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CHAPTER 1

Viral Genome Packaging Machines:
An Overview

Carlos Enrique Catalano

All viruses are, of course, obligate intracellular parasites and require an appropriate

host in which to develop and multiply. They have evolved a variety of strategies to
infect a host cell and to usurp the cellular machinery to manufacture the components required
to construct a virion. These precursors are then assembled into an infectious virus particle
within the cell.

Virus assembly is a complex process that requires the temporal and coordinated activities
of numerous proteins of both viral and host origin. Assembly pathways vary among the virus
types, but common features are observed within certain groups. For instance, double-stranded
DNA (dsDNA) viruses include the poxviruses, adenovirus, the herpesvirus groups, and many
of the bacteriophages. Despite their obvious differences, common development pathways exist
among these viruses, as follows. Infection of the host cell ultimately leads to the synthesis of
capsid proteins that are assembled into “procapsid” structures. Concurrently, viral DNA is
replicated producing numerous copies of the viral genome. The assembly of an infectious virus
requires that a single genome be “packaged” into the restricted confines of an empty procapsid.
This extraordinary process represents the intersection of the capsid and DNA synthetic path-
ways, and is an essential step in virus assembly.

This book focuses on the process of viral genome packaging. Chapters 2 through 6 de-
scribe our current understanding of genome packaging in bacteriophages A (Catalano and
Feiss), T4 (Black and Rao), T7 (Serwer), P22 (Casjens and Weigele) and SPP1 (Droge and
Tavares). These chapters reveal common mechanisms for DNA packaging among the phage
and establish the basic genetic and biochemical rules for the process. In these cases, viral DNA
is replicated as linear concatemers of the viral genome. The assembly of an infectious virus
requires that individual genomes be cut from the concatemer and concurrently packaged into
an empty procapsid, much as one might cut an individual doll from a paper chain and package
it into a box. Terminase enzymes are common to these viruses and play a direct role in genome
packaging. All of the characterized terminase enzymes are composed of small (18-21 kDa) and
large (49-72 kDa) subunits, and the functional holoenzyme is an oligomer of these subunits.

Packaging of viral DNA begins with specific binding of the terminase proteins to a pack-
aging initiation site on the viral DNA concatemer (pac, Fig. 1). Specific recognition of viral
DNA is mediated by the small terminase subunits. Once assembled, a nuclease activity cen-
tered in the large subunit cuts the duplex, thus forming a mature genome end in preparation

for DNA packaging. This nucleoprotein complex then binds to a doughnut-shaped portal

ﬁ virus particle is a marvel of nawure, designed to replicate with a minimal genetic repertoire.

Viral Genome Packaging Machines: Genetics, Structure, and Mechanism, edited by
Carlos Enrique Catalano. ©2005 Eurekah.com and Kluwer Academic/Plenum Publishers.
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Figure 1. Generalized scheme for genome packaging in double-stranded DNA viruses. A viral genome
concatemer is shown as a thick black line with repeated pac sites depicted as red dots. The terminase enzyme
(blue oval) specifically binds to a pac site and cuts the duplex to generate a mature genome end in preparation
for packaging (1). The terminase proteins bind to portal proteins located at a unique vertex in a procapsid
(cyan sphere with portal shown in purple) (2). This interaction forms the packaging motor that translocates
DNA into the capsid, fueled by ATP hydrolysis; DNA packaging triggers capsid expansion (3). Once the
entire genome has been inserted into the capsid, terminase again cuts the duplex to complete the packaging
process (4). Addition of “finishing” proteins, and a tail in the case of bacteriophages, complete the assembly
of an infectious virus (5). The terminase¢concatemer complex binds another procapsid to initiate a second
round of packaging (6). A color version of this figure is available online at http://www.Eurekah.com.

complex that resides at a unique vertex in the procapsid shell. The portal forms a hole through
which DNA enters the capsid during packaging; while derails of the interaction remain ob-
scure, it is likely that a combination of the terminase proteins and the portal proteins make up
a DNA packaging motor that actively translocates viral DNA into the interior of the capsid.
Packaging activity resides in the large terminase subunits and is fueled by ATP hydrolysis.

In many viruses, DNA packaging triggers procapsid expansion. This is a remarkable pro-
cess where the roughly spherical procapsid undergoes an expansion step that increases the inner
capsid volume and yields a more angularized capsid structure. Expansion requires significant
reorganization of the capsid proteins and is typically followed by the addition of “stabilization”
proteins to the capsid surface, or physical cross-linking of the capsid proteins to provide en-
hanced structural integrity.

The translocating motor ultimately fills the capsid with DNA, packaging a single viral
genome condensed to near liquid crystalline density. This represents an energetically demand-
ing process, and the DNA packaging motor is among the most powerful biological motors thus
far characterized. Upon packaging a complete genome, terminase again cuts the duplex,
which separates the DNA-filled capsid from the terminase*concatemer complex. The mecha-
nism regulating this terminal cleavage event is unclear, bur there is a universal “head-full”
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Figure 2. Genome packaging in bacteriophage $29. Viral DNA is replicated as a monomer using a protein
primed mechanism. The monomeric genome is shown as a thick black line, with terminal proteins co-
valently attached to each end (red dots). The terminal protein associates with the “packaging ATPase”,
shown as a blue oval (1). This complex binds to the portal proteins to complete the packaging motor (2).
The motor translocates DNA into the capsid, powered by the hydrolysis of ATP (3). A unique feature of
$29 is the requirement for portal-associated RNA molecules in the packaging motor (not shown). A color
version of this figure is available online at http://www.Eurekah.com.

component. That is, the nuclease activity of the terminase large subunit is in some way acti-
vated once the capsid is filled to capacity. Addition of “finishing” proteins and a viral tail
completes the assembly of an infectious virus. The terminase*concatemer complex (described
above) binds a second procapsid to initiate a second round of DNA packaging (Fig. 1). Thus,
DNA packaging is a processive process, with multiple genomes in the concatemer packaged
per DNA binding event.

Not unexpectedly, the details of DNA packaging vary with each virus; however, the simi-
larities are striking and indicate a common strategy. Indeed, this strategy may be universal and
traverse the prokaryotic-eukaryotic boundary. The herpesviruses are large eukaryotic dsSDNA
viruses that encompass many human and animal pathogens. Despite the obvious differences
between herpesviruses and bacteriophages, common developmental pathways exist, especially
as it relates to DNA packaging mechanisms. Bains and Weller describe our current understand-
ing of herpesvirus genome packaging in chapter nine of this book.

An interesting variation on this general packaging strategy is found in bacteriophage
029, which is described by Anderson and Grimes in Chapter 7 of this book. Unlike the
phage described above, 29 replicates its genome as a monomer. This is accomplished
through a protein-primed DNA replication mechanism, which yields individual genomes
with a terminal protein covalently attached to the 5' ends of the duplex (Fig. 2). Genome
packaging requires a “packaging ATPase” protein that associates with the terminal protein.
This enzyme also binds to the $29 portal complex to complete the packaging motor. De-
spite the apparent difference, this mechanism is quite similar to the general packaging
strategy, as follows. The small terminase subunits described above provide specific recogni-
tion of viral DNA, while the large subunits possess the ATP-powered packaging activity. In
the case of $29, the terminal protein (30 kDa) is strictly required for genome packaging
and may be viewed as a small terminase subunit. Further, the packaging ATPase of $29 is
analogous to the large subunits found in the conventional terminase holoenzymes of A,
T4, etc. The general strategy for genome packaging is thus retained in ¢$29 despite the
apparent divergence from the conventional model. Here too, packaging strategies may
traverse the prokaryotic-eukaryotic boundary, as packaging in adenovirus may be analo-
gous to that of $29.
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The majority of this book examines genome packaging in the dsDNA viruses. In reading
these chapters, it becomes apparent that the basic mechanisms of energy transduction linked to
DNA translocation are quite similar. This conceptual model is not limited to DNA packaging
machines, however. The mechanism of genome packaging in ¢6, a double-stranded RNA vi-
rus, is reviewed in Chapter 8 of this book (Poranen, Pirttimaa and Bamford). In this virus, a
ring-shaped N'TPase located at a procapsid vertex is responsible for packaging each of three
dsRNA segments into the interior of a preformed ¢6 procapsid. In a twist from the dsDNA
viruses, this motor is also responsible for extrusion of newly synthesized message RNAs from
the capsid upon the next round of infection. Importantly, the prokaryotic RNA packaging
system shows functional similarity to the eukaryotic reoviruses, and again suggests that a gen-
eral packaging mechanism traverses prokaryotic-eukaryotic boundaries. It is further clear that
the ¢6 packaging and replication machinery share many of the features common to the dsDNA
packaging motors.

A coherent mechanistic model for any complex biological process requires (i) a descrip-
tion of the macromolecules involved, (ii) a detailed understanding of how these molecules
interact in the formation of larger biological structures, (iii) a description of the catalytic activi-
ties associated with these complexes, and (iv) an accounting of the processes that link catalytic
activity to structure and function. Genome packaging is a crucial step in virus assembly in a
number of prokaryotic and eukaryotic viruses. The molecular motors responsible for this pro-
cess show mechanistic similarity in viruses as distinct as bacteriophage A, herpes virus and the
dsRNA bacteriophage ¢6. The chapters in this book provide a detailed summary of our current
state of knowledge of the genetics, biochemistry and structure of these fascinating motors. The
recent emergence of “new” viral scourges responsible for diseases such as SARS, West Nile
fever, etc., and the increasing threat of biological weapons underscore the need to understand
virus development at the most basic biological level. We hope that this book provides the
experimental background and a philosophical roadmap towards this goal.



CHAPTER 2

Bacteriophage Lambda
Terminase and the Mechanism

of Viral DNA Packaging

Michael Feiss and Carlos Enrique Catalano

Abstract

he developmental pathways of many double-stranded DNA (dsDNA) viruses, both

prokaryotic and eukaryotic, are remarkably similar. In viruses as diverse as bacteriophage

A and the herpesviruses, DNA replication proceeds through a rolling circle mechanism
where the circular genome serves as a template for the synthesis of linear concatemers multiple
genomes in length. Concurrently, viral gene expression produces structural proteins, which
self-assemble into procapsids and, in the case of the bacteriophage, tails necessary to assemble
an infectious virion. Virus assembly requires that monomeric virion DNA molecules be pro-
duced from concatemers during packaging of the DNA into a procapsid. Thus, packaging
represents the convergence of the DNA replication and capsid shell assembly pathways. Ge-
nome packaging in bacteriophage A has been extensively studied and this system has been used
as a paradigm for virus assembly. Here we summarize current knowledge, present a working
model, and indicate issues worthy of furcher investigation.

Bacteriophage Lambda Infection and DNA Replication

A A virion consists of 2 48.5 kb dsDNA genome tightly packaged within an icosahedral
protein shell and a tail, which serves to deliver the linear genome through the cell envelope into
the cytoplasm of an Escherichia coli cell. Virus infection initiates with adsorption of the virus
particle to the surface of a cell; this interaction is mediated by the gp]* protein of the viral tail
and the LamB maltodextrin porin protein of the cell (Fig. 1A).! A partially understood series of
events ultimately leads to “injection” of the genome into the cytoplasm. The linear genome
immediately circularizes via 12-base, complementary “sticky” ends and the nicks are sealed by
host ligase yielding a circular duplex. The annealed sticky ends form one subsite of cos, the
cohesive end site of the A genome.

#Proteins expressed from lambda genes are prefaced with a “gp”, for gene product. For instance, the protein
products of the /, Nul, and A genes are gp], gpNul, and gpA, respectively.

Viral Genome Packaging Machines: Genetics, Structure, and Mechanism, edited by
Catlos Enrique Catalano. ©2005 Eurekah.com and Kluwer Academic/Plenum Publishers.
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Table 1. Genes and proteins involved in lambda assembly

Gene/Sequence  Gene Product Function

b gpB Portal protein

c gpC Protease

nu3 gpNu3 Capsid scaffold

e gpE Major capsid protein

Fl gpFI Assembly catalyst

CE pX1 gpC-gpE fusion protein, portal

CE pX2 gpC-gpE fusion protein, portal

Dy - The left end of a mature A genome

Drg - The right end of a mature A genome

cos - DNA sequences required for A DNA recognition, processing,
and packaging into the capsid shell

cosN - The cos subsite where duplex nicking occurs

cosNL - The left cosN half-site

cosNR - The right cosN half-site

cosB - gpNul binding site for initiation of A DNA packaging

cosQ - The cos subsite required for termination of A DNA packaging

Nut gpNul The A terminase small subunit

A gPA The A terminase large subunit

himA, hip IHF E. coli site specific DNA bending protein

hupA,B HU E. coli histone-like protein

Bacteriophage A is a temperate phage, which means that the virus may enter either of two
infection pathways. The decision of which pathway to enter depends on the physiology of the
host cell and the multiplicity of infection. In the lysogenic pathway, lytic genes are repressed
and the viral chromosome integrates into the host chromosome by site-specific recombination,
forming a repressed prophage. Lysogeny has been extensively described®# and will not be con-
sidered here. The second fate is the lytic pathway.” In this case, the lambda O and P genes are
expressed, yielding replication proteins that initiate viral DNA synthesis at o74. Initially, DNA
synthesis by E. coli DNA polymerase III follows a classical © replication mechanism where
bidirectional replication forks synthesize daughter circles (Fig. 1A). Later during infection, a
rolling circle mechanism (0 replication) predominates, which produces linear end-to-end poly-
mers of A chromosomes, called concatemers. Circular concatemers are also produced by re-
combination between circular molecules, but linear concatemeric DNA is the major substrate
for the assembly of infectious virions.
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Figure 1. Developmental pathway for bacteriophage lambda. Panel A: Infection of an E. coli cell and replication
of viral DNA. Infection initiates with adsorption of the virus to the cell surface (1) followed by “injection” of viral
DNA into the cytosol of the host cell (2). By convention, the left and right ends of the genome are demarcated
by the A and R genes, respectively. The linear genome circularizes via the 12-base single-stranded cohesive ends
(red dots) and the nicks are sealed by host ligase (3). DNA replication initially proceeds via a bi-directional (©)
replication mechanism yielding daughter circles (4). At later times, DNA is replicated via a rolling circle ()
mechanism that producesend-to-end concatemersof the viral genome (5). The duplicated cossites in concatemeric
DNA are indicated with red dots. Circular concatemers are also produced via recombination (6). Transcription
and translation of the viral genome (7) yields structural proteins required to assemble an infectious virus.
Panel B: Processingand packaging of viral DNA into a procapsid, and tail attachment toyield an infectious virion.
The terminase enzyme (blue oval) binds to a cos site in the concatemer (1). The holoenzyme nicks the duplex
and separates the strands to “mature” the genome end for packaging (initial cos-cleavage) (2). Strand separation
requires ATP hydrolysis. The binary terminase?DNA complex binds to a procapsid (cyan sphere) (3) which
activates a packaging ATPase activity and translocation of DNA into the capsid (4). DNA packaging promotes
capsid expansion, which increases the volume of the capsid and increase angularization of the capsid. The
translocating terminase complexstops at the downstream cossite and again nicks the duplex (terminal cos-cleavage)
to complete the packaging process. Strand separation releases the DNA-filled capsid (5) and tail attachment
completes the virion (6). A color version of this figure is available online at hetp://www.Eurekah.com.
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recruits a procapsid, sponsors insertion of the DNA into the procapsid, and finally cuts the end
of the genome to complete the packaging process (Fig. 1B). As with other terminase enzymes, A
terminase is a heteroligomer composed of small (gpNu1) and large (gpA) subunits (see Fig. 3).
GpA carries the DNA cutting activity required to initiate and terminate DNA packaging. This
is accomplished through a site-specific endonuclease activity that introduces nicks into cos that
are staggered by 12 bp. GpA also has a so-called “helicase” activity that separates the nicked
strands thus generating the single-stranded “sticky” ends of the mature genome. The gpA sub-
unit further contains a putative DNA translocase activity that is responsible for active DNA
packaging, and an ATPase activity that powers translocation. While the large terminase subunit
possesses all of the catalytic activities required to cut and package the viral genome, gpA alone
exhibits low catalytic activity.5'° The gpNul subunit specifically recognizes cos, and is respon-
sible for the assembly and stability of the packaging machinery. The biological activities of A
terminase are discussed in detail below.

