminal portion forms the interactions
required to assemble a scaffolding core (fig. 5). In
HSV-1 these interactions are formed between residues
165 and 234 [104]. In CMYV, residues 34—52 of pAP
were essential for forming the intrascaffolding interac-
tions [87].

The core appears not to be icosahedrally ordered either
in the procapsid or in the B capsid [80, 85, 98]. How-
ever, difference mapping between B capsids containing
cleaved and uncleaved scaffolding protein revealed that
a small part of the scaffolding protein forms rod-shaped
densities near the VP19a and VP23 triplex proteins,
which comprise the connections between the capsid
protein hexamers and pentamers [85]. Radial density
profiles suggest that the protein has an elongated shape
of about 250 A length and is composed of three do-
mains separated by low-density linkers [98]. In particu-
lar, there is a low-density region between the capsid
shell and the core, suggesting a rather tenuous connec-
tion between the scaffold and the capsid shell [80, 85,
98] (fig. 5).
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Many of the structural as well as functional aspects of
the herpesvirus scaffolding proteins are thus quite simi-
lar to those found in the dsDNA phages, and especially
in P22 [53], suggesting, perhaps, an evolutionary rela-
tionship between herpesvirus and the dsDNA
bacteriophages.

Prolate scaffolding core

The E. coli dSDNA bacteriophage T4 is not only one of
the most complex of all viruses, but also one of the
most well characterized of all assembly systems [7, 105].
T4 has a prolate capsid (1170 A long and 860 A wide)
containing 960 copies of the major capsid protein,
gp23* (a cleaved form of gp23), with a related protein,
gp24*, comprising the fivefold vertices. A simple con-
nector structure is found at the portal vertex where the
very complex tail is attached.

During T4 assembly, an elongated scaffolding core can
be seen inside the assembling capsids [10] (fig. 2). The
T4 core is a complex structure consisting of at least
seven proteins (gp21, gp22, gp67 and the nonessential
gp68, IPI, IPII and IPIII) [7, 105—-107]. The main com-
ponent of the core is gp22, which comprises 38% of the
core mass. Core-containing T4 procapsids, so called T
particles, are unstable, but can be isolated from certain
mutant infections, such as mutations in the processing
protease, itself a part of the core [108, 109]. Naked cores
are produced in mutants of the major capsid protein,
gp23 [106, 110]. Both naked cores and procapsids can
be produced in vitro from purified, disrupted procapsids
[111, 112]. This contrasts with the previously described,
simple, isometric viruses, where the scaffolding protein
shows little propensity to assemble in the absence of
capsid protein. Morphogenetically correct, albeit non-
active prohead shells can be produced using only the
four proteins gp20 (connector), the gp23 capsid protein
and the two scaffolding proteins gp22 and gp67 [105].

Polyheads—open-ended, tubular forms of the gp23
capsid protein—are formed in several T4 mutants. Mu-
tants in gp20 (connector) or gp24 (fivefold vertex) form
polyheads which contain a scaffolding core of gp22,
while those formed in the 22~ mutants contain multiple
layers of gp23, suggesting that gp23 assembly requires a
template, which would normally comprise the scaffold-
ing core [105, 113]. In vitro, gp23, isolated by disruption
of polyheads reforms polyheads in the absence of any
scaffolding proteins [114, 115]. Conversely, the core
proteins can form ‘polycores’ in the absence of gp23
and gp20, the connector [116]. In the presence of con-
nector protein, however, the core proteins can form
either naked cores [111, 112] or star-shaped cores with
connectors at each point of the star [7, 117]. Taken
together, these studies suggest a defining role of the
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gp20 connector in initiating core assembly as well as
determining the size of the scaffolding core. The core in
turn, nucleates the assembly of the shell [105].

Both point mutations in gp22 and mutants in the other
major scaffolding proteins, gp67 and the nonessential
gp68 produce aberrant viruslike particles of a variety of
shapes and sizes [118-120]. Apparently gp22 alone is
sufficient to cause the formation of closed shells,
whereas gp67 is required to ensure the fidelity of the
assembly. Size variants have also been found in shell
protein mutants, but always of normal width, whereas
gp67 mutants also generate width variants, suggesting
that the core is the main determinant in specifying the
width of the particle [120].

The main core protein, gp22, is a highly charged (pl =
4.3), predominantly « helical protein, and is predicted
to form a three-stranded coiled-coil structure [121].
gp22 can self-assemble in vitro into filamentous ribbons
[122, 123]. The core has been proposed to contain from
6 to 10 such ribbons arranged in a helical configuration
[123—-125]. Scanning transmission EM observations of
the ribbons suggest that gp22 exhibits an elongated
rodlike shape [122, 123]. The apparently odd mismatch
between the sixfold symmetry of the core and the five-
fold symmetric shell may function in a kind of Vernier
mechanism for length determination of the head [118,
125]. (Incidentally, a 6-fold symmetry would also be
consistent with the 12-fold symmetry of the connector
[126].)

