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Many prokaryotic and eukaryotic double-stranded DNA viruses use a
scaffolding protein to assemble their capsid. Assembly of the double-
stranded DNA bacteriophage P22 procapsids requires the interaction of 415
molecules of coat protein and 60-300 molecules of scaffolding protein.
Although the 303-amino-acid scaffolding protein is essential for proper
assembly of procapsids, little is known about its structure beyond an NMR
structure of the extreme C-terminus, which is known to interact with coat
protein. Deletion mutagenesis indicates that other regions of scaffolding
protein are involved in interactions with coat protein and other capsid
proteins. Single-cysteine and double-cysteine variants of scaffolding protein
were generated for use in fluorescence resonance energy transfer and cross-
linking experiments designed to probe the conformation of scaffolding
protein in solution and within procapsids. We showed that the N-terminus
and the C-terminus are proximate in solution, and that the middle of the
protein is near the N-terminus but not accessible to the C-terminus. In
procapsids, the N-terminus was no longer accessible to the C-terminus,
indicating that there is a conformational change in scaffolding protein upon
assembly. In addition, our data are consistent with a model where
scaffolding protein dimers are positioned parallel with one another with
the associated C-termini.

© 2011 Elsevier Ltd. All rights reserved.

Introduction

Scaffolding proteins are required by numerous
double-stranded DNA (dsDNA) icosahedral viruses
to catalyze the proper assembly of their transient
precursor capsid, known as procapsid. These
viruses use either an internal scaffolding protein,
an external scaffolding protein, or both to assemble

their procapsids. Some viruses recycle the scaffold-
ing proteins for further rounds of assembly, while
others enzymatically degrade them upon DNA
packaging.!3 It is clear from studies of many viruses
that scaffolding proteins are indispensable for
proper assembly, and yet there is no clear structural
understanding of their fundamental function.
Bacteriophage P22 provides a paradigm for the
assembly of dsDNA viruses. The in vivo morpho-
genic pathway of the T=7 Salmonella bacteriophage
P22 involves the coassembly of 415 molecules of
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monomeric coat protein with 60-300 molecules of an
internal scaffolding protein, as well as some minor
injection proteins and the portal protein complex
(which occupies one of the 5-fold vertices), to form a
procapsid.*> P22 scaffolding protein is known to
direct procapsid assembly. Without scaffolding
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protein, high concentrations of coat protein will
assemble into aberrant forms: T=4 empty procap-
sids and spiral structures. The spiral structures
appear to have their 5-fold and 6-fold vertices
located inappropriately, so that closed procapsid
structures do not form.%” Scaffolding protein is also
responsible for the mcorporatlon of ejection proteins
and the portal complex.® dsDNA is actively pack-
aged 1nto procapsids through the unique portal
vertex.” Concomitant with DNA packaging, scaf-
folding protein exits from immature capsids to take
part in additional rounds of assembly, and the
capsids expand to form mature virions.”'" In the
processes of the folding and assembly of P22
procapsid proteins, none is covalently modified or
proteolyzed. Nevertheless, the structure of the
procapsid examined by cryo electron microscopy
reveals that coat protein subunits are found in seven
qua51—equlvalent Conformatlons six in hexons and
one in pentons.'”"" Thus, during assembly, coat
protein monomers must be ‘switched” into the
necessary conformations to produce a closed icosa-
hedral procapsid. Scaffolding protein has been
suggested to control the proper switching of capsid
proteins. !> How conformational switching occurs
and is controlled by scaffolding proteins during
assembly for any icosahedral virus is not under-
stood. In vitro, 420 copies of coat protein and ~300
copies of scaffolding protein assemble into a
procapsid-like particle that has the same size and
general morphology of in vivo assembled procap-
sids, although without the portal complex or minor
proteins. 1314

P22 scaffolding protein is composed of 303
residues, and its functional domains have been
mapped through mutagenesis studies. The C-termi-
nus has been identified as the coat- b1nd1ng
domain."”"” Residues 280-294 are the minimum
residues required for coat binding and are highly
negatively charged The N-terminus is postulated
to be involved in the autoregulation of scaffolding
protein gene expression through interaction with its
own mRNA.22 The N-terminus might also func-
tion as the signaling domain to control scaffolding
protein exit during DNA packaging because
N-terminal deletion mutants of scaffolding protein
are unable to leave the procapsids upon initiation of
DNA packaging.'® Based on functional studies, P22
scaffolding protein is thought to be generally
U-shaped, with the N-terminus and the C-terminus
positioned in an anti-parallel fashion.'® Biophysical
studies of P22 scaffolding protein show that it is an
elongated ellipsoid that is mainly composed of

a-helices connected by unstructured reglons23 24
(22 A in diameterx247 A in length) It exists
in a monomer-dimer—tetramer equilibrium in
solution, but the monomers and dimers are
proposed to be the spec1es actively involved in
procapsid assembly.” Internal scaffolding proteins

from other viruses such as lambda, T4, and SPP1
are also elongated helical ellipsoids with flexible
domains.***®

Phi29 scaffolding protein, which is 100 residues in
length, is a dimeric and elongated a-helical structure
composed of a four-helical bundle with coiled coil
tails at the N-terminus.”” The NMR structure of the
minimal coat-binding domain at the C-terminus of
P22's scaffolding protein also contalns a hehx—turn—
helix similar to phi29's N-terminus.’** However,
acquiring a high-resolution structure of the P22
scaffolding protein has remained a challenge, likely
due to its inherent flexibility and multiple oligomeric
states. The arrangement of the scaffolding protein
inside procapsids is still ambiguous. Attempts to
study scaffolding protein inside the procapsids of
other dsDNA viruses such as T7 and phi29 have only
shown possible network arrangements of inner
scaffolding proteins.”*** Cryo electron microscopy
studies on P22 that 1mposed icosahedral symmetry
on the reconstructions have not been able to visualize
the entire length of scaffolding protein, suggestlng a
nonicosahedral order inside the procapsids.'’ A
22-A cryo electron microscopy difference map of
procapsids with and without scaffolding protein
revealed that the scaffolding protein C-terminus
interacts with coat protein trimer tips and is
arranged with a dlstance of 50 A between adjacent
scaffolding proteins.®* A recent reconstruction of P22
procapsids with no symmetry imposed confirms the
electrostatic interaction between the C-terminus of
scaffolding protein and the N-terminal arm of coat
protein. The reconstruction also indicates a second
site for the interaction of the scaffolding proteln
C-terminus with the A-loop of the coat protein.®
In total, this reconstruction indicated that each
coat protein has an associated scaffolding protein.

In this study, we have investigated the general
conformation and fold of scaffolding protein in
solution, as well as inside procapsids, to increase our
understanding of the ability of this protein to direct
the assembly of procapsids through the use of
fluorescence resonance energy transfer (FRET) and
cross-linking. The orientation of the full-length
scaffolding protein inside procapsids was also
examined by cross-linking. We show that scaffold-
ing protein has a significantly more complex fold
than phi29's scaffolding protein and undergoes
conformational changes when bound to the interior
of procapsids. We also present evidence that
scaffolding proteins are more closely associated
inside procapsids than previously suggested.

Results

As noted above, the P22 scaffolding protein is one
of the best-characterized scaffolding proteins of
dsDNA bacteriophages and viruses. Nevertheless,
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