In summary, the packaging pathway entails terminase assembly at a cos site in the concatemer
and cutting of the duplex (the initial cos cleavage reaction), which yields the mature left end of
the genome to be packaged. Upon binding a procapsid, the packaging machinery translocates
DNA into the capsid through a capsid structure known as the portal vertex (active DNA pack-
aging). Upon arrival at the next downstream cos site in the concatemer, the packaging machin-
ery stops and terminase again cuts the duplex generating the mature right end of the genome
(the terminal cos cleavage reaction); this process yields a single viral genome tightly packaged
within the confines of the capsid as described in Figure 1B.

Bacteriophage A cos: A Multipartite Assembly Site

cos

The cos site is 2 =200 bp long segment that is required to both initiate and terminate the
packaging of a monomeric genome from concatemeric DNA. The site where terminase incro-
duces staggered nicks to generate the cohesive ends is called cosV (Fig. 2). Early during the
study of A, it was thought that cosV was both necessary and sufficient for DNA packaging.
Later studies showed, however, that cos is complex and consists of three and perhaps four
distinct subsites.''!> Both initiation and termination of packaging require duplex nicking at
the cos site; additionally, efficient initiation requires the presence of the cosB subsite, which is
directly downstream from cosV. Conversely, efficient termination requires the presence of cosQ,
a subsite that is located upstream of cosN (Fig. 2).1¢ The 12 sequence is located between cosN
and cosB, and also plays a distinct role in efficient DNA packaging.!' Thus, the complete cos
sequence consists of several subsites, each of which plays a specific role in the recognition,
processing, and packaging of viral DNA. Each of these subsites is discussed in detail below.

cosN

The terminase enzyme introduces nicks into the duplex at the cosNV site to generate the
cohesive ends of mature virion DNA. Many of the base pairs (bp) within cosV show two-fold
rotational symmetry, which extends over 22 bp if one includes purine-purine and
pyrimidine-pyrimidine symmetry (Fig. 2); this has been used as evidence that a symmetrically
disposed enzyme complex (i.e., a gpA dimer) is responsible for duplex nicking. This argument
is further supported by (i) analogies to the interactions of type II restriction endonucleases with
their palindromic recognition sequences, and (ii) the presence of a leucine-zipper motif in the
primary sequence of gpA.'” We presume here that a gpA dimer is responsible for symmetric
duplex nicking at cosiV.
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Figure 2. The cos region of a lambda concatemer. Upper panel: The cosQ, cosN and cosB subsites within a
cos site in concatemeric DNA. The cosB subsite is composed of the I1 and R-elements, as indicated. The I2
region lies between cosiVand the R3 element. Middle panel: The nudleotide sequence of cosV, with the cosINL
and cosNR half-sites indicated. The center of symmetry of cos/V is indicated with a dot. Terminase normally
nicks the duplex at N; and N sites indicated with arrows. In the absence of ATP, terminase incorrectly nicks
the duplex at N, and/or N, sites. Lower panel: Strand separation by terminase yields the matured Dy and
Dy ends of the lambda genome, as shown.

cosB

Terminase nicking of an isolated cosVsite is error-prone, and the overall rate of nicking is
slow.'®1% The presence of cosB and the 12 element (discussed below) is required for efficient
and accurate duplex nicking. The cosB subsite contains three 16 bp R elements that are specifi-
cally recognized by gpNul (Fig. 2);!%334355 specific cosB-gpNul interactions are likely re-
quired to properly position a gpA dimer at cosN for the initial cos cleavage event.'®!? The cosB
subsite also contains a consensus sequence for Escherichia coli integration host factor (IHF).
This I1 site introduces an intrinsic bend into the duplex, and is also specifically recognized by
THE2%2! The role of THF in DNA packaging and virus assembly is discussed more fully below.

cosQ

This seven base pair subsite is located 17 bp upstream of cosV (Fig. 2), and is essential for
proper termination of the packaging reaction.!®?%%> Severe cosQ mutations do not signifi-
cantly affect the initial cos cleavage reaction, but abolish nicking of the bottom strand at the
terminal cos site. Moreover, packaging is not arrested in the absence of cosQ, and additional
DNA, including the downstream cos, is packaged until the capsid shell is filled to capacity.?®
This suggests that cosQ is required to stop the packaging machinery for appropriate cleavage at
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Figure 3. Domain organization of the terminase gpNul and gpA subunits. Upper panel shows gpNul.
wHTH indicates the winged helix-turn-helix motif. Lower panel shows gpA. In both panels, sites co-
valently modified with 8-azido ATP are indicated with asterisks, and specific proteolysis sites are indicated
with arrows, respectively. Details are presented in the text.

the terminal cosV site; however, cosQ alone is incapable of arresting DNA packaging. Rather,
¢osQ acts in concert with cosV and 12 to promote efficient termination.

The 2 subsite, originally identified by sequence homology to the IHF binding site con-
sensus sequence, is located between cosV and cosB (Fig. 2). 12 is not a functional IHF binding
site, however, as evidenced from mutagenesis studies,”’ sequence information content analy-
sis”® and direct IHF-DNA binding studies.”” Nevertheless, the 12 region appears to play a role
in both initial and terminal cos-cleavage events as follows.> (i) Mutation of individual bases
within the 12 site does not affect the initial cos-cleavage reaction, while small deletions reduce
nicking accuracy in vitro and packaging initiation in vivo.””*® Based on these data, it was
proposed that the role of I2 in the initial cos cleavage reaction may be to simply provide the
proper spacing between the cosIV and cosB subsites.?”>° (ii) The role of 12 in the late steps of
DNA packaging is more interesting. While the cosB sequence is not required for the terminal
cos-cleavage reaction, efficient nicking of a downstream cosN'site requires the 12 region.!" More-
over, it has recently been found that replacing the 12 sequence with a randomized sequence that
preserves the cosN-cosB spacing is profoundly lethal (B. Charbonneau and M. Feiss, unpub-
lished). Thus, the I2 sequence serves a specific role in terminating the packaging reaction. In
other words, cosQ and cos/V alone are insufficient for terminal cos cleavage, and efficient termi-
nation requires that the entire cosQ-cosIN-12 segment be present.

We note that terminase remains bound to the concatemer after the DNA-filled capsid has
been released (see Fig. 1B). This binary enzyme-DNA complex binds an empty procapsid to

YThe 12 element is not a functional IHF binding site bur this segment nevertheless plays a role in genome
packaging. Here we refer to the region between cosV and cosB, namely bp 18 to 49, as the 12 subsite for
historical reasons.
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initiate a second round of packaging, and terminase thus packages successive genomes in the
concatemer in a processive manner. While the terminal cos-cleavage reaction requires only the
12 element, processive packaging requires that the cosB subsite also be present.!!

Components of the Packaging Machinery

As discussed above, terminase enzymes form an integral part of the DNA packaging motor in
a variety of dsDNA viruses. A terminase is a heteromultimer of gpNu1 and gpA subunits. Terminase
holoenzyme possesses a gpA;*gpNul; subunit stoichiometry;®' however, the terminase subunit
composition may vary along the packaging pathway (vide infra). Here we discuss the structure,
catalytic activities, and function of the individual subunits, and the holoenzyme complex.

gpNul

The phage A small terminase subunit (181 amino acids) is responsible for the assembly of
the packaging machinery, and for the stability of the packaging initiation complexes.>* gpNul
assembles at cosB, and direct interactions with the three R-elements have been demonstrated by
DNase protection assays.>> ATP increases gpNul binding to cos containing DNA substrates
without affecting nonspecific DNA binding (M. Ortega and C.E. Catalano, unpublished).
Nucleotides do not affect the DNase protection pattern, however.>> While the isolated subunit
can bind ATP, significant hydrolysis by gpNul is observed only in the context of the holoen-
zyme (H. Gaussier and C.E. Caralano, unpublished).®>*

Structural and Functional Domains

A domain organization of gpNul was demonstrated using chimeric constructs of phage A
and the closely related phage 21. The capsid genes of phages A and 21 descend from a common
ancestor and are of similar size, function and genetic structure.’>% Furthermore, the A and 21
terminase genes share about 60% sequence identity. Despite sequence homology, the A and 21
gene products are not interchangeable due to divergent interaction specificities.”” In other
words, A terminase packages A DNA specifically into A procapsids, while phage 21 terminase
specifically utilizes phage 21 procapsids. Viable A-21 constructs contained chimeric terminase
genes and were used to show the locations of specificity domains.*®“° These studies show that
the N-terminal half of gpNul conuains the cosB binding determinant, while the C-terminal
half interacts with gpA (see Fig. 3).%

More recent biochemical and genetic studies have defined three structural and functional
domains in gpNul, as described in Figure 3. The C-terminal 40 amino acids of the protein are
required for efficient gpA-binding interactions and holoenzyme formation.*"#? This region of
the protein may further play a role in discrimination between cos conraining and nonspecific
DNA substrates.?? Residues Lys100 — Pro140 define a hydrophobic domain that is required for
high-affinity DNA binding interactions; deletion of this self-association domain decreases DNA
binding interactions by three orders of magnitude.**2 This region of the protein is also respon-
sible for the observed aggregation of the protein in solution. The N-terminal 55 residues of
gpNul define the minimal DNA binding domain of the protein.*'*3 Biochemical and biophysi-
cal studies suggest that residues Ala55 ~ Lys100 form an extended helix connecting the DNA
binding domain and the self-association domain of the protein. It has been proposed that this
helix forms a flexible linker between the two domains that alternately plays a role in (i) coopera-
tive gpNul binding interactions at cosB and (ii) cooperative assembly of gpA at the cosN subsite.*4

The Three Dimensional Structure of gpNul

A high-resolution NMR solution structure for the gpNul DNA binding domain
(gpNul-DBD) has recently been solved (see Fig. 4A).®3 The structure, combined with
NMR-monitored titration studies and genetic experiments, confirm sequence analysis predictions
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Figure 4. Structure of gpNu1-DBD and model for cooperative gpNul-IHF DNA binding. Panel A: The
High Resolution Structure of the DNA Binding Domain of gpNul (gpNul-DBD). The average of the
20 lowest energy structures obtained from NMR is shown in ribbon representation. The winged HTH
motif is made up of wing residues (W1, blue), helix 0tA (yellow) and the recognition helix 0B (red). Panel
B: Cartoon describing cooperative assembly of gpNul and THF at cosB. The gpNul dimer (blue) binds
to two R-elements (R3 and R2) spatially separated in the duplex. Duplex bending is supported by I[HF
(purple) binding to the I1 element. Panel C: Molecular model showing cooperative binding of gpNul
and IHE. The R-elements in the DNA duplex are colored green/yellow. The o and B subunits of IHF,
bound at I1, are colored blue/cyan. The gpNul dimer subunits are colored blue/cyan, with wing and
recognition helices colored purple and red, respectively. Note that wing residues are positioned to directly
interact with bases in the minor groove of the duplex. Reproduced from reference 43, with permission.
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that DNA binding is mediated by a helix-turn-helix (HTH) DNA binding motif in this region of
the protein (residues Lys5 — Glu24).%>7 Consistently, substituting the recognition helix from the
small subunit of phage 21 terminase into gpNul created a chimeric terminase specific for packag-
ing of 21 DNA. Structural analysis of gpNul-DBD further classified the motif as a winged
helix-turn-helix (WHTH) DNA binding motif. The wHTH is present in a diverse family of DNA
binding proteins, including rat hepatocyte nuclear factor-3,® Drosaphila homeotic fork-head pro-
tein,* the bacterial OmpR response regulator protein,”® and the phage Mu C repressor and
transposase proteins.’!”>? These proteins bind DNA utilizing classical HTH-major groove bind-
ing interactions, with additional affinity and/or specificity modulated by interactions between
wing residues and the minor groove of DNA.>?

Cooperative gpNul DNA Binding to cosB

Based on similarities to the phage A repressor-operator system,’” it was initially proposed
that gpNul dimers cooperatively assemble at the three R-elements of cosB.>> Biophysical and
structural analysis of gpNul confirm that the DBD is indeed a dimer;*>** however, the NMR
structure of gpNul-DBD reveals that the dimer possesses C2 symmetry in which the wHTH
motifs face away from each other, frustrating a simple model for DNA binding. Based on the
solution structure for gpNul-DBD and the organization of cosB, a second model for gpNul
assembly is proposed in Figure 4B. Importantly, this model accommodates the observed effects
of IHF on lambda development, which are detailed below.