The three core proteins IPI, IPII and IPIII are present
in large amounts, but some phage particles are assem-
bled normally without them [105]. There seems to be a
synergistic action with gp22, however, since double mu-
tants in both gp22 and IPIIII form only aggregates of
capsid protein rather than the normal multilayered
polyheads seen in gp22 mutants [10, 127].

The gp21 protein forms a dense kernel at the centre of
the core [109], where it acts as a core-associated
protease, called the T4 PPase. T4 PPase is responsible
for maturational cleavage of the capsid proteins as well
as cleavage and consequent release of the core compo-
nents [128, 129]. This cleavage is normally required for
the maturation of the capsid, manifested as expansion
of the shell. Without cleavage the assembly process is
halted at the procapsid stage [108, 109]. Fragments of
all the core proteins remain inside the capsid after
expansion.

The T4 core is thus a complex structure, apparently
very different from the simple cores of the isometric
phages, like P22. Yet the main core protein, gp22,
shares several similarities with the core proteins of the
isometric phages, including an elongated shape, high «
helical content and high charge. Perhaps these physical
properties are especially advantageous for its function
as a scaffolding core.
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Miscellaneous viral scaffolding proteins

Bacteriophage ¢29 gp7

The Bacillus subtilis dSSDNA bacteriophage ¢29 virion
has a 540-A long, 450-A wide prolate capsid consisting
of two T =23 caps with a central cylindrical segment,
and contains 235 copies of the gp8 capsid protein [130—
132]. The virion also contains a 12-fold symmetric con-
nector or portal made of gpl0, the portal protein. 29
codes for one scaffolding protein, gp7, which is required
for procapsid assembly. The procapsid contains about
180 copies of gp7, which are recycled in subsequent
rounds of assembly [131, 133-135]. No obvious scaf-
folding cores are seen inside the procapsid in cryo-elec-
tron micrographs or in 3D reconstructions [132],
suggesting that the scaffold is only transient or un-
stable, like in phage 4.

The entire assembly pathway of ¢29, including DNA
packaging and formation of infectious virions, has been
reproduced in vitro [136—140]. Although the ¢29 capsid
is prolate and thus superficially T4-like, the assembly
process and the properties of the scaffolding core are
more like those of the simple isometric phages, such as
A
The gp7 scaffolding protein has a high « helical content
and is expressed in E. coli as soluble monomers [137,
139]. Expression of the gp8 capsid protein alone primar-
ily results in the formation of inclusion bodies, which
after denaturation and renaturation form aberrant
shells [139]. In the absence of gpl0, the portal or con-
nector protein, the capsid and scaffolding proteins co-
polymerise upon expression into capsidlike structures
which vary in size and shape [139]. Coexpression of gp7
with gpl0 leads to the formation of a soluble, but
unstable complex of the two proteins. The same is
found if the two proteins are mixed in vitro [139]. Thus,
gp7 has affinity both for the gp8 capsid protein and the
gpl0 portal vertex protein [137]. In contrast, gpl0 and
gp8 do not form complexes upon coexpression, indicat-
ing that the scaffolding protein gp7 is required to medi-
ate the contacts between connector and capsid proteins.
If all three proteins gp7, gp8 and gplO are expressed
together, however, a homogeneous population of cor-
rectly shaped particles is produced, which can be ma-
tured into infectious virions in vitro [137-139]. Hence,
although assembly can be initiated in the absence of
gpl0, the portal protein is required for correct size
determination.

This size determination is apparently mediated through
interactions between the scaffolding and portal
proteins. Temperature-sensitive mutants in gp7 produce
T = 3 isometric particles that also lack connectors [132].
Most likely, therefore, it is the connector and its associ-
ated internal core structure that specifies the elongated
shape of the wild-type, prolate capsid. The gp7 mutants,



CMLS, Cell. Mol. Life Sci. Vol. 56, 1999

while able to promote shell assembly, are unable to
incorporate the connector structure and, hence, form
only isometric heads. In phage P22, scaffolding protein
is also required to incorporate portal protein, although
the scaffolding protein alone is sufficient for the forma-
tion of correctly sized shells. In this isometric case the
size determination problem is simpler, as only one di-
mension (radius) needs to be specified. The likely events
in the assembly of (29 are therefore that the connector
acts as the initiator, which organises the scaffolding
protein, which then acts upon the capsid protein assem-
bly [137-139].

P2 protein gpO

Bacteriophage P2, the helper virus of satellite phage P4,
encodes a protein, gpO, which is required for shell
assembly in vivo [141] and is believed to comprise an
internal scaffold [142]. gpO is associated with a subset
of empty procapsid-like particles produced during both
P2 and P4 infections and is absent from mature capsids
[143], although a cleavage product of gpO, O*, remains
inside the mature capsid [144]. The presence of gpO
leads to reduced formation of aberrant capsids in an in
vivo expression system [39]. However, gpO is not found
associated with the procapsid-like particles formed in
these expressions [39]. Cleavage of gpN and gpO into its
respective cleavage products is mutually dependent
[141], but gpO itself does not appear to have protease
activity.

gpO is also required for assembly of the P4 satellite
phage [32]. Expression of both Sid and gpO together
with gpN leads to increased fidelity of assembly, but
results in a mixture of particles of P4-like and P2-like
sizes [39]. This suggests that there is a competition
between gpO and Sid in terms of size determination [39,
142]. Clearly, additional control points must exist for
efficient assembly and size determination in vivo. Most
likely, this involves the gpQ connector protein [144,
145].

The properties of gpO protein have not been character-
ized in sufficient detail to classify it in any particular
group of scaffolding proteins. However, by analogy
with other isometric dSDNA phages it is perhaps likely
to share many properties with the internal scaffolding
proteins of P22 and /.

X174 protein B

As mentioned previously, assembly of the E. coli ss-
DNA phage ¢ X174 depends on an internal scaffolding
protein, protein B, in addition to the already described
external scaffolding protein D [22, 23]. In cells infected
with mutants in the B protein, pentamers of the F and
G proteins accumulate, and no capsids are produced
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[26, 27]. The role of the B protein in the assembly
process is not well understood, and it seems to act both
on these early intermediates and in the formation of
twofold contacts later in assembly, as well as playing an
important role in the conformational changes accompa-
nying capsid maturation [20].

In the ¢ X174 procapsid X-ray structure, the internal
scaffolding protein B forms tight interactions on the
internal surface of the F capsid protein through a
number of polar contacts [18, 20]. The N-terminal half
of protein B is not seen in the procapsid structure,
indicating that this part of the protein is flexible and/or
not icosahedrally ordered. The ordered C-terminal half
of the protein forms one long, radially oriented o helix
and two smaller helices. The last few residues, which
make a small amphipathic helix, contain several aro-
matic as well as basic residues, and fit into a pocket in
the F protein [20] (fig. 7).

The interaction site for protein B on protein F also
forms the binding site for the DNA-associated protein
J, which enters the capsid during DNA packaging. This
suggests that a competition between these two proteins
during capsid maturation may be important in releasing
the B protein and possibly also in triggering the confor-
mational change of the capsid [18, 20]. The B protein
has to exit the capsid upon DNA packaging. The pro-
capsid EM structure displays large holes at the three-
fold axes through which the B protein could escape and
potentially also forms the port of entry for the genome
[21]. The B protein must therefore be flexible enough to
exit through these 20-A holes.

The C-terminal region 20 amino acids or so is the most
conserved part of protein B between X174 and the
related viruses 3 and G4. The rest of the protein is
highly variable. Nevertheless, the ¢ X174 B protein is
able to complement the highly divergent «3 B protein,
suggesting that only the more conserved C-terminus is
required for interaction with the F protein [146]. The
¢ X174 B protein, on the other hand, is not able to
complement the more closely related G4 protein, al-
though mutants in the G4 F protein have been isolated
which enable G4 to utilise the ¢ X174 B protein [146].
Furthermore, a chimeric B protein, having its N-termi-
nal part from G4 and its C-terminal part from ¢ X174
did support assembly of ¢X174, but not of G4. This
shows that the B protein consists of two more or less
independent functional domains: a species-specific C-
terminal domain which makes contact with protein F,
and an N-terminal domain which forms interactions
with other B proteins. This division into two domains is
reminiscent of that seen in the isometric dsSDNA phages
and in the herpesviruses, although the B protein of
¢ X174 appears to exhibit more icosahedral order than
these other scaffolding proteins.
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61

Figure 7. Ribbon diagram of the part of the ¢X174 internal
scaffolding protein B that is visible in the X-ray map, namely
residues 1-8 and 61-120 [20]. The side chains are indicated for
the important aromatic residues at the C-terminus, where the B
protein makes contact with the F capsid protein. The nearest
twofold axis (arrow) is shown pointing radially outwards.