54

Escherichia coli Integration Host Factor (IHF)

IHEF is a site-specific DNA binding protein that introduces a =180° bend into duplex
DNA.>*57 THF often exerts its biological effect by forming nucleoprotein complexes that are
conducive to the assembly of other DNA binding proteins at that site;>® direct IHF-protein
interactions in these higher-order complexes have not been demonstrated. IHF modulates A
development in vivo, with virus yields lowered 3 to 4-fold in its absence®.**> Importantly, in
vitro DNA packaging is also lowered =4-fold in the absence of IHE®S! consistent with a
direct role for the host factor in virus assembly. An IHF consensus sequence, 11, has been
identified between R3 and R2 in cos and direct IHF-I1 binding interactions have been demon-
strated (Fig. 4B) 20:56,59 '

Genetic and mutagenesis studies show that any of a number of mutations affecting the
R-elements of cosB renders the virus IHF-dependent for growth,5? and a direct role for IHF in
gpNul assembly at cosB has been implicated.®*%* It is presumed that cooperative assembly of
gpNul at cosB is efficient under normal conditions, and IHF plays a supportive role only;
however, when gpNul-DNA interactions are attenuated (i.e., by mutation), gpNul assembly
requires addirional interactions, presumably provided by structural alterations in the DNA
induced by IHE

Model for an IHF-gpNul Nucleoprotein Complex

The high-resolution structure of gpNul-DBD, while initially perplexing, led to an attrac-
tive model that nicely accommodates both gpNul assembly at cosB, and the supportive role of
THF in virus assembly (Fig. 4B,C). In this model, IHF binding to I1 introduces a strong bend
in the duplex, which juxtaposes the R3 and R2 gpNul binding sites in the appropriate orien-
tation. A single gpNul dimer spans these two “half-sites” that are separated by 44 bp in the
duplex. This model predicts that both the DNA sequence (R-elements) and duplex structure

IHEF is not crucial for plaque formation in the laboratory. We recognize, however, that a A mutant unable
to utilize IHF would be at a disadvantage in the environment.
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(bend) are critical determinants to gpNul assembly. Importantly, an intrinsic bend is observed
at the I1 site,”%® which would promote gpNul binding in the absence of IHE. Mutation of an
R-element decreases intrinsic gpNul binding affinity, which places increased emphasis on the
bend; IHF binding provides the prerequisite DNA structure. While this model is fully consis-
tent with all of the genetic, biochemical, and structural darta available, it does not directly
address the role of the R1-element in gpNul assembly. Of note, however, is that this element is

dispensable in the presence of IHF in cultured 356264

gpA

The large terminase subunit is composed of 641 amino acids. Genetic and biochemical
studies have defined several functional domains of the protein, including an N-terminal do-
main responsible for gpNul interactions in the holoenzyme complex,***® and a C-terminal
domain responsible for procapsid binding during initiation of DNA packaging?-¥ (Fig, 3).
Other domains are described in detail below.

The Nuclease/Helicase Domain

The endonuclease activity of terminase is contained within the C-terminal half of gpA,
based on the results of random mutagenesis studies.!”*” Unexpectedly, further evidence for a
C-terminal nuclease domain in gpA comes from mutational analysis of the ATPase activity of
the enzyme, as follows. Walker and others have defined a common motif in a variety of ATP-
and GTP-binding proteins;®®® central to this motif is a phosphate-binding loop, or P-loop,
comprised of a number of glycine residues and a conserved lysine that is critical to NTP bind-
ing and/or hydrolysis (consensus, GXXGXGK[S/T]). Kinetic studies demonstrate that gpA
possesses ATPase activity,’%’? and primary sequence analysis indeed identified a P-loop se-
quence located between Gly491 - Lys497 of the protein.”! Mutagenesis studies sought to pro-
vide a link between this putative P-loop, the ATPase activity of gpA, and the packaging activity
of the holoenzyme; however, mutation of the “critical” lysine in the putative P-loop (Lys497)
did not significantly affect the ATPase or the packaging activities of terminase.”? Rather, these
mutations simultaneously abolished the endonuclease and helicase activities of gpA.”> The
data are consistent with genetic experiments demonstrating that both nuclease and helicase
activities localize to the C-terminal half of gpA, and further suggest that there is a structural
and functional overlap between the two catalytic activities. We note that the endonuclease and
helicase activities are stimulated and fueled, respectively, by ATP. We presume that a distinct
ATPase site is associated with these catalyric activities; however, direct evidence for an indepen-
dent nuclease/helicase ATPase site remains elusive.

The Translocase Domain

The DNA packaging activity that is required to translocate DNA into the procapsid is
located between residues Tyr46 to Asp349 of gpA (Fig. 3).”%”> This functional domain was
identified through the analysis of mutants that had defects in virus development, but that
retained normal endonuclease and helicase activities. All of these mutations are located in the
amino terminal 60% of gpA, and all possess post-cos cleavage defects® which may be grouped as
follows: (i) DNA packaging is completely deficient,”* (ii) DNA is slowly and/or only partially

4We recognize that the R1 element likely provides a competitive advantage to virus in the environment.
Indeed, studies suggest that the presence of R1 contributes about 5% of the yield of wild type lambda
growing in IHF* E. coli (Cue and Feiss. ] Mol Bio 1992a; 228:58-71).

“Post-cos cleavage defects are defined as those that do not affect duplex nicking or strand separation steps (i.e.,
cos cleavage), but that are defective in one or more aspects of the subsequent packaging of DNA into the capsid.
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packaged, or (iii) DNA is packaged but infections virion assembly does not occur. Importantly,
mutations that result in these post-cos cleavage defects are distinct from and do not overlap
with those that result in cos cleavage and helicase defects described above. The genetic results
thus indicate that two independent functional domains are responsible for (i) preparation of
the genome for packaging (nuclease/helicase domain) and (ii) active DNA packaging (translocase
domain) as illustrated in Figure 3.

The Self-Association Domain(s)

Itis presumed that rotationally symmetric gpA subunits bound to cos/V are responsible for
duplex nicking based, in part, on the two-fold rotational symmetry of the cos/V sequence (see
Fig. 2). This model requires that gpA self-associates, and the gpA sequence Leu560 - Asp620
bears strong sequence homology to the consensus basic leucine zipper (bZIP) DNA binding
motif'” which mediates protein dimerization linked to DNA binding.”® Consistently, muta-
tion of Glu586 to lysine (gpA-E586K) specifically inactivates the endonuclease activity of
terminase holoenzyme, presumably due to a defect in the assembly of a gpA dimer at cosV.

The Packaging ATPase

The failure of gpA “P-loop” mutations (i.e., Lys497 discussed above) to affect the ATPase
and packaging activities of the holoenzyme led to the search for the “packaging ATPase” site.
Photoaffinity labeling of terminase with 8-azidoATP identified gpA residues Tyr46 and Lys84
as being proximate to an ATP binding site,”” a location quite distant from the putative P-loop
centered at Lys497. Mutation of either Tyr46 or Lys84 strongly affects both ATPase and DNA
packaging activities of terminase holoenzyme, but does not significantly affect cos cleavage or
helicase activities.”>”” These data provide additional support for the domain organization of
gpA outlined in Figure 3, and further implicate Tyr46 and Lys84 as important residues associ-
ated with the packaging ATPase catalytic site.

The Packaging ATPase Is Conserved among Terminase Enzymes

The presence of an N-terminal packaging ATPase is consistent with comparative sequence
analysis of terminase enzymes from a variety of dsSDNA viruses.”® Conserved sequences are
observed in these viruses, and include the Walker A (P-loop) and B motifs, an adenine binding
motif, and a conserved glutamate presumed to provide the catalytic carboxylate for ATP hy-
drolysis. All of these motifs are found in the primary sequence of the A terminase gpA subunit.”
Interestingly, the two mutations that abrogate the ATPase and DNA packaging activities of A
terminase discussed above correspond to conserved motifs found in all of the terminase large
subunits: (i) Tyr46 is a strictly conserved residue found in the adenine binding mortif and (ii)
Lys84 immediately follows a conserved Walker A motif found in gpA. It has been proposed
that these motifs represent a conserved ATPase catalytic site that is directly associated with the
packaging acrivity of terminase enzymes (ibid). Rao and coworkers have demonstrated that
mutation of an N-terminal Walker A sequence of the large subunit of bacteriophage T4 terminase
abrogates the ATPase and DNA packaging activities of enzyme, without loss of DNA cutting
functions.” This is identical to the observed effects of Tyr46 and/or Lys84 mutations in gpA,
and the data are consistent with the notion of a conserved DNA packaging domain in the
N-terminus of all terminase large subunits.

Comparative sequence analysis of terminase enzymes has also revealed the presence of
“motif I1I” in the N-terminus of the large terminase subunits;’® residues Gly212-Thr214 rep-

fInitial sequence analysis of gpA revealed a putative P-loop sequence in the C-terminus of the protein,
centered about Lys497 as described above. Closer inspection reveals that gpA possesses a second, albeit
weaker, match to the P-loop consensus sequence in the N-terminus of the protein, positioned at Lys84.
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resent motif IIT in the A gpA protein (F1§ 3). This motif is a common feature found in the
ATPase domains of DEAD box helicases.8#! It has been postulated that motif 11 serves as part
of an ATP transducing switch that couples ATP hydrolysis to translocation in the DEAD box
helicases.®! The presence of a conserved motif II1 in the putative packaging domain of terminase
large subunits suggest that these residues may play a direct role in coupling ATP hydrolysis to
DNA translocation and packaging.

Terminase Holoenzyme

Lambda terminase is isolated as a heteromultimer with a subunit ratio of gpA;*gpNul 2.3
As oudined above, the holoenzyme possesses a site-specific endonuclease acrivity, a so-called
helicase activity, and a DNA packaging activity that act in concert to package viral DNA. The
holoenzyme also possesses multiple ATPase catalytic sites that play unique roles along the pack-
aging pathway. Each of these catalytic activities is discussed in turn below.

Nuclease Activity

While the isolated gpA subunit will cut a cos containing DNA substrate, this nuclease
activity is strongly stimulated by interactions with gpNu1.'® Kinetic data suggest that terminase
assembly at cos is the rate-limiting step in the cos cleavage reaction.'®®! Once assembled, gpA
subunits introduce symmetric nicks at the cosiV subsite, twelve base-pairs separated in the du-
plex (see Fig. 2). Assembly of the holoenzyme at cos occurs efficiently in the absence of metals,
but duplex nicking is strictly dependent on Mg?* (or Mn?*).?! Kinetic data further suggest that
two gpA molecules are required to nick the duplex, consistent with the assembly of a symmet-
ric gpA dimer at cosN.!

ATP modulates the nuclease activity of the holoenzyme in two important ways. First,
ATP strongly stimulates the rate of duplex nicking. It is noteworthy that 50 uM ATP is suffi-
cient to fully stimulate nuclease activity®” which is comparable to the K, for ATP hydrolysis by
the gpA subunit (K, = 5 tM).”%72 In contrast, millimolar concentrations of ATP are required
stimulate DNA binding by the holoenzyme (M. Ortega and C.E. Catalano, unpublished), a
value that is similar to the K7, for ATP hydrolysis by the gpNul subunit (K, = 0.5 mM in the
presence of DNA).5%¢770 Thuys, the data suggest that ATP plays distinct roles in both terminase
assembly at cos (mediated through the gpNul subunit) and stimulation of nuclease activity
(mediated through the gpA subunit). A second effect of ATP is the modulation of nuclease
fidelity; in the absence of ATP terminase incorrectly nicks the duplex, gredominantly generat-
ing a four base pair nick which is lethal to virus development (Fig. 2).° The effects of ATP on
gpA nuclease activity presumably arise from interactions with the C-terminal ATPase catalytic
site described above and illustrated in Figure 3.

Cooperative Assembly of Terminase at cos

A subtle interaction between gpNul assembly at cosB and gpA assembly at cosV has been
exposed through mutagenesis studies, as follows. Introduction of mutations into the right cos/V
half site (cosNR, Fig. 2) has little effect on the cos cleavage reaction in an otherwise wild-type
background.®’ Conversely, introduction of a symmetric mutation into the left cosV half site
{cosNL) has dramatic effects, significantly decreasing the rate of the cos cleavage reaction in
vitro® and virus yield in vivo.®* Introduction of secondary mutations in cosB, or complete
deletion of cosB removes this asymmetry, and cosNR and cosNL mutations have identical
effects. These data suggest that intrinsic DNA binding interactions between gpA and cosNL
are critical to efficient duplex nicking, and that introduction of mutations into this DNA site
strongly affect the reaction. Conversely, gpA binding to the cosNR half site is supported
by cooperative interactions with gpNul assembled at cosB (Fig. 5). Thus, introduction of
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cosB

cosNL+cosNR

Intrinsic gpAscosN T
Binding Interactions

Cooperative gpNu1-gpA
Binding Interactions

Figure 5. Model for cooperative assembly of gpA (red rectangle) and gpNul (blue rectangle) at cos. A
symmetric gpA dimer binds to cosNV. Binding of gpA to the cos/VL half-site relies strictly on intrinsic binding
interactions. Binding of gpA to the cosNR half-site is supported by cooperative interactions with gpNu1 and
IHF (purple lobes) assembled at cosB. A color version of this figure is available online at http://
www.Eurekah.com.

mutations into the cosNR half-site are “masked” by supportive interactions in the
holoenzyme-DNA complex. Deletion (or mutation) of cosB DNA abrogates gpNul assembly,
which in turn abolishes cooperative gpNul-gpA binding interactions. The outcome is that
gpA binding at both half-sites relies exclusively on intrinsic binding interactions, and symmet-
ric cosN mutations have identical results.

Strand-Separation (Helicase) Activity

Subsequent to duplex nicking, the annealed strands are actively separated by the holoen-
zyme (Fig. 2).”7°% The energy required to separate the annealed twelve bases of DNA is
provided by ATP hydrolysis, presumably at the C-terminal ATPase catalytic site in gpA (A2,
Fig. 3). While this reaction has been described as a helicase activity, processive duplex separa-
tion has not been demonstrated. Formally, this reaction constitutes a single catalytic turnover
of a typical helicase enzyme,®¢87#8 and we therefore refer to the reaction as a strand-separation
activity. The reaction is strictly dependent on divalent metal, with Mg?* being most efficient,
and ATP (or dATP) hydrolysis.®

Strand-separation releases the right chromosome end (Dg) from the nucleoprotein com-
plex and yields a packaging intermediate composed of the terminase subunits tightly bound to
the mature left end of the lambda genome (D1, Figs. 1B and 2).% This intermediate is remark-
ably stable in vitro (T2 =8 hours),%> and because of this stability catalytic turnover is not
observed in the absence of procapsids. Eatly studies isolated a stable intermediate in the pack-
aging reaction in vivo. This species, known as complex I, could be isolated on sucrose gradients
and chased into infectious virus with the addition of a cell extract containing A tails.%’ We
presume that the stable complex characterized in vitro is in fact complex I characterized in vivo,
though this has not been rigorously demonstrated. The stability of complex I, presumably
mediated by gpNul interactions with cosB, is likely critical for protection of the matured ge-
nome end prior to DNA packaging in vivo; should the complex prematurely dissociate, the 12
base single-stranded end is expected to be rapidly degraded by cellular nucleases, a lethal event.
The nature of complex I is more fully described below.
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ATPase Activity

It has long been appreciated that terminase possesses a DNA-stimulated ATPase activity,
and early models proposed that ATP hydrolysis provided the energy to power translocation of
the packaging machinery. Kinetic analysis of ATP hydrolysis by the holoenzyme identified two
distinct catalytic sites, with K;,’s of 5 tM and 1 mM.”° Primary sequence analysis identified a
putative P-loop motif in each subunit of the enzyme,”*° supporting the contention that both
gpA and gpNul could bind and hydrolyze ATP. Subsequent mutational analysis indeed con-
firmed that the high- and low-affinity ATPase sites were located in the gpA and gpNul sub-

units, respectively.”’