Scaffolding proteins of adenovirus

The assembly pathway of adenovirus, a large dsDNA
animal virus, has been relatively well worked out [147,
148]. The adenovirus virion is a complex structure,
consisting of 720 copies of the major capsid protein, the
hexon, arranged as trimers in a pseudo-T =25 lattice
[149]. A number of minor capsid proteins are found
which mediate the interactions between the hexons [147,
149]. Assembly intermediate capsids are found during a
wild-type infection [150, 151] and accumulate in some
mutant infections [152, 153]. A number of proteins are
found associated with these intermediate particles which
are not present in mature particles and could therefore
have a scaffolding function [147, 148, 151, 154]. One of
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these proteins, the 52/55 kDa protein, has more recently
been shown to be involved in genome packaging rather
than capsid assembly [155].

Another protein, the 100 kDa protein, however, has a
more clearly defined role as a scaffolding protein. This
multifunctional protein is required for trimerisation of
the hexon as well as transport of hexons to the nucleus.
A scaffolding protein function for 100 kDa is evidenced
by the failure of temperature-sensitive mutants to as-
semble capsids at the nonpermissive temperature,
whereas intermediate particles and virions are assem-
bled upon shift to permissive temperatures, in the ab-
sence of de novo protein synthesis [156—158]. The
hexon trimerisation function of the 100 kDa protein is
located in the carboxy-terminal part; the scaffolding
function resides in the central part of the protein
(residues 360—400). In the intermediate particles, 100
kDa is associated with protein IIla near the fivefold
vertex. A 90 kDa cleavage product of 100 kDa associ-
ates with the hexons at the capsid faces.
Unfortunately, not much else is known about the 100
kDa scaffolding protein, and even less is known about
the other presumptive scaffolding proteins, the 32-33
kDa and the 40 kDa proteins [147, 148, 154].

More scaffolding proteins?

Many closely related viruses to the ones already de-
scribed exist, which, by inference, are assumed to con-
tain homologous scaffolding proteins, even though they
have not been positively identified. This includes e.g.
dsDNA phages P1 [159], Mu [160] and B. subtilis phage
SPP1 [161, 162]. (An interesting exception to the almost
ubiquitous use of scaffolding proteins in dsDNA phages
is seen in HK97, which is structurally very similar to
phage 4, and yet assembles without the use of scaffold-
ing proteins [163].)

Many other viruses are clearly able to assemble without
the use of scaffolding proteins, or at least do not abso-
lutely require them. Nevertheless, several less well de-
scribed virus groups of complex morphology probably
use them for their morphogenesis. For example, it is
very likely that the complex dsDNA viruses of the
Iridoviridae and the structurally related African swine
fever virus assemble via intermediates which require
scaffolding proteins [164].

Proteins with a similar function to scaffolding proteins
also exist in enveloped viruses. The nucleocapsid
protein of vesicular stomatitis virus could be reassem-
bled in vitro only in the presence of M protein [165].
The M protein appears to act as a scaffold for nucle-
ocapsid assembly in addition to its role in mediating
nucleocapsid-membrane interactions [166, 167]. In this
case, however, the M protein remains inside the capsid
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after virus assembly has been completed. Similar roles
may be envisaged for the M proteins of other viruses,
such as the influenza viruses.

Scaffolding proteins are, however, not restricted to viral
capsid assembly. One example of a nonviral scaffolding
protein is the FlgD protein of Salmonella [168]. This
27-kDa protein is required for flagellar hook assembly,
but is absent from the mature hook. Several other
proteins are known which can be considered de facto
scaffolding proteins, although they are not generally
thought of in this context. This includes a number of
chaperones, such as PapD, which is involved in the
assembly of the bacterial pili [169] or gp57A of bacte-
riophage T4, which is involved in phage tail fibre assem-
bly [170]. Many other, more traditional chaperones also
affect the assembly of their substrates in addition to
their more familiar role in protein folding [13]. Another
large group of proteins that could be considered scaf-
folding proteins are the many microtubule-associated
and actin-binding proteins of the cytoskeleton, which
satisfy the criteria for scaffolding proteins, in that they
promote or regulate an assembly process (polymerisa-
tion) and are only transiently associated with their
substrate. These systems have been the subject of a
number of reviews [171-173]. Many other, more com-
plex assembly systems are now being characterized,
promising to reveal novel types of scaffolding proteins
[174, 175].

Structural themes

Structures of scaffolds and scaffolding proteins

Direct structural information on scaffolding proteins is
scarce. Only the external and internal scaffolding
proteins of bacteriophage ¢ X174 have been resolved to
high resolution by X-ray crystallography [18, 20]. The
external scaffolding protein Sid of bacteriophage P4 is
the only one that has been observed by electron mi-
croscopy and 3D reconstruction [31]. No nuclear mag-
netic resonance (NMR) or X-ray crystal structure of an
isolated scaffolding protein is yet available.

The difficulty in obtaining structures of scaffolding
proteins is partly due to the intrinsic instability of
assembly intermediates, and hence the difficulty of ob-
taining suitable material for structural analysis. Scaf-
folds are by definition only transient structures, and it
may therefore be impossible to isolate significant
amounts of scaffolding-containing structures from a
wild-type infection. Furthermore, the scaffolding
protein may not be organized with the same symmetry
as the capsid shell and be present only in substoichio-
metric amounts. In addition, the scaffolding proteins
themselves appear to have a generally high intrinsic
flexibility (see below).
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The largest coherent group of scaffolding proteins are
the internal corelike scaffolds. For a few of these, P22
[49], herpesvirus [85, 89] and ¢29 [132], 3D reconstruc-
tions of scaffolding-containing procapsids have been
obtained. None of these structures show the scaffolding
protein structure, presumably due to lack of icosahedral
order of the core. Radial profiles display a relatively
dense central region, a low-density connecting region,
and a small, ordered domain forming specific interac-
tions with the shell. Low-angle X-ray scattering mea-
surements in P22 and A reveal a similar organisation
[48, 69]. If these three regions represent functional do-
mains of the scaffolding protein, it would have a highly
elongated shape, which is consistent with solution mea-
surements for a number of internal scaffolding proteins,
including P22 gp8 [50, 56] and 4 gpNu3 [71] (fig. 5).
Biochemical, genetic and structural studies both of the
P22 and herpes scaffolding proteins demonstrate a two-
domain structure, where one domain forms the in-
trascaffolding interactions, and the other makes contact
with the shell, consistent with the available structural
information [50, 53, 54, 87, 97, 99, 100].

An icosahedrally ordered internal scaffolding protein
like the B protein of ¢X174 appears to be unusual.
Even here, however, only about one-half of the protein
is visible in the X-ray structure, probably due to disor-
der in the protein structure itself [20]. In this protein,
the C-terminal tail forms specific interactions with the
capsid protein, whereas the N-terminal part is appar-
ently involved in intrascaffolding interactions [20, 146].
The organization of the T4 core is superficially not
unlike those of the spherical cores, except that it is
prolate rather than isometric [105]. (The T4 core, of
course, also contains several other proteins in addition
to the main scaffolding protein gp22.) Interestingly, the
main protein of the T4 core, gp22, seems to share
several structural properties with the scaffolding core
proteins of the P22-like phages [121, 123].

In contrast to the internal scaffolding cores, the external
scaffolds of P4 and ¢ X174 both do display strict icosa-
hedral order. This may represent a fundamentally dis-
tinct mode of operation of these scaffolding proteins.
The external scaffold of P4 is made up of lofty arches,
which span the two- and threefold axes (fig. 3B). This
suggests that Sid has an elongated shape and that the
scaffold is made up of a parallel, quasi-symmetric ar-
rangement of 60 dimers or alternatively a strictly sym-
metric arrangement of 60 elongated monomers [31]. For
¢$X174, on the other hand, the organisation is quite
different: the external scaffold is composed of 30 asym-
metric rhomboids each containing eight copies of
protein D (figs 3A, 4). Within each rhomboid, the
compact and globular subunits are arranged in a
completely nonsymmetrical fashion, and exhibit great
variability in conformation and in protein-protein
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interactions. This remarkably nonsymmetrical organiza-
tion of the ¢ X174 D protein emphasises the structural
versatility of these proteins and opens enormous possi-
bilities in the interpretation of structures which have so
far been interpreted in light of a simple, symmetric
model according to the principles of Caspar and Klug
[30]. It will be very interesting to see the structure of the
P4 external scaffold at high resolution and whether it is
also arranged with such lack of local symmetry.

Secondary structure and structural flexibility

The scaffolding core proteins of P22 [52], ¢29 [139] and
T4 [121] all have a high predicted or measured o helical
content. All these functionally similar proteins also
share other features, such as an elongated shape and a
high charged amino acid composition, suggesting per-

haps a structural relationship also at a higher
resolution.
Perhaps by coincidence, the external scaffolding

proteins of ¢ X174 (protein D) and P4 (Sid) also have
predominantly « helical structures [18, 40]. As there is
unlikely to be an evolutionary relationship between
these very different proteins, perhaps there is a specific
structural advantage of using o helical structures for
this purpose.