The gpNul ATPase Catalytic Site

Support for the hypothesis that gpNul possessed a functional P-loop was derived from
affinity studies, which demonstrated that photoreactive ATP analogs covalently modified pep-
tides in this region of the protein (Thr18-Lys35 and Metl - GIn20.”! Mutational analysis
yielded conflicting data, however. Mutation of the “critical” P-loop lysine in gpNul (Lys35)
indeed abrogated ATP hydrolysis by this subunit, but only when limiting concentrations of
DNA were used; increasing the concentration of DNA in the reaction mixture restored the
ATPase activity to wild type levels.”” This suggested that Lys35 plays a role in DNA binding
rather than ATP hydrolysis, a contention that was verified by structural analysis (vide supra).
The data nevertheless established that the low affinity ATPase site (K =1 mM) resides in the
gpNul subunit, and that DNA stimulates the reaction both by increasing 4, and decreasing
Kon.”® The gpNul subunit also hydrolyzes GTP with a similar kinetic profile,’ but the biologi-
cal relevance of this reaction remains uncertain.

The gpA ATPase Catalytic Sites

As discussed above, a P-loop motif was also identified in the gpA subunit; however, muta-
tion of the “critical” lysine in the putative P-loop (Lys497) had only minor effects on the
observed rate of ATP hydrolysis by this subunit.”? Rather, this residue appears to be intimately
involved in both nuclease and strand-separation activities. Clues to the location of the
high-affinity ATPase catalytic site were provided by affinity labeling studies using photoreactive
ATP analogs. These experiments demonstrated that peptides in the N-terminal region of gpA
were modified (Ala59 - Lys84),” and that Tyr46 and Lys84 were specifically modified with
8-azidoATP”> Mutational analysis of these residues confirmed that both are required for
high-affinity AT Pase activity. Moreover, these residues are intimately involved in DNA packag-
ing activity.”>””

Based on the aggregate data, we propose that two discrete ATPase catalytic sites reside
in the gpA subunit. (i) A C-terminal ATP binding site regulates nuclease activity and hydro-
lyzes ATP to provide the energy required for strand-separation by the enzyme. We refer to
this site as the nuclease/helicase ATPase site (A2, Fig. 3). (ii) A structurally and functionally
distinct N-terminal ATPase site is responsible for the observed high-affinity ATP hydrolysis
activity, and is directly linked to DNA packaging activity. We refer to this site as the packag-
ing ATPase site (A1, Fig. 3). We note that the observed rate of ATP hydrolysis at this site (£,
=40 min") is insufficient to package a full-length genome.”®”? Recent kinetic studies have
demonstrated an increase in the observed rate of ATP hydrolysis commensurate with that
required to power DNA packaging.®! We presume that the N-terminal ATPase is activated
to sponsor translocation.
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Figure 6. Summary of allosteric interaction between the catalytic sites of terminase holoenzyme. The
catalytic activity of the isolated gpA (red rectangle) and gpNul (blue sphere) subunits is shown at top.
Assembly into the holoenzyme activates catalytic activity as indicated in step (ii). Interaction between the
multiple catalytic sites of the holoenzyme is shown in the lower half of the figure. Details are described in
the text. A color version of this figure is available online at htep://www.Eurekah.com.

Summary of the Allosteric Interactions between Terminase Catalytic Sites

Allosteric interactions between the multiple catalytic sites of terminase holoenzyme have
been observed, and are summarized in Figure 6.8 (i) ATP binding (but not hydrolysis) increases
the affinity of gpNul for cos containing DNA.?? This interaction is likely responsible for
ATP-stimulated DNA binding by the holoenzyme.®2 (ii) The ATPase activity of the individual
subunits is mutually stimulated in the holoenzyme complex; ATP hydrolysis by the gpNul
subunit is dependent upon gpA, and the ATPase activity of gpA is stimulated by gpNu1.'°
Furthermore, the endonuclease activity of gpA is stimulated by interactions with the gpNul

8The numbers presented here in the text refer to those displayed in Figure 6.
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subunit.'? (iii) ATP binding to the gpA subunit stimulates the rate of the nuclease reaction in
the holoenzyme, but not by the isolated gpA subunit.®? Similarly, (iv) DNA stimulates the
ATPase activity of both terminase subunits in the holoenzyme complex, but not by the isolated
subunits.!%677° The above data suggest that quaternary interactions in the holoenzyme com-
plex are required for full expression of catalytic activity, and provide a critical link for commu-
nication between the catalytic sites. (v) GTP binding to gpNul stimulates ATP hydrolysis at
the gpA subunit of the holoenzyme.”? Conversely, (vi) ATP binding to the gpA subunit of the
holoenzyme inbibits ATP hydrolysis at gpNu1.2
It is thus clear that there are significant interactions between the multiple caralytic sites of
terminase holoenzyme. It is likely that these interactions are central to the assembly of the
packaging machinery onto viral DNA, to promoting stability of intermediate packaging com-
plexes, and to modulating the procapsid-dependent transition to a mobile packaging ma-
chine.”>* Tt is further likely that ATP binding and hydrolysis play central roles in these pro-
cesses. These concepts are incorporated into a model for terminase assembly into a DNA
packaging machine, described below.

Procapsid Assembly

The A procapsid, also known as the prohead, is an icosahedron composed primarily of
gpE, the major capsid protein. One vertex contains the doughnut-shaped portal complex,
which forms a hole (the portal vertex) through which DNA enters the capsid during packag-
ing, and exits during infection. The portal also serves to nucleate capsid assembly, and it is
likely that portal protein(s) are an active part of the DNA packaging motor. Procapsid assembly
is a step-wise process that, in addition to gpE, requires the phage proteins gpB, gpC and gpNu3,
and host groELS chaperonins.”® The process begms with the oligomerization of gpB mono-
mers into a preconnector, a 25 S dodecameric ring with a ~25 A hole at its center (Fig. 7). %
Proper assembly in vivo requires host groELS chaperonins, and perhaps gpNu3.%> The groELS

Preconnector Initiator Immature Procapsid
; gpNu3
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gpNu3 ? gpNu3 7 N
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ey ‘ng @03 \ " gpC+gpE -> pX1, pX2
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proteclysis
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‘,\‘\\
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Figure 7. Procapsid assembly and processing. Details are described in the text.
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proteins are presumably required for proper folding of gpB, but the role of gpNu3 in assembly
of the ring is not clear. The phage-encoded gpC protein next adds to the preconnector to yield
a 308 initiator structure; this reaction may also involve gpNu3.”> Neither the stoichiometry
nor the structure of gpC in the initiator complex is known.

The initiator serves to nucleate copolymerization of gpNu3 and gpE, which yields an
immature procapsid (Fig. 7). GpNu3 serves as a typical scaffolding protein, directing the poly-
merization of gpE into an icosahedral shell structure.”® Thus, the gpB/gpC initiator forms a
hole, or portal to the capsid interior, which resides at a unique vertex of the procapsid (the
portal vertex); the remaining 11 vertexes of the procapsid are constructed of gpE pentamers.

Processing of the A Portal

The A portal, unlike the simple portals found in other viruses, is quite complex both in
terms of protein composition and protein modification. First, “processing” of the initiator
involves proteolysis of gpB to yield gpB*, a protein in which the N-terminal 20 residues of gpB
have been deleted.”” The molecular weight of gpB is 59.4 kDa (based on sequence) and pro-
teolytic digestion of the N-terminal 20 residues would yield a protein with mass 57.2 kDa. The
mass of gpB* is 53-56 kDa (based on SDS-PAGE),”””®% suggesting that additional residues
are removed from the C-terminus of gpB and/or that gpB* migrates anomalously on SDS-PAGE.

A second step in processing of the A portal is formation of the pX1 and pX2 proteins
(referred to collectively as pX proteins). Remarkably, these proteins appear to derive from an
uncharacterized covalent fusion product of gpC and gpE proteins.!®*!%! A transient interme-
diate in portal processing (the pY protein, =87 kDa) has also been described. This intermediate
has a molecular weight consistent with a direct fusion of gpC and gpE;'®? presumably, pro-
teolysis of pY yields both pX1 (31 kDa) and pX2 (29 kDa). The chemical nature of these
proteins and the mechanism of their formation remain completely unknown. It is noteworthy
that the gpC protein shares sequence identity with the S49 family of serine proteases,'* and
we postulate that gpC is the viral protease responsible for the formation of both gpB* and the
pX proteins. The temporal relationship between gpB proteolysis, cross-linking of gpC and
gpE, proteolysis of pY to yield pX1 and pX2, and gpE assembly into a procapsid s unclear.
Moreover, the roles of gpB*, pX1, and pX2 in the structure and function of the portal complex
remains unknown.

The final step in procapsid maturation is proteolysis of the gpNu3 scaffolding protein and
exit of the products from the procapsid (Fig. 7). The mature procapsid contains 12 copies of
gpB*, =6 copies each of pX1 and pX2, and =420 copies of gpE.!%

A Working Model for Lambda DNA Packaging

As with most complex biological processes, viral genome packaging can be separated into
initiation, propagation, and termination events. The initiation of DNA packaging in A is con-
sidered to include (i) assembly of the packaging machinery at a cos site in the concatemer, (it)
duplex nicking at coslV, and (iii) strand separation to yield complex I (Fig. 8). DNA transloca-
tion into the capsid defines propagation, which includes those steps that (i) promote the tran-
sition from the exceptionally stable complex I to a mobile packaging motor, and (ii) active
translocation of DNA into the capsid (Fig. 9). Finally, termination includes those events re-
sponsible for (i) recognition of the terminal cos sequence by the transiocating complex, (ii)
duplex nicking and strand separation to release the DNA-filled capsid from the
terminase-concatemer complex, and (iii) addition of accessory proteins and a tail to yield an
infectious virus (Fig. 11). Each of these processes is discussed in turn below.
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Initiation of Packaging

Assembly of the Packaging Machinery

gpA and gpNul cooperatively assemble at cos/V and cosB, respectively. This involves bind-
ing of a gpNul dimer to the R3 and R2 elements of cosB, supported by bending of the duplex
via IHF interactions with I1 (shown in Fig. 4). As discussed above, the role of R1 in this initial
assembly is unclear. Interestingly, however, model-building studies show that the R1 element
of cosB is juxtaposed to the cosNR half site in the bent duplex (C.E. Catalano, unpublished).
Whatever the case, gpNul bound at cosB serves to anchor a symmetric gpA assembly at the
cosIV half-sites yielding a prenicking complex (Fig. 8). We presume that a gpA dimer assembles
at cosN, but the structural details and stoichiometry of the subunits assembled at cos remain
speculative. The presence of a bZIP protein dimerization motif in gpA suggests that an even
number of subunits is involved, however.

ATP modulates the assembly and stability of the terminase subunits bound at cos as fol-
lows. First, ATP increases the affinity of gpNul and the holoenzyme for cos DNA {but does not
affect gpA binding).3®? Second, ATP affects the DNase protection pattern of terminase as-
sembled at cos, yielding an “extensive footprint” that extends from cosQ through the R-elements
of cosB.1% Once assembled, the complex is extraordinarily stable, with a half-life of greater
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Figure 8. Initiation of DNA Packaging. Initiation steps include terminase assembly at a cos site in the
concatemer and maturation of the D end. The terminase gpA and gpNu1 subunits are depicted as red ovals
and blue spheres, respectively. IHF is shown as a purple lobe. A color version of this figure is available online
at http://www.Eurekah.com.
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than 12 hours.*? Finally, ATP stimulates the rate and fidelity of the nuclease complex.®*? In

aggregate, the data are consistent with an ATP-induced reorganization of the proteins assembled
in the prenicking complex to yield an activated nicking complex, perhaps inducing wrapping
of the DNA by terminase (Fig. 8).

Duplex Nicking and Strand Separation

In the presence of Mg?*, the gpA subunit(s) introduce symmetric nicks into the duplex at
cosN. Separation of strands by the so-called “helicase” activity of gpA leads to release of the
right cohesive end (Dg) from the complex (Fig. 8).%% It is clear that this reaction requires ATP
hydrolysis, but an increase in the rate of ATP hydrolysis during strand separation has not been
detected. The products of the helicase reaction have not been characterized in detail and it is
interesting to consider the fate of the terminase proteins bound at cos upon strand separation.
A priori, there is no reason to expect that the structure or stoichiometry of IHF and gpNul
bound to cosB would change upon strand separation. Conversely, it is feasible that separation
of the cohesive ends requires remodeling of gpA assembled at the two cos/V half-sites. The two
obvious outcomes are that (i) gpA bound to the cosNL half-site separates from the complex
along with the Dp fragment (as shown in Fig. 8), or that (ji) gpA initially bound to the cosNL
half-site is retained in the complex after strand separation. While the structural details of this
transition must await further biochemical analysis, we propose that strand separation ulti-
mately yields two products in which terminase proteins remain bound at each chromosomal

end. This is discussed further below.

What Is Complex I?