The most advantageous property for a scaffolding
protein to have is probably that of conformational
flexibility. This allows the structural adaptability that is
necessary to bind to several, conformationally non-
equivalent capsid proteins, as well as to accommodate
both capsid protein binding and subsequent release and
removal from the capsid. Flexibility in proteins include
domain movements and hinge rotations as well as
changes in secondary structure and transitions between
ordered and disordered structures [176—180]. Some-
times, structural proteins are kept in an unfolded state
until completion of assembly, such as the VP23 triplex
proteins of herpesvirus [181] or the FlgM protein of the
bacterial flagella [182, 183].

In viruses, conformational switching is ubiquitous. For
example, the N-termini of several plant virus capsid
proteins switch between ordered and unordered confor-
mations upon assembly, depending on their structural
context [184, 185]. In the polyomaviruses, the capsid
protein pentamers have long C-terminal arms that are
disordered in solution, but takes on a set of specific
conformations when they form the quasi-T =7 capsid
shell [186]. Wholesale conformational changes are ob-
served upon capsid maturation in 4, P22, herpesvirus
and T4 [64, 98, 187, 188].

Several bacteriophage capsid and scaffolding proteins
have been fund to undergo secondary structure changes
during capsid maturation [57-59, 189, 190]. The gp8
scaffolding protein of P22 comprises multiple o helical

Scaffolding proteins and their role in viral assembly

domains and exhibits high flexibility in solution. In the
P22 procapsid structure, however, the protein is highly
ordered [57].

In ¢X174, the D scaffolding protein exhibits at last
three distinctly different conformations depending on
the structural environment, including switching between
order and disorder and between types of secondary
structure [18, 20]. These conformational differences pre-
sumably reflect adaptive changes during assembly. It is
not known what the solution structure of protein D is,
but it is likely to be quite different from the structure in
the procapsid [18, 20, 29].

The P4 Sid protein is also predicted to have large
disordered regions [unpublished results] even though it
forms a highly ordered, regular scaffold in the P4 pro-
capsid structure [31]. Such disordered regions may
reflect conformational flexibility and be important for
scaffold and capsid assembly.

Functional roles of scaffolds

Several roles have been proposed for the viral scaffold-
ing proteins, including initiation of assembly, stimula-
tion of shell growth, capsid size determination,
mechanical stability of the shell and capsid maturation.
In general, scaffolding proteins can act in three main
ways: (i) in the active establishment of correct interac-
tions between substrate molecules; (ii) a more catalytic
role, in the promotion and nucleation of assembly reac-
tions; (iii) a chaperone-like function in preventing the
formation of incorrect interactions.

Scaffolding proteins and specificity of the assembly

The generally high specificity of scaffolding proteins for
their ‘substrate’ suggests an active role in defining the
final assembly. The role of the scaffolding proteins may
be to actively switch the capsid precursors from a non-
active (non-sticky) to an assembly-active sticky confor-
mation. By linking this switch to the binding of
scaffolding proteins, the reaction is prevented from oc-
curring randomly, and instead delayed until the precur-
sors have been brought in the correct spatial
relationship. The scaffolding proteins may be able to
induce conformational changes in the capsid or other
structural proteins, which would not normally occur
due to energetic barriers. Although ATP is generally not
utilised, the required energy can be stored in the scaf-
folding proteins themselves as ‘conformational energy’
[8]. The P22 scaffolding protein gp8 is only seen to
interact with the capsid protein at some of the several
quasi-equivalent positions, suggesting that it is actively
involved in the conformational switching of the gp5
capsid protein [191]. These observations are consistent
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with a model in which assembly is driven by alternating
scaffolding-scaffolding, scaffolding-capsid and capsid-
capsid interactions. In P22, the formation of scaffold-
capsid protein interactions as well as scaffold removal
are also coupled to folding and unfolding of the gp8
protein [57, 190, 192]. Such coupling of the folding and
assembly reactions may provide more control over the
assembly process, linking the energetical expense of
folding to the scaffolding-induced conformational
switching and assembly processes.

The highly charged surfaces of the internal scaffolding
proteins suggest that the scaffold-capsid protein interac-
tion is dominated by charged and polar interactions. By
contrast, capsid protein interactions are largely of a
nonpolar nature, and the assembly reaction is generally
considered to be entropy-driven [17, 115, 193-195]. In
¢ X174, most of the contacts between capsid and scaf-
fold are of a nonpolar nature [20]. Polar interactions are
likely to be important to generate specificity and stabil-
ity of the assembly reaction [195].

One of the functions of the scaffolding proteins is to
bring functional subunits together by encouraging inter-
actions between proteins that do not interact by them-
selves. Examples of this kind of function are found in
¢29, 4 and P22, where the connector and capsid
proteins only interact in the presence of scaffolding
protein [62, 66, 139].