This stable intermediate was originally described in vivo, and was defined as terminase
bound to concatemeric DNA at uncut cos sites.?>!% This definition was based on the proper-
ties of the complex that was formed by incubation of terminase with concatemeric DNA and
analyzed using sucrose gradients. That is, the terminase? DNA complex migrated at a rate simi-
lar to that of the input concatemeric DNA, and at a position distinct from slower sedimenting
monomeric virion DNA. Based on these data, it was concluded that the so-called “complex I”
was composed of terminase bound to concatemeric DNA, and it was presumed that the cos-sites
were not yet cut; these authors proposed that cos cleavage occurred subsequent to procapsid
binding.¥1% We suggest that these early sedimentation experiments could not discriminate
between cut and uncut DNA. We further propose that “complex I” formed in vivo is in fact
identical to the stable complex that we have characterized in vitro; specifically, terminase tighdy
bound to the Dy, fragment formed by duplex nicking and strand separation, as shown in Figure
8.3 This posit is supported by the following lines of evidence. (i) The cos-cleavage reaction is
stoichiometric with respect to terminase, and the reaction stalls after a single round of duplex
nicking and strand separation; catalytic turnover by the enzyme is not observed.> In the ab-
sence of packaging, the cos-cleavage reaction is thus limited by the concentration of terminase
present, both in vitro and in vivo. (ii) Terminase is poorly expressed during lytic infection,'®’
and it is likely that the in vivo concentration of terminase is low relative to the number of cos
sites in concatemeric DNA. Stoichiometric cos-cleavage would thus result in only a limited
number of cos-sites cleaved by the enzyme, assuming that packaging were interrupted in vivo.
(iii) Terminase enzymes with mutations in the procapsid-binding domain of gpA have been
constructed. The mutant enzymes fail to package DNA, presumably a result of attenuated
procapsid binding interactions.?**361% The mutations are specific for packaging and do not
affect the cos-cleavage activity of the enzyme in vitro. Nevertheless, the extent of cos-cleavage by
these packaging-defective terminases in vivo is reduced to roughly one third the wild type level.
This discrepancy may be explained as follows. Processive packaging by terminase results in the
sequential packaging of =3 genomes per DNA binding event.'” Thus, three cos sites, on aver-
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age, are cut in a concatemer once the enzyme has initiated packaging in a wild-type infection.
The 30% decrease in cos-cleavage activity observed with the packaging-defective terminases in
vivo closely matches the value expected from an enzyme that can efficiently cut the duplex, but
that cannot not processively package concatemeric DNA.

The ensemble of data fully support a model where stoichiometric duplex nicking and
strand separation by terminase in vivo yields a stable complex in a manner identical to what is
observed in vitro; we refer to this intermediate as complex I. It is likely that the stability of this
complex is required to protect the single-stranded left cohesive end (D) from nuclease damage
in vivo, though this has not been directly demonstrated. Conversely, the Dg complex is rela-
tively unstable, and dissociation of the terminase protein(s) leads to degradation of the right
DNA end by host nucleases (Fig. 8), including the RecBCD nuclease.''

Transition to a Packaging Machine

cos Clearance

One of the most fascinating and yet ill-characterized aspects of the A packaging pathway is
the transition from the stable complex I to a highly mobile packaging machine that translocates
DNA into the capsid. This transition is analogous to promoter clearance by RNA polymerase
enzymes, a prelude to active RNA synthesis.''! In the A packaging pathway, “cos clearance”
requires activation of the packaging ATPase in gpA, and a switch from a terminase complex
specifically-bound to cos to a motor complex that binds tightly, but nonspecifically to DNA.
This series of events is likely initiated by interactions of complex I with the portal proteins in
the procapsid, and is also modulated by the phage gpFI protein, as discussed in detail below.

Interaction between the C-terminal 32 residues of gpA and the portal gpB* protein has
been demonstrated, and it is likely that these interactions play a direct role in “docking” terminase
to the procapsid.?""**112 Additional interactions between gpA and gpE on the procapsid sur-
face may also be involved prior to the docking of complex I at the portal vertex.!'> Whatever
the case, these initial interactions lead to a pretranslocation complex, which we propose is
related to complex II previously described in vivo (Fig. 9).% The structural details of the com-
plex remain unknown; however, it is likely that this interaction is mediated by gpA in complex
I and gpB* in the portal complex (vide infra). The next step in the packaging pathway is the
transition to a translocation complex, a reaction that is also mediated in an ill-characterized
manner by the phage gpFI protein.

The Roles of gpFI and Procapsids in cos Clearance in Vivo

The gpFI protein is abundantly produced during the A Iytic cycle, but it is not a compo-
nent of the virion. Mutations in the F/ gene are lethal to the virus. F7 mutant phage produce
normal amounts of viral DNA, but the concatemers are not processed to mature length (i.e.,
cos cleavage is not observed in vivo).!!? Interestingly, this phenotype is also observed in phages
carrying mutations in any of the procapsid assembly genes, including the host genes for the
GroESL chaperonin (see Fig. 7).!1%1%115 These data have been interpreted to indicate that
gpFI and mature procapsids are required for efficient cos cleavage in vivo, and several models
have been proposed in which gpFI and/or procapsid proteins directly control the cos cleavage
reaction. One model invokes a negative regulation mechanism where unassembled capsid pro-
teins directly inhibit the endonuclease activity of terminase; assembly of these proteins into a
procapsid effectively removes the inhibitor(s) from solution, relieving the repression of cos cleav-
age.!1® The negative regulation model has been eliminated by the following experiments. Ph-
age with amber mutations in £/ and/or any of the procapsid genes (i.c., mutations that result in
elimination of the putative regulatory proteins) are still defective in nuclease activity.! 12114113
Indeed, deletion of the entire block of genes including FI and all of the procapsid genes yields
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phage that similarly possess an in vivo cos cleavage defect.'®® Thus, negative regulation of
terminase activity by gpFI and/or procapsid precursor proteins in vivo is unlikely. A second
model invokes positive regulation and proposes that gpFI and/or mature procapsids directly
stimulate the endonuclease activity of terminase. This model suggests that terminase binds cos
and is poised to nick the duplex, but requires gpFI and procapsids to stimulate the reaction.
Central to this model is the presumption that complex I formed in vivo is composed of terminase
bound to an wncut cos site in the concatemer,?1%117 4 model which we disfavor (vide supra).

The in vivo cos cleavage results described above are in direct contrast to in vitro studies
showing that terminase can efficiently cut cos-containing DNA in the absence of gpFI and
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procapsids.&1&3L118119 1 faer opFI only modestly stimulates the cos cleavage reaction in vitro,

presumably by promoting enzymatic turnover rather than by direct stimulation of the nicking
reaction; procapsids alone or in combination with gpFI have little, if any effect.'”® Thus, nei-
ther procapsids nor gpFI affect duplex nicking by terminase in vitro, and we propose that
terminase may similarly cut cos in the absence of these factors in vivo (see the discussion of
complex I above).

A Reversibility Model for the Procapsid Requirement for cos-Cleavage in Vivo

If terminase does not need to be activated to cut cos, how might the in vivo requirement
for procapsids be explained? We suggest that the in vitro results accurately reflect the activity of
terminase in vivo; that is, the enzyme can efficiently assemble and nick the duplex at cos in the
absence of procapsids. This predicts that during an infection by a mutant phage unable to
produce procapsids, duplex nicking and strand separation should proceed normally. A recently
proposed reversibility model accounts for the apparent procapsid dependence of terminase in
vivo.!% Here we present a variation of that model in which the cos-cleavage reaction yields an
intermediate where the nicked-annealed duplex is bound by terminase in a strand separation
complex (T*DgeDy, Fig. 10). Physical separation of the strands requires binding of the 12 base
single-stranded Dy and Dy ends by individual gpA subunits in the complex, a process that is
driven by an ATP-dependent conformational change. We propose that the strand separation
step is reversible within this nucleoprotein complex, and that the nicked, annealed duplex may
dissociate from the enzyme if packaging does not proceed in timely fashion. In the absence of
procapsids in vivo, the packaging pathway stalls at the strand-separation complex and the nicked
duplex is slowly released from the enzyme (Fig. 10). Repair of the nicks by host ligase results in
an apparent lack of cos-cleavage in vivo. We suggest that procapsid binding to T*Dy in the
strand separation complex draws the intermediates towards packaging by mass action, thus
avoiding significant dissociation of nicked DNA from the complex. This model may also ex-
plain why complex I (T*Dy) is efficiently formed in vitro in the absence of procapsids. A key
point is that elevated concentrations of terminase are utilized in the in vitro assays. This would
have the effect of driving the reaction forward by mass action, yielding complex I.

Reversibility of the cos cleavage reaction has been previously invoked to explain related
phenomena. For instance, certain lethal mutations in the R sequences of cosB were found to
completely block cos cleavage in vivo, and yet only mildly affect cos cleavage in vitro.? To
resolve the discrepancy, it was proposed that the cosB mutations primarily affect the formation
and/or stability of a post-cleavage intermediate; failure to form the intermediate leads to DNA
dissociation from terminase, reannealing of the cohesive ends, and religation of the nicked
duplex in vivo.52 The post-cleavage intermediate is presumably the strand-separation complex
shown in Figure 10. To further emphasize this point, a series of suppressor mutations to the
cosB mutant phage were isolated and characterized; all of the pseudorevertants contained
mutations in gpNu1.% Though it was anticipated that the mutant gpNul terminase enzymes
would be more efficient in utilizing the mutant cosB DNA as a substrate in the cos-cleavage
reaction, this was not the case. The mutant enzymes were no more efficient than wild type
terminase at cutting cosB mutant DNA; rather, the mutant enzymes were more efficient than
the wild type enzyme in packaging of the cosB mutant DNA. Here again it was argued that the
Nul mutations increased the efficiency of a post-cleavage transition that was made inefficient
by the cosB mutations,!?!

The proposed reversibility of cos cleavage in vivo depends on ligation to reseal the nicks of
annealed cohesive ends. It is interesting that in phage P2, which also has cohesive ends, effi-
cient production of cohesive ends is similarly procapsid-dependent.'?? In contrast are phages
P22 and SPP1 which use a head-full packaging mechanism and do not produce cohesive ends.
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Figure 10. Model for gpFI and Procapsids in the cos-Cleavage Reaction. Details are described in the text.

For concatemer processing by these phages, an initial cut is made at a defined site called pac.
Following pac cleavage to initiate packaging, downstream curtting occurs nonspecifically upon
filling the procapsid with DNA; the resulting virion chromosomes lack cohesive ends. For both
P22 and SPP1, pac site cutting is procapsid-independent.'*>'?* Thus, based on this limited
sample, there is a correlation that only in phages with cohesive ends is concatemer cutting
procapsid dependent. DNA cutting may be irreversible when the concatemer cleavage prod-
ucts lack cohesive ends.

Model for gpFI Requirement in Vivo

As described above, phage with mutations in the FI gene also exhibit an apparent lack of
cos-cleavage activity in vivo. The gpFI protein stimulates virion assembly in vitro, specifically
when terminase and procapsids are at dilute concentrations.!'”"*2126 The authors suggested
that gpFI increases the efficiency of procapsid binding to the terminase proteins assembled at
0”7 We have come to a related conclusion by examining the effect of gpFI on the cos-cleavage
reaction in vitro, and have suggested that gpFI promotes cos-clearance.'® In this model,
procapsids are necessary, but not sufficient to promote cos-clearance and gpFI stimulates the
process, as shown in Figure 10.

While the mechanism for gpFI action remains obscure, genetic studies provide insight
into the nature of the protein-protein interactions between terminase, gpFI and procapsids.
AFIober mutants are “leaky”, which means that the virus yield is 102 compared to wild type
virus. This is in contrast to the =107 reduction caused by nonsense mutations that inactivate
a gene encoding a virion structural component. Bypass mutations, called fin mutations, allow
AFT to form plaques in the absence of gpFI. Two types of fin mutations have been described.
The first are finA mutants that have changes affecting terminase, and generally cause the
production of increased levels of the gpA protein.!’>!!> An increase in the concentration of
gpA is expected to increase the in vivo concentration of terminase, which may increase the
flux towards packaging, independent of gpFI (see Fig. 10). This is similar to the mechanism
proposed above for the formation of complex I in vitro. The second are finB mutations that
alter a 26-residue-long segment of gpE, which has been termed the Efi domain.''? It has been
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proposed that the Efi domain is located on the surface of the procapsid and that complex 1
directly interacts with the Efi domain en route to docking at the portal. In this model, gpFI
directly modulates this initial interaction and guides the procapsid-terminase docking step.'!?
An alternative model suggests that the Efi domain s, in fact, part of the gpE protein retained
in the portal pX proteins (see Fig. 7). In this model, the Efi domain represents a portal dock-
ing site that makes direct contacts with terminase in complex I. The finB mutations presum-
ably allow this interaction in the absence of gpFI.

The Fate of IHF and gpFI during cos-Clearance

One final point to consider is the fate of IHF and gpNul assembled at cos during
cos-clearance. Both of these proteins bind to specific sites in cosB, and are likely central to the
stability of complex I. It thus clear that a major alteration in protein-DNA binding interactions
must take place prior to translocation. IHF most likely dissociates from complex I to allow
passage of gpA and the procapsid, as shown in Figure 9. Indeed, based on the effect of gpFI on
the cos-cleavage reaction in vitro, we have suggested that gpFI may act antagonistically to IHF
in modulating the stability of complex 1.12° The fate of gpNul is less clear. One possibility is
that gpNul switches from a site-specific DNA binding protein to a nonspecific DNA binding
protein that is an active part of the packaging motor (shown in Fig. 9). This model is consistent
with the observation that small terminase subunits from bacteriophage T4 and SPP1 form
oligomeric rings in solution, which may indicate their role as a “sliding clamp” during translo-
cation.'?7!28 It js also feasible that gpNul releases DNA, but remains bound to gpA and sim-
ply “goes along for the ride”. A final possibility is that gpNul is ejected from the translocating
complex. This model suggests that the role of gpNul is to site-specifically assemble gpA at
cosN, and maintain the integrity of complex I until the procapsid arrives. Thus, gpNul plays a
role analogous to that of sigma factors and transcription factors in the assembly of the tran-
scription complex. Once the appropriate nucleoprotein complex has been assembled, move-
ment of the protein machinery results in ejection of the assembly protein(s) from the DNA.
Again, the answers to these questions must await further experimentation.

DNA Translocation: Active DNA Packaging

The Translocation Complex

Subsequent to cos-clearance, the packaging motor translocates DNA into the confines of
the procapsid interior, a reaction fueled by the hydrolysis of ATP. The components and stoichi-
ometry of the A translocation machine remain unknown, but we speculate that a hexameric
gPA ring is arrayed in a polar fashion in direct contact with the gpB* dodecamer of the portal
complex. A hexameric gpA structure is based on a variety of data; (i) studies in phages T3 and
929 have demonstrated the presence of 6 copies of the respective large terminase subunit in the
packaging complex,”"'? (ii) electron microscopy has shown that the small terminase subunits
of T4 and SPPI terminase enzymes form oligomeric ring structures,'*”?8 and (jii) recent
electron micrographs of A holoenzyme clearly demonstrate that the purified enzyme forms
rings in solution (E. Bogner, unpublished). A hexameric gpA ring is pleasing in that it accom-
modates symmetric interactions with a dodecameric portal complex, and shows mechanistic
similarity to the translocating hexameric helicase enzymes.38 It is noteworthy that a gpA
hexamer in the packaging complex has important implications for the nature of the activated
nuclease complex described above. It has been presumed that a symmetrically disposed gpA
dimer is responsible for duplex nicking. This would require recruitment of additional gpA
subunits to complex I prior to translocation in order to complete the gpA hexamer. Alterna-
tively, a symmetrically disposed gpA hexamer may be the relevant nuclease complex. The an-
swers to this dilemma must await further experimentation.
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The Packaging ATPase

It is presumed that ATP hydrolysis provides the energy required for inserting DNA into
the confines of the capsid, and purified terminases from a number of viruses possess ATPase
activity.13 0 There is general agreement that, for the tailed dsDNA phages, the ATPase center
resides in their respective large terminase subunits. Consistently, sequence analysis of terminase
enzymes from ghage to the herpesviruses indicates the presence of conserved ATPase motifs in
these proteins. 978 In A, a number of studies link the AT Pase site located in the N-terminus of
gpA to DNA translocation (summarized above).747%77

Active DNA packaging in the phage T3 and $29 systems consumes about one ATP per
two base pairs packaged. The observed stoichiometry in the A system is two ATP’s consumed
per base pair packaged, though this may represent a significant overestimation.®! If we take the
conservative estimate, packaging of a A genome (48,502 bp) would require the hydrolysis of
~24,250 moles of ATP. Packaging requires 2-3 minutes in vivo,'*° so the estimated ATPase
rate would be 10,000 min™ per packaging moror. This is significantly greater than the basal
rate of 50 min™ for gpA in the holoenzyme.®®’" Recent studies have demonstrated a
packaging-specific ATPase activity that hydrolyzes ATP at a rate of 600 min™.5! While this
value is still lower than expected, it is clear that assembly of the translocation complex must
activate a translocation ATPase catalytic site, presumably the N-terminal ATPase site in gpA;
however, present data do not rigorously exclude the presence of a cryptic ATPase site that is
located elsewhere in terminase holoenzyme, in the portal complex, or that is formed by inter-
action of the two structures.

Models for DNA Translocation

Once released from the cos site, the packaging machinery translocates along the duplex,
actively inserting DNA into the capsid. How might such a translocation machine work? The
goal of understanding a biological motor at the molecular level challenges us to mechanistically
link the energy of ATP hydrolysis to physical changes in protein structure that lead to translo-
cation. Significant progress has been made towards our understanding of 2 number of motors,
including myosins, kinesins, and the rotary F{Fg and flagellar motors.'! Viral DNA packaging
motors have been particularly difficult to dissect at the molecular level, however, for the follow-
ing reasons. (i) With very few exceptions, a complete list of the components of the motors
remains speculative. It is likely that both terminase proteins and portal proteins assemble to
complete a translocating motor, but the exact nature of the complex is unknown in all cases.
(i) Once assembled, the motors act quickly and transiently. Dissociation of the components
occurs upon completion of the packaging process. (iii) There is little structural information
available for any of the components of these machines, and none on the actively packaging
motors.

Nevertheless, it is clear that there are three parts to the motor: terminase, the portal vertex,
and the procapsid shell. There are a number of creative models describing how the components
of the packaging complex sponsor DNA movement. The first proposes that the terminase
enzyme is directly responsible for translocation of DNA into the capsid. These models propose
that the terminase subunits physically translocate via flexible, DNA-contacting domains that
cyclically contract, and then undock from the DNA.?!3%132 The conformational changes
required in this model are presumably driven by the hydrolysis of ATP. These models find
mechanistic similarity to the “inch worm” mechanism proposed for translocation of hexameric
helicases.®*” A second class of models is portal-centric, which rely on the concept of a symme-
try mismatch between the twelve-fold symmetry of the portal and the five-fold symmetry of
the capsid shell vertex to which it is attached. In one version, which is actually the earliest
model, ATP hydrolysis drives rotation of the portal protein with respect to the capsid shell,
which “screws” the DNA into the capsid.!*® A more recent portal model is inspired by the



30 Viral Genome Packaging Machines: Genetics, Structure, and Mechanism

structure of the $29 portal (Anderson and Grimes, Chapter 7 of this wotk). This model pro-
poses that the procapsid-terminase complex (which possesses ATPase activity) acts as a stator,
the DNA as a spindle, and the portal complex as a ball-race. The DNA helix is proposed to
convert the rotary action of the portal into translocation of the DNA.'?# In the third class of
models, the capsid shell acts as a reciprocating gated pump that pulls the DNA into the procapsid
interior'?® (Serwer, Chapter 4 of this work).

For the A system, available evidence is most consistent with the first class of models in
which terminase subunits constitute the DNA translocating motor, though other models are
not rigorously excluded. The strongest evidence comes from genetic studies in which lethal
mutations in the virus were screened to identify those that affected DNA packaging.” Ten of
these mutants were characterized, and all had mutations that mapped to a gene A segment
extending from codons 18 to 349 (summarized above). These mutants provide evidence for the
involvement of the terminase gpA subunit in translocation and active DNA packaging. A de-
tailed biochemical analysis of these mutants in vitro will undoubtedly provide further insight
into the role of gpA in the packaging motor.

Capsid Expansion and the Phage gpD Protein

Translocation of the packaging machinery along the duplex results in packaging DNA
into the procapsid. Upon packaging of 10-50% of the viral genome, the procapsid undergoes
an expansion process whereby the 25 nm spherical capsid expands to a radius of 32 nm, roughly
doubling its volume and acquiring its mature icosahedral shape.'**'¥” The molecular basis for
expansion is not known. The viral gpD protein, which is a monomer in solution, adds to the
surface of the expanded icosahedral capsid as a trimer, and in numbers similar to the major
capsid protein (Fig. 9).1*%1%’ The fresumed role of gpD is to stabilize the partially filled capsid,
and prevent DNA release.!36138-140 [ndeed, D™ phages are viable if the viral chromosome is less
than 80% of wild type chromosome length, and if the virions are kept in medium supple-
mented with 102 M Mg“.m0 Within this context, an interesting chimeric phage is A shp, a
phage in which the D gene has been replaced by the analogous shp gene of phage 21. The Shp
protein has a lower affinity than gpD for the A gpE shell, so that 15-20% of the binding sites
on A shp capsid shells are unfilled. A s/p has a stability intermediate between A wild type and A
D, such that A shp virions with full-length chromosomes require supplemental Mg** ions
(102 M) for viability. The intermediate stability of A shp virions indicates that the sp protein
imparts considerable stability to the capsid shell, even though the shell is not completely popu-
lated by Shp.'#!

Termination of Packaging

Genome packaging is terminated when the packaging motor encounters the next down-
stream cos in the concatemer. When terminase encounters this site, translocation stops and
symmetric nicks are introduced into the cos/V subsite (Fig. 11); this terminal cos cleavage reac-
tion is less dependent on cosB, but requires that the cosQ and 12 subsites be present for efficient
termination (described in detail below). The strand separation activity of terminase separates
the cohesive ends, releasing the DNA-filled capsid from the concatemer. Terminase remains
bound to the matured (D) end of the concatemer, which represents the next A chromosome to
be packaged. The complex, which is functionally-related to complex I, can bind a new procapsid
and initiate packaging of the second chromosome in the concatemer. Terminase-mediated ge-
nome packaging is thus processive, and it has been estimated that 2-3 genomes are packaged
per DNA binding event.'®”
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Figure 11. Termination of DNA Packaging. Termination requires recognition of coslV by the translocating
complex. The cosQ-cosN-12 segment is central to capture of the packaging machinery. Duplex nicking and
strand separation complete DNA packaging. Addition of gpW, gpFII and a tail complete the assembly of
an infectious virus. Strand separation also releases terminase bound to the Dy end of the concatemer, which

is utilized for a second round of packaging.

cosQ and Recognition of the Terminal cos Sequence

Termination is a complex process that likely involves significant modification of the trans-
location complex. Proper termination requires that the downstream cos contain cosQ, cosN and
the I2 segment.!! When cosQ is mutant, there is a failure to nick the bottom strand of cosV; and
translocation does not arrest. Rather, packaging continues so that the singly-nicked duplex is
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further inserted until the capsid is filled to capacity; this is a lethal event because the protrud-
ing, uncut DNA prevents virus maturation (vide infra).”® Our interpretation of the bottom
strand nicking failure of A cos@ is based on symmetry issues, as follows. We presume thar the
gpA oligomer (hexamer?) responsible for translocation in the packaging motor is arranged in a
unidirectional manner through interactions between the C-termini of gpA subunits and the
gpB* portal protein.?*2% Conversely, the symmetry of cosV suggests that symmetrically ar-
ranged (head-to-head) gpA subunits are required to nick each cosV half-site.>*?® Thus, reorga-
nization of the unidirectional gpA complex in the packaging motor is required to assemble the
symmetric nicking complex required to cut the terminal cos site. We propose that cosQ plays a
direct role in this reorganization, and is required to sponsor the presentation of a propetly
oriented terminase complex to the cosV half-sites. The mechanism for this is obscure, but
could involve a bone fide reorganization of the proteins in the translocation complex, and/or
recruitment of additional proteins from solution.2%26

The packaging protein that binds cosQ has not been identified, despite extensive studies of
pseudorevertants of cosQ mutants. While not revealing the cosQ binding protein, studies of
nonallele specific cosQ suppressors indicate a relationship between the extent of DNA pack-
aged and the efficiency of recognition of mutant cosQ sites, as follows. Mild cosQ mutations can
be suppressed by (i) lengthening the chromosome, and/or (ii) missense mutations altering the
portal protein, gpB.?>?° It is argued that chromosome lengthening or altering gpB slows the
translocation rate at the time the downstream cos is encountered by the packaging motor; this
may increase the efficiency of recognition and cleavage of a mutant downstream cos site. While
thete is no direct information about the relationship between chromosome length and the rate
of A DNA translocation, data obtained in the phage $29 system indicates that translocation
rate declines dramatically as the end of the chromosome is approached.!#?

The Extent-of-Packaging Sensor

The efficiency with which a wild type downstream cos is cut to terminate packaging also
depends on the length of DNA to be packaged. When the genome is shortened ro lengths
<80% of wild type, cos cleavage efficiency in vivo declines sharply.?? The cos-cleavage reaction is
insensitive to duplex length in vitro,'” suggesting that the terminal cos cleavage reaction in A is
affected by the amount of DNA packaged into the capsid. This is similar to phages such as T4,
P22 and SPP1 that use a head-full activated DNA cleavage mechanism for chromosome pro-
cessing (Chapters 3, 5 and 6, respectively, of this work). Genetic observations in the phage P22
and SPP1 systems have lead these researchers to propose that the packaging motor has a “sen-
sor” that detects when the capsid is full of DNA, which then activates the endonuclease cata-
lytic site. 143144 This putative sensor might detect (i) the extent of DNA packaged, (ii) the rate
of DNA translocation, and/or (iii) the energy required for translocation. For A terminal cos
cleavage, we propose that the efficiency of cosQ recognition, and hence cleavage, is inversely
dependent on translocation rate. Thus, cosQ recognition is proposed to represent the sensor.

Processive Genome Packaging

Following the downstream cas cleavage event, the terminase proteins dissociate from the
portal complex of the DNA-filled capsid, but remain bound to the matured (D) end of the
next genome in the concatemer (Fig. 11). This terminase-DNA complex, which is functionally
related to complex I, captures a procapsid to sponsor the packaging of the next chromosome in
the concatemer. While the cosB subsite is not essential for the terminal cos cleavage reaction, it
is required for processive genome packaging. Surprisingly, however, some mutations of cosB
that are defective in the inital cos cleavage reaction retain a processive packaging phenotype;
these include a triple point mutant cosBR3™ R2™ R1™ allele, and cosB$21, a A genome with the
cosB of phage 21.1 These data indicate that the terminase-DNA interactions required for
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processive packaging are “relaxed” in comparison with the requirements for the initial assembly
of terminase at cos (see packaging initiation, above). Structural studies on these complexes are
needed to understand the DNA site requirements for each of the packaging complexes.

Virion Completion

Subsequent to separation of the DNA-filled capsid from the concatemer, the minor capsid
proteins gpW and gpFII are sequentially added to the portal (Fig. 11). Presumably, gpW and
gpFII are required to prevent DNA loss from the filled capsid'® and to provide an attachment
site for tail addition, respectively.'*> A high-resolution 3D structure of gpW (68 residues) has
recently been solved by NMR.!€ The solution structure represents a novel fold, consisting of
two O-helixes and a two-stranded B-sheet, arranged around a hydrophobic core. The 14
C-terminal residues, which are essential to virus development, are disordered in the structure.
These residues presumably contact gpB* in the portal complex, and in addition may provide
contacts for subsequent gpFII addition to the capsid.

A high-resolution 3D structure of the gpFII protein (117 residues) has also been solved by
NMR. ¥ This structure is composed of seven B-strands and a short 0-helix, with two unstruc-
tured regions extending between residues 1-24 and 46-62. GpFII has homologues in other
lambda-like phages, such as 21 and ¢80, and it is possible to compare sequence alignments
with binding specificity. Of particular interest is the gpFII analogue from ¢80, because this
protein is tail specific. That is, gpFII ¢80 forms infectious virions with ¢80 tails, but not with
A tails.

Concluding Remarks

Assembly of an infectious A virus starts with the products of the DNA replication and
procapsid assembly pathways. DNA processing and packaging constitute major morphoge-
netic pathways where A DNA is “matured” and translocated into the procapsid by terminase,
assisted by gpFI and the host factors IHF and HU. Addition of the “finishing proteins” gpW
and gpFIl, followed by tail attachment complete the infectious virion. An ordered and essen-
tially irreversible series of macromolecular assembly steps are required to carry out the interde-
pendent processes of (i) cutting concatemeric DNA into unit-length virion chromosomes, (ii)
packaging the chromosomes into procapsid shells and (iii) stabilization of the DNA-filled capsid
and tail attachment. Since the last review in 2000, the enzymology of DNA packaging by A
terminase has been extensively studied which has led to significant insights into DNA-protein
and protein-protein interactions involved in this complex process. Further, high-resolution
structures of several assembly proteins, including gpD, gpW, gpFII and the DNA binding
domain of gpNul have been determined, providing a glimpse into the structure-function rela-
tionships of these critical proteins. As an experimental system, A is highly developed, with
excellent genetics and strong biochemistry. Each of the proteins involved in A assembly has
been cloned and purified which sets the stage for a detailed characterization of virus develop-
ment at the molecular level. We are thus challenged to characterize the biochemical, structural
and functional aspects of each step along the developmental pathway leading to an infectious
virus. These studies remain a challenging area of research, but will undoubtedly lead to signifi-
cant insight into the molecular mechanisms of virus assembly.
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CHAPTER 3

DNA Packaging in Bacteriophage T4
Venigalla B. Rao and Lindsay W. Black

Introduction

ouble-stranded (ds) DNA packaging in phage T4 and other icosahedral viruses is a
D fascinating biological problem. During packaging, a complex, metabolically active,

concatemeric DNA is translocated into an empty prohead in an ATP-driven process
and condensed as a highly ordered structure of near crystalline density.!® dsDNA packaging
serves as an excellent model system to understand fundamental biological mechanisms such as
the reversible condensation and decondensation of DNA, DNA movement along protein com-
plexes, and transduction of ATP hydrolysis energy into mechanical motion of DNA.