There is usually a close relationship between the assem-
bly of the capsid and the scaffold, and many scaffolding
proteins do not have a propensity for assembling in the
absence of capsid protein. Conversely, in many viruses,
such as ¢ X174, no capsids or capsid-related structures
at all are formed in the absence of scaffolding proteins.
Presumably, the scaffolding protein is required to bind
the capsid precursors (in the case of ¢ X174, pentamers
of F and G proteins) and bring them together spatially.
In P22, binding of gp8 scaffolding protein to capsid
protein monomers appears to lead to gp8 dimerization,
which thereby brings the capsid proteins together in the
correct relationship for shell assembly in a sequential
manner [51, 191].

In other systems, however, scaffold and capsid assembly
are apparently completely independent. In T4, complete
scaffolding cores are formed in vivo and in vitro in the
absence of capsid protein [106, 110—112]. The cores are
subsequently required as a template for the capsid
proteins.

Size determination

One of the main functions attributed to the scaffolding
proteins is that of size determination. This may be
accomplished by a number of mechanisms: The internal
corelike scaffolds work by a somewhat unspecific fash-
ion, by providing a scaffolding core of a defined size,
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dependent mostly on the physical shape of the protein.
Thus, the core-forming domains of HSV and CMV
scaffolding proteins could be swapped without loss of
function [100, 101]. In P22, only correctly sized scaf-
folding-containing shells are produced in the presence
of scaffolding protein. Small shells can only be pro-
duced at low efficiency in vivo in the absence of scaf-
folding protein [60]. Presumably the length ( ~ 200 10%)
of the gp8 scaffolding protein prohibits the formation
of a smaller scaffolding core. In phage A, on the other
hand, small-head mutants of the capsid proteins also
contain cores [72]. gpNu3 is only about 100 A long,
however, and is therefore able to accommodate the
smaller core size [71]. In contrast, phage 29 scaffold-
ing and capsid proteins coassemble into closed capsid-
like particles of variable size, demonstrating that
scaffolding protein alone is not sufficient for size deter-
mination in this system [139].

In T4, mutants in the scaffolding proteins can generate
shells of aberrant size [119, 120]. In the absence of
scaffolding protein, only unclosed, tubular polyheads
are formed. These tubular forms require no conforma-
tional switching of the capsid protein, suggesting that
one of the roles of the scaffolding protein may be to
enable this kind of switching. Alternatively, the T4 core
only provides a template of appropriate size for the
shell protein to assemble upon. The core and shell
together are thought to specify shell length through a
Vernier mechanism [118, 125], but there must be addi-
tional factors involved, as scaffolding-containing poly-
heads are produced when connector protein is absent
[105]. The T4 case is more complicated, as there are
several gene products involved in construction of the
core.

The external scaffolding proteins, on the other hand,
apparently operate by a more specific mechanism of
sequential scaffolding-capsid interactions and hence
have a more ordered structure, symmetrically coupled
to the capsid itself.

Phage P4 represents a particularly interesting case,
where perfectly formed capsids are formed in the ab-
sence of the external scaffolding protein Sid, as long as
the internal scaffolding protein, gpO, is present. The
presence of Sid, however, changes the size specifically to
a different type of capsid. Apparently, Sid overrides any
size-determining effect that gpO may have, although
gpO may still be required to prevent unspecific aggrega-
tion of capsid protein [31, 39].

Nucleation and catalysis of the assembly

Even though capsid proteins often do not form struc-
tures in the absence of scaffolding proteins at low
protein concentrations, they will often do so at elevated
protein concentrations in vitro or during protein expres-
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sion. These structures usually comprise mostly aber-
rant, unclosed shells of undefined size. In the pre-
sence of scaffolding proteins, however, assembly often
occurs at lower concentrations. The scaffolding proteins
in this case act as a nucleator or a promoter of
assembly, lowering the concentration required for as-
sembly to a point where nonspecific aggregation is not
predominant.

A similar function has been ascribed to the bacterio-
phage connector, generally considered to act as an
initiator of assembly in vivo. In this respect, the two
protein functions may be complementary. The connec-
tor may in some cases even be redundant in terms of
assembly, and indeed perfectly symmetric shells of T7,
P22 and ¢ 29 are produced in the absence of connector.
In phage 4, particles containing complete scaffolding
cores are never seen in wild-type infections. Likewise, in
P22 and T7 only substoichiometric amounts of scaffold-
ing protein are required for capsid assembly. In both
systems, assembly is compatible with a ratio of scaffold-
ing to capsid protein ranging from about 0.2:1 to more
than 1:1 [44, 45, 77]. Lower ratios than this results in
the formation of various aberrant capsid protein aggre-
gates, including polycapsids in T7. This amount is still
more than that expected for a simple nucleation event,
however, suggesting that, unlike the connector, the scaf-
folding protein is required at more than one point in the
shell. This suggests that the scaffolding protein subunits
are reused at several points within the growing shell,
e.g. at the growing edge of the shell, where there would
be a transient, but required specific interaction between
scaffolding and capsid protein [44, 45]. Furthermore,
electron microscopy has shown than the scaffolding
protein only interacts with capsid protein at certain
quasi-equivalent positions, reducing the amount of
protein needed [191]. Particles with complete cores, such
as seen in some A mutant infections, may be caused by
a failure to release the scaffolding protein after use
[66—68].