The phage T4 head assembly pathway produces a complex prohead consisting of six es-
sential proteins and at least seven nonessential proteins. The T4 prohead maturation protease
degrades the scaffolding core into peptides and cleaves off the N-termini of the major capsid
protein (gp23) and the vertex protein {(gp24) to generate an empty mature prohead that is
competent for DNA packaging. In parallel, the T4 DNA replication pathways generate a highly
branched “endless” concatemeric DNA, which is associated with a myriad of protein com-
plexes involved in replication, transcription, recombination and repair. A terminase complex of
gp16 (18 kDa) and gp17 (70 kDa) links these two pathways by recognizing the viral concatemer,
making an endonucleolytic cut, and joining it to the prohead through specific interactions
with the dodecameric portal vertex constituted by gp20 (Table 1). Consequently, a DNA pack-
aging machine is assembled, with the terminase as one of the key components (Fig. 1). This
machine translocates an intact, unit-length, linear dsSDNA genome into the capsid to form a
highly ordered condensed structure. Terminase apparently also makes the second cut terminat-
ing DNA packaging, dissociates from the packaged structure, and repeats the DNA linkage to
another prohead in a processive fashion.

The above represents an overall pathway for DNA packaging in T4, which, in many
respects, is a common DNA packaging pathway among a number of well-characterized dsDNA
phages. Common features among the dsDNA packaging phages include the dodecameric ring
structure of the portal, a terminase complex formed by multiple copies of one small and one
large subunit, the enzymatic functions assoctated with the terminase proteins, and the headful
nature of the packaging process.? Recent evidence suggests that the ATPase motifs in terminase
are particularly well conserved among the phage packaging proteins,” indeed, phage genomics
reveals that these are among the signature proteins defining a phage “quasi-species”.® The con-
servation appears to extend to the putative terminase from herpes viruses, which shows a par-
ticularly close resemblance to bacteriophage T4.>”

Viral Genome Packaging Machines: Genetics, Structure, and Mechanism, edited by
Carlos Enrique Catalano. ©2005 Eurekah.com and Kluwer Academic/Plenum Publishers.
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Table 1. Major T4 packaging and prohead proteins

Gene Product Mass Function
gp23* 48 kDa Major Capsid Protein
gp24* 46 kDa Vertex Protein
gp20 61 kDa Portal Protein
gpl6 18 kDa Small Terminase Protein
gp17 70 kDa Large Terminase Protein

*represents the mature protein following N-terminal cleavage by T4 prohead protease

Thus, it is likely that the dsDNA bacteriophages and herpes viruses package DNA by a
common mechanism. Phage T4, with its large genome (171 kb), complex genetic make-up
and rich details of head morphogenesis, provides an excellent, though challenging, model sys-
tem to elucidate the molecular details of the DNA packaging machine. In this review, we focus
on the components of the T4 DNA packaging machine, in particular, the terminase proteins.
At the end, we discuss the emerging details of the T4 packaging mechanism and provide evi-
dence for a DNA translocating ATPase in phage T4.

3 ] “)

Figure 1. Schematic representation of the putative DNA packaging machine. The terminase proteins gp16
and gp17 cut the DNA concatemer and attach it to the empty prohead through interactions with the gp20
portal vertex. The packaging machine drives translocation of DNA utilizing the free energy of ATP hydroly-
sis. The question marks indicate that the ATPase motor for the machine is still unknown although evidence
suggests that the large terminase protein gp17 is a strong candidate (see text). The arrow within the prohead
represents the DNA end generated by the terminase.
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Figure 2. STEM micrographs of gp16 oligomers.'! A) Bright field micrograph of gp16 stained with methy-
lamine vanadate. Single- and double-headed arrows indicate the single and double rings, width of the ring
monomer ~8 nm. B) Same as (A), except at higher magnification to show the central channel of the rings,
~2 nm diameter.

Components of the Phage T4 DNA Packaging Machine

Gp16: The Small Terminase Protein

Gp16 is an 18 kDa protein.®? It is the small subunit of the terminase holoenzyme. Gp16
is dispensable for in vitro DNA packaging although packaging efficiencies are low in its ab-
sence. It is essential in vivo since /6am mutations are lethal, although microscopy reveals that,
in double 2m mutants of gene 16, packaging begins late after infection and proceeds slowly and
incompletely.'® Gp16 appears to play an important role in DNA recognition and in modulat-
ing the functions of the terminase/packaging complex. It consists of the following binding sites
and associated activities.

Oligomerization Site

Gp16 forms stable oligomeric rings and double rings with a diameter of -8 nm and a
central channel of ~2 nm!! (Fig. 2). Each ring apparently consists of about 8 gp16 monomers.
Since expression vector synthesis of gp16 with or without a his-tag, and refolding of gp16 from
6M urea lead to the ring and double-ring structures and little, if any, monomeric gp16, these
structures are strongly and preferentially formed.'""!2 They are also observed to be active for in
vitro DNA packaging. Sequence analysis identifies a conserved stretch of hydrophobic amino
acid sequence in the center of the protein, which may be responsible for the protein-protein
interactions that lead to oligomerization (Fig. 3).>'' Consistent with this hypothesis, trunca-
tion experiments show that the N-terminal 55 residues do not oligomerize whereas the COOH
terminal 121 residues do oligomerize (N. Malys, unpublished). An analogous site was recently
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H-T-H motif? Oligomerization motif?

Portal binding?

ATPase center

T4 N{137 “HLsRoLGKTTVVA

RBAS ) -AHKLSRQLGKT 1A

KVP40 1123 =19} -IFLLPRQLGKT T1M v

KVP20 N(123 L-{9) -1FLLeRgLGKTTIMG- (75) JECAFVY- (2 K
Adenine Walker A; Walker B ATPase
binding coupling

Figure 3. Schematic representation of putative functional sites in gp16 and gp 17. Top) The functional motifs
in gp16 and gp17 are labeled as shown. Note that an out-of-frame 15 bp sequence codes for 5 amino acids
at the amino-terminal-end of gp17 as well as for 5 amino acids at the carboxy-terminal-end of gp16. The
functional sites are represented by different shaded boxes. The insert shows alignment of the putative ATPase
domain of T4 family terminases; Phages RB49, KVP40 and KVP20 are related to T4; all are large-tailed
phages with an elongated prolate head and a contractile tail.” The sequence similarity among their genomes
suggests that they most likely diverged from a common ancestor. The critical amino acids as discussed in
the text are shown with a larger Font. Amino acids are shown using the single letter code. The numbers in
parentheses represent number of amino acids. N and C correspond to the amino and carboxy termini
respectively of gp17. See text and Mitchell et al® for details.

identified in the phage A small terminase subunit gpNul.'> One model for the ring and double
ring structures consistent with a single multimerization interface is that the structures are heli-
cal lock washers and double washers, where the double washers unstack. Gp16 rings may play
a role in the formation of higher order packaging initiation complexes consisting of the
holo-terminase and DNA bound to the portal ring (Fig. 1).

ATP Binding Site

There are two forms of gpl6 synthesized in vitro and in vivo, most likely because the
out-of-frame partial overlap region between genes 16 and 17 induces translational frameshifting
at the ribosome binding site for gene 17, which is located within the 3"-end of gene 16 (Fig. 3).
The short form gpl6 of 155 residues is truncated at a C-terminal R residue, 9 amino acids
from the end of the full-length 164 residue protein.!! The short form predominates in vivo. In
fact, expression of the short form gp16 alone is sufficient to complement gene /6 2m mutants
(H. Lin, unpublished observations). Gp16 is shown to have a weak ATP binding activity with
the longer form gp16 showing greater ATP binding.'* A Walker-B type ATP binding motif was
predicted in the central region of gp16,'¥ which is analogous to the predicted ATP reactive sites
within the small terminase subunits of A and SPP1. However, neither of the potential D
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residues appear likely to be the metal-chelating D of a Walker-B motif. In addition, the mostly
o-helical secondary structure prediction for gpl6 suggests that the protein does not contain
the classic nucleotide-binding fold, which consists of B-strands at its core. The gp16 protein
does not display an ATPase activity,'"'? among terminase small subunits, only the A Nul
protein has been reported to display an ATPase activity.!> The observed weak ATP-binding
activity of gp16 is likely due to an anomalous ATP-binding site whose biological function, if
any, is uncertain.

DNA Binding Site

T4 gpl6 oligomer displays litde or no DNA binding, but when renatured from urea
together with DNA, gp16 is observed to bind to dsDNA but not ssDNA.!! There appears to
be preferential binding to DNA containing gene /6. Analogous to the small terminase sub-
units of phages A and SPP1, a helix-turn-helix (H-T-H) DNA binding motif is predicted in
the N-terminus of gp16. This motif appears to be a variant of the classical H-T-H signature
structure determined for many DNA binding proteins that has been characterized structurally
as a winged helix-turn-helix in the case of the & Nul protein.’®

Stimulation of Gp17 ATPase and Packaging Activities

Gp16 stimulates the gp17-associated ATPase and in vitro DNA packaging activities by at
least 50-fold'? (also, see below). Costimulation of ATPase and DNA packaging activities sug-
gested a linkage between these two functions. Although the mechanism is unknown, it was
proposed that gp16 interaction with gp17 induces a conformational change in the large sub-
unit, transforming a basal ATPase into a stimulated ATPase with high catalytic capacity. This
may be analogous to the stimulation of GTPases by interaction with the GAPs'” and hence
may represent a common molecular switch (see below). Experiments are currently underway to
test this hypothesis.

Gp17: The Large Terminase Protein

Gp17 is the 70 kDa large subunit of the terminase holoenzyme.®’ Gp16 and gp17 to-
gether form the terminase holoenzyme complex although the stoichiometry of the subunits in
the holoenzyme is unknown. Unlike in the case of the small subunit gp16, gp17 alone is suffi-
cient for packaging DNA in vitro.#'? A number of functional motifs and associated activities
have been recognized, which shed light on the roles of gp17 in the DNA packaging pathway.

ATP Binding Site I

The consensus sequence of the Walker-A nucleotide binding motif, (G/A)XXXXGK(T/
S), is present in a large number of enzymes capable of nucleotide binding and/or hydrolysis.
Two Walker-A motifs have been identified in gp17,”!® the N-terminus proximal
SRQLGKT61.167 (Walker-A;) and a centrally located TAAVEGKS99.306 (Walker-Ayp). As shown
recently, Walker-A; is highly conserved among all the four T4-family (T4D, RB49, KVP40,
KVP20) terminase sequences (Fig. 3) as well as in numerous other phage terminases and herpes
virus terminases.>'® Extensive combinatorial mutagenesis analyses of this site revealed a strik-
ing conservation of its features. No substitutions were tolerated in the highly conserved GKT
signature sequence of the T4 gp17 Walker-A, including the conservative substitutions G165A,
K166R, and T167A"° (Fig. 4, also, see below).

ATPase sites also contain a Walker-B motif, with the consensus sequence ZZZZD (Z
represent a hydrophobic amino acid), which is generally located 50-130 residues downstream
of the Walker-A; lysine. The four hydrophobic amino acids of the Walker-B motif form a
B-strand that ends with the highly conserved aspartate. This well-characterized aspartate is
responsible for chelating Mg?* of the bound Mg-ATP complex and for orienting the substrate
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ASN (ap} TRP
MET GLN (sp}
CYS ILE
THR LEL (sp)
SER VAL
THR{cs) LEU THR
SER VAL SER
ALA ALA SER  ALA
GLY ARG GLN GLYits GLY  LYS  THR  GLY /sp)
Sist Ris Qies Liss Guars Kies Tisr Ties
ALA  ALA ALA ALA
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PHE PHE PHE PHE PHE PHE
PRO PRO  PRO  PRO  PRO pro  PRO
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THR  THR THR
TRP TRP TRP TRP TRP TRP
TYR TYR  TYR TYR TYR
VAL VAL VAL VAL VAL

Figure 4. The critical Walker A motif in gp17.!? Phenotypes of Walker-A mutants.!” Amino acid substitu-
tions below the native sequence resulted in a null phenotype and the ones above resulted in a functional
phenotype. Some of the null phenotypes shown were inferred from the marker rescue data. The conditional
phenotypes sp (small plaque, small to minute plaquesat 37°C, ts (temperature sensitive, no plaques at 42°C)
and cs (cold sensitive, no plaques at 20°C), are shown in italics (see ref. 19 for further details). Each
substitution shown corresponds to a single amino acid substitution from independent single amino acid
libraties constructed for each residue.

for nucleophilic attack by an activated water molecule. Sequence analysis of the T4 large terminase
shows that a potential Walker-B motif, MIYID5s1 555, is located 94 amino acid residues down-
stream of the Walker A lysine® (Fig, 3). The critical elements of this Walker-B motif not only
appear to be strictly conserved in the four T4-family terminases, but also in HSV-1 U 15 and
other terminases.” Recent mutagenesis and biochemical studies of the gp17-Dass further pro-
vided evidence supporting the Walker-B assignment to this sequence (M. Mitchell and V. Rao,
unpublished data). In addition, a catalytic carboxylate residue (Ezs6) and a novel helicase motif
III that is presumably involved in ATPase coupling have been identified.” The catalytic car-
boxylate residue is required to activate a water molecule for an in-line attack on the y-phosphate
of ATP, whereas the motif I1 in helicases makes a direct contact with the nucleic acid backbone
and triggers subsequent conformational changes resulting in ATP hydrolysis.”

ATP-Binding Site IT

A second Walker-A P-loop has been proposed in a number of terminases.'® In T4 gp17,
the second ATP-binding site is represented by the sequence TAAVEGKS,99.30¢ with its appar-
ent Walker-B motif close to the C-terminus GVSVAKSLYMDygg 478 %° Unlike the striking
conservation of Walker-Ay, the sequence conservation of Walker-Ay and its surrounding region
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is quite poor. Moreover, the gp17s from phages KVP40 and KVP20 substitute isoleucine and
valine respectively for the critical lysine of the canonical Walker-A motif (Ksos in T4 gp17).’
Such a substitution would severely compromise ATP binding and hydrolysis. Recent mutagen-
esis data further showed that nonconservative single and double substitutions are tolerated at
the residues Ksgs and Sagg; in fact, screening of a library consisting of all possible double substi-
tutions showed that >30% of the substitutions, including PG, VG, RN and SL, were tolerated,
suggesting that this site is not critical for gp17 function.”?