A truly catalytic mode of action would imply that the
scaffolding proteins are recycled and reused for subse-
quent rounds of assembly. The only scaffolding proteins
known to be recycled, however, are those of P22 [42]
and ¢29 [131]. Other scaffolds, like those of T4, /,
herpes and P2 are irreversibly changed by proteolytic
degradation after assembly and therefore do not func-
tion in a catalytic way per se.

This assembly-promoting function of scaffolding pro-
teins is similar to that of certain microtubule-associated
proteins, which either increase the rate of nucleation or
decrease the rate of ‘catastrophe’, the transition from a
growing to a shrinking state, resulting in a greater
overall length of microtubules [172]. (Other proteins
work in the opposite way, reducing the overall micro-
tubule length, obviously important to prevent the entire
cell from filling up with microtubules.)

Scaffolding proteins and their role in viral assembly

Preventing improper interactions

The capsid proteins of large viruses need to have a high
intrinsic flexibility in order to attain the several
nonequivalent conformations that are required [30,
196]. In addition, many viruses, most notably the ds-
DNA bacteriophages, undergo major structural transi-
tions during maturation, which also need to be
accommodated by flexibility in the structural proteins
[64, 187].

This high intrinsic flexibility is evident in the propensity
for many capsid proteins to assemble into structures of
variable size and shape. During normal morphogenesis,
this flexibility needs to be curtailed to ensure that only
the distinct subset of possible conformations that are
required for a specific capsid structure are generated.
One role of scaffolding proteins may therefore be to
restrict this natural variability.

In this light, the role of the scaffolding proteins is not
unlike that of traditional chaperones, in inhibiting im-
proper interactions from forming by preventing assem-
bly or delaying it to the right moment. It is necessary to
have sufficient scaffolding protein present to ensure that
all the protein is caught before it assembles incorrectly.
The fact that many scaffolding proteins, such as the D
protein of ¢ X174 or Sid protein of P4, are produced in
a large excess, suggests a chaperone-like, rather than a
catalytic role for these proteins.

Why use scaffolding proteins?

As these different examples have shown, scaffolding
proteins have many different modi operandi. which are
not necessarily mutually exclusive. The unifying princi-
ple is that subsequent assembly steps depend on their
presence (or their action), and that they associate only
transiently with the nascent assembly.

When are scaffolding proteins needed? It is obviously
not always necessary to have scaffolds, as many quite
complex structures assemble perfectly well in the ab-
sence of scaffolding proteins, e.g. ribosomes [197] or T4
tailplates [198]. Typically, scaffolding proteins are in-
voked in viruses that contain many identical subunits,
in which case scaffolding proteins may be needed to
simplify the regulation of conformational switching.
Yet many large viruses, such as the Reoviridae, appar-
ently assemble without a need for scaffolding proteins.
The Reoviridae, however, do assemble their complex
T = 13 shell onto a core template, which then effectively
functions as a scaffold for shell assembly [199]. On the
other hand, some quite simple viruses, like ¢X174,
where the T = 1 structure of shell requires no conforma-
tional variation to be generated, do require a scaffold.
(The scaffold is in this case strangely enough more
complex than the viral shell itself?)
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Internal scaffolding may be primarily required when a
large, hollow space needs to be constructed, either due
to structural limitations of the shell proteins or simply
to exclude other proteins from entering the unfinished
shell [16]. However, at least one virus even from the
classical group of scaffold-utilising dsDNA phages,
HK97, does not require a scaffolding protein [163].

In conclusion, one cannot find a single fundamental
characteristic that distinguishes scaffolding proteins
from other structural proteins. Perhaps it is most useful
to think of scaffolding proteins as just another struc-
tural protein, which is removed because there is a re-
quirement for releasing the binding sites for additional
proteins. Clearly, using scaffolding proteins offers an
additional level of control over the assembly pathway,
thus enabling the assembly of structures that would not
otherwise be possible. Whether this extra level of con-
trol is required will be dependent on a number of
factors, including the complexity of the system and the
properties of the structural proteins themselves.
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