Terminase Cutting Site

One or more H-X,-H type metal-binding motifs with sugﬁestcd roles in DNA-binding
and endonucleolytic activity have been identified in terminases.'® The histidine-rich motif in
the C-terminal half of T4 gp17, H332-X2-H335-X16-C402—X3-H411-X2-H414-X15-H430—X5—H436,
appeared more complex consisting of three H-X-H type motifs.!? Site-directed mutagenesis of
His43g showed that none of the twelve substitutions tested were tolerated, which is a clear indi-
cation that this is a critical residue.”! Biochemical analyses of H436R gp17 mutant further
showed that this mutant lost both the DNA packaging and terminase cutting activities. Recent
combinatorial mutagenesis experiments identified certain strictly conserved aspartate residues
within the “histidine-rich” motif (D4o1 and Dsqg) that are critical for gp17 function and some of
these mutants exhibited a loss of terminase cutting activity, but not the in vitro DNA packaging
activity” (E Rentas and V. Rao, in preparation). We suggest that the terminase DNA cutting
site consists of a cluster of histidine and aspartic acid residues that are involved in metal-coordinated
acid-base catalysis of DNA cleavage, as was reported in a number of nucleases.??

Prohead Binding Site

The portal-terminase interactions appear to be mediated by the negatively charged and
hydrophobic residues at the carboxy-terminus of the large terminase protein. Analogous to the
phages A and T3, the negatively charged sequence ELQDMSDDYAPs75.5g5 at the
carboxy-terminus of gp17 was considered a good candidate for the portal binding site. How-
ever, it turned out that this sequence is not critical for function since a recombinant gp17 that
is truncated after Ks77 is fully functional for in vitro DNA packaging (V. Rao, unpublished
data). Based on recent genetic data, other negatively charged clusters, LYNDEDIFDD3,5 331,
and IDYADKDDsgg 567 are likely candidates for the portal binding site.>?* A peptide from
phage T4 portal protein gp20 (residues 281-308), which encompasses the packaging-defective
cold sensitive () mueations in g20, was shown to interact with gp17 and block DNA packag-
ing in vitro.?* Second site mutations that suppress ¢s20 mutations map in g/7. These substitu-
tions, 1364F (»R1) and S583N (s5L.51), map close to the proposed sites, which are also well
conserved among the T4 family terminases, suggesting that additional residues in the flanking
sequence also provide specificity to the terminase-portal protein interactions.?*

Activities Associated with gp17

DNA Packaging

Packaging efficiencies measured at 10% wild type (>10%/ml infected bacteria) can be ob-
tained using purified terminase proteins.!>?® Gp16 enhances gp17-dependent packaging ac-
tivity by about 100-fold at low concentrations of gp17.8 DNA packaging in vitro normally
requires both gp16 and gp17, but gp17 alone may suffice at high concentrations.''? Endog-
enous phage T4 concatemeric DNA that accumulates in packaging defective phage infections
is packaged at about 100-fold greater efficiency than externally added mature DNA.!? Phenol
extracted (protein-free) mature and concatemeric DNAs are packaged with comparable effi-
ciency and predominantly by recombination into the active concatemeric DNA as judged by
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formation of phage recombinants in vitro.'>?> The very high competence of the endogenous
DNA suggests that packaging occurs hand-in-hand with other DNA metabolic processes such
as recombination and repair. Certain structural features of the metabolically active DNA and/
or the associated protein complexes may provide sites for recognition and docking of the
terminase onto the DNA substrate.”> Thus concatemeric DNAs produced by genes 55 and 33
am defective infection are inefficiently packaged, apparently at least in part because of the
absence of gp55 which interacts with the gp17 terminase subunit and may dock it to DNA.?
The gp55 and gp33 ate the T4 late transcription activator (G-factor) and coactivator, respec-
tively, and link replication and late transcription through attachment to the processivity sliding
clamp, gp45, loaded onto the DNA.

ATPase

In concurrence with the DNA packaging results, gp17, but not gp16, exhibits an ATPase
activity.!2 This activity hydrolyzes the B-y phosphoanhydride bond of ATP generating ADP and
P;. The gp17 ATPase is highly specific to ATP; dATP is also cleaved, but at a reduced efficiency.
However, none of the other NTPs/dNTPs are hydrolyzed to a significant extent. The ky, for
ATP hydrolysis is about 110 UM and the ke, is about 2 ATPs hydrolyzed/gp17 subunit/min.
These data, in particular the low ke, are consistent with the notion that the basal ATPase
activity of gp17 is maintained at a low level when it is not coupled to DNA translocation.!?

Gp16-Stimulated ATPase

As mentioned above, the gp17-dependent in vitro DNA packaging activity is enhanced
by gp16 by about 100-fold at limiting concentrations of gpl7. Gpl6 does not possess an
ATPase activity, but stimulates the gp17-associated ATPase by about 50-fold.'? The stimula-
tion is specific and shows dependence on the gp16:gp17 ratio, implicating a specific gp16-gp17
interaction to form a holo-terminase complex. The gp16:gp17 ratio for maximal stimulation is
estimated to be 6-8:1, although further biochemical studies are underway to determine the
stiochiometry of an active holoterminase complex. Analysis of the catalytic parameters of the
gp16-stimulated ATPase activity showed that the increase is due to an increase in the catalytic
capacity of gp17, but not due to an increase in the affinity towards the ATP substrate;'* the ky,
and ke, for ATP hydrolysis in the presence of gp16 ate about 256 UM and 107 ATPs hydro-
lyzed/gp17 subunit/min, respectively (ky: 110 pM and ke, 2 for gpl17 alone).

Phosphorylation

Incubation of gp17 with ATP results in phosphorylation of gp17. About 10% of the total
gpl7 is estimated to be in the phosphorylated form, which seemed to be trapped only under
conditions of low catalytic rates for ATP hydrolysis such as the absence of gp16, and incuba-
tion at low temperatures.'? This and the fact that some of the bound P; is released in the
presence of gp16 suggests that the phosphorylated gp17 is an intermediate of ATP hydrolysis
rather than gp17 having an independent protein kinase activity. It is important to determine
the phosphorylation site in gpl17 and further characterize its role in the catalytic process. A
phosphorylated intermediate of gp17 shows mechanistic similarity to some motor proteins,
such as the SR ATPase, but not others, such as myosin or F,FyATPase, which do not display a
covalently attached P; intermediate.?®

DNA Cleavage (Terminase)

In phages with specific ends (e.g., A, T7, T3) and phages with nonsequence specific pac
and headful cutting ends (e.g., P22, SPP1, P1), the nonstructural packaging proteins cleave the
newly replicated viral concatemeric DNA and generate the termini of the packaged DNA
molecule.” The small terminase protein recognizes the viral DNA substrate and directs the
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large terminase protein to the cleavage site, which will then be cleaved by an endonucleolytic
activity associated with the large protein. Phage T4 appears to have a similar functional divi-
sion, since it packages DNA by a headful mode yielding circularly permuted and terminally
redundant ends, i.e., the ends of the packaged genome are widely dispersed over the genome
with an estimated 3.3 kb (~29% of the genome) repetition at the ends. As in the pacsite phages,
T4 packaging is terminated at a random sequence following packaging of ~102% (one headful)
of the viral genome, to yield the terminal redundancy of 3.3 kb. Because phenol extracted
mature T4 DNA can be efficiently ligated by T4 ligase in vitro,?’ either the mature DNA is
blunt ended, or the same local nucleotide sequence is cleaved by terminase in packaging, the
latter possibility appearing less likely. Overall, the T4 terminase must be a nonspecific but
strictly regulated endonuclease, which allows only limited headful length cuts coupled to DNA
packaging. The terminal headful cutting may be regulated by portal protein interaction, as is
thought to be the case for phages P22 and SPP1.

Evidence thus far suggests that the large terminase protein indeed exhibits 2 nonspecific
endonuclease activity.* Expression of gpl7 in E. coli from strong promoters such as phage
T7 and A pL promoters results in extensive cleavage of both the resident plasmid DNA and the
E. coli genomic DNA. That this activity is associated with the large terminase protein gp17 was
rigorously characterized using a2 number of control recombinant constructs. The cleaved DNA
exhibits a characteristic smear that extends throughout the lane upon agarose gel electrophore-
sis. Mapping the ends of isolated cleaved DNA showed no sequence specificity. Further charac-
terization of this activity revealed that the T4 terminase exhibits a preference towards the cleav-
age of transcriptionally active DNA. %%

Since gp17 nonspecifically cleaves the E. coli genomic DNA, significant basal level expres-
sion of gp17 in leaky expression strains such as E. co/i BL21 (DE3) is lethal. This characteristic
was exploited to select point mutations that render this activity defective and hence would
allow E. coli BL21 (DE3) to survive and form colonies.?! Such mutants, which are no longer
lethal to E. coli, lack the characteristic cleavage of DNA upon gp17 expression. This strategy, as
described above, allowed mapping of a terminase cutting site in the C-terminus of gp17.**>

Franklin et al reported an in vitro terminase activity associated with the full-length
gp17, which degrades single stranded DNA.?° The gp17 preferentially binds to the single
stranded DNA at the junctions of single and double stranded DNA (putative recombina-
tional or replicative intermediates) and degrades the single stranded portion of the junction
in a nonspecific manner. While these data in some ways mimic the in vivo terminase activity
discussed above, a significant reservation should be noted. The gp17 purified by Franklin et
al binds to ssDNA cellulose columns tightly, an activity not reported with the other gp17
preparations.®>'%%0 Also, their purified gp17 was not characterized by the in vitro DNA
packaging assay in order to compare it with the other independently purified preparations,
which were characterized by the bench-mark in vitro DNA packaging assay. The in vitro
DNA packaging assay remains the only specific biological assay available to assess the func-
tionality and identity of the purified protein.

Gp20: The Portal Protein

The T4 portal protein gp20 (61 kDa) was first determined to be directly connected to
packaging by gene 20 ¢s mutations that blocked packaging initiation at low temperature. The
prohead defect was reversed upon temperature shift or could be suppressed by specific gene 17
terminase mutations, thereby showing intimate association between terminase and portal pro-
teins in packaging.®'*? As discussed above, a number of clustered cs murations in the portal
gene and their terminase suppressors have been sequenced.? Early electron microscopic struc-
ture determination showed that the T4 portal is a dodecamer.® In fact, it is likely that its 3D
structure is similar to the $29 and SPP1 portal proteins.* Assembly of the T4 portal is unusual
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in requiring a specific assembly factor or chaperone which leads to assembly on the cytoplasmic
membrane.*>?” Assembly of the T4 prohead is in turn strongly dependent upon assembly of
the membrane-linked portal, since in the absence of the portal protein, tubes rather than
proheads form with a delay.®® Proteolytic processing of the prohead releases the prohead from
the membrane—among the prohead structural proteins only the portal protein is not pro-
cessed—and presumably this maturation frees the portal for interaction with the terminase in
the cytoplasm, where electron microscopy reveals packaging occurs.? In relation to the mecha-
nism of DNA packaging and portal packaging function, modifications of the T4 portal protein
by means of gene fusions reveal that bulky portal fusion proteins extending inside (gp20-gfp)
or outside (HOC-gp20) the prohead can be assembled together with truncated gp20.% For-
mation of active phage heads containing these altered portals poses a problem for DNA trans-
location models that invoke the necessity of portal rotation.

Major Events during Phage T4 DNA Packaging

Packaging Initiation

In a common pathway for packaging initiation in dsDNA phages, the small terminase sub-
unit recognizes the viral genome, facilitates the assembly of a holoterminase complex on the
recognition site, the large terminase subunit then cuts the DNA, and the DNA end is linked to
the empty prohead via interactions with the portal protein.” Phage T4 follows this common
pathway. Like the pac site phages, which recognize a unique sequence in the phage genome and
cut near it to initiate a series of processive, random sequence ended phages, phage T4 generates
circularly permuted ends. The evidence suggests that the phage T4 small terminase subunit gp16
also recognizes a pac site near the 3' end of its structural gene to create packaging initiation sites.

Evidence for T4 pac site recognition includes small terminase subunit gp16 binding to
dsDNA containing the gene 6 pac site, analogous to the other phage terminase small sub-
units.!! A variant H-T-H DNA binding motif is proposed in the gp16 sequence.>! In vivo
genetic evidence for gp16 binding to the pacsite includes the observations that: (i) under selec-
tion for higher copy numbers of gene 17 to increase its expression, gp16 is required for ampli-
fication of a gene 16 to gene 19 region of the phage T4 chromosome bounded by the pacsite in
gene 16 and a homologous region in gene 19; site directed mutagenesis of a 24 base pair homol-
ogy region in the gene 16 pac site can eliminate the amplification,***#® (ii) recombination
between genes 16 and 19 in plasmids at the preferred amplification junction likewise requires
synthesis of gp16;*! western blotting confirms that gp16 synthesis occurs from these gene 16
containing plasmids (H. Lin, unpublished data); (iii) plasmids and prophages containing the
gene 16 pac site show enhanced transduction by the T4 transducing phage variant T4GT7,
whereas site directed mutagenesis of the pac site lowers the transduction;*? and (iv) a pac site
DNA fragment of ~10 kb extending from the unique BamHI site of phage T4 to gene 16 is
found in mature phage T4 DNA.*2 Thus, overall, a gene 16 pac sequence promotes transduc-
tion of pac-containing DNA, is found frequently to terminate mature T4 DNA, and gpl6 is
required to recognize the gene 16 pac sequence to promote genetic recombination in vivo be-
tween it and a homologous sequence in gene 19 to produce terminase amplification mutants.

The above observations strongly suggest that phage T4 gp16 recognizes and binds a pac
sequence near the 3' end of gene 6. A model for gp16 DNA recognition and binding is that, as
synthesized, the gpl6 monomer binds to a preferred par region toward the end of gene I6.
Oligomerization releases gp16 from DNA binding and allows the gp16 ring to slide along the
DNA and to participate in mature DNA end formation and packaging. Formation of the double
ring could lead to the observed in vivo recombination-driven amplification of J§p16 binding
sequences due to synapsis of DNA segments each binding a single gp16 ring,*?** This model
proposes that the gp16 synapsis-related packaging function is to regulate DNA end formation by
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making it dependent upon DNA synthesis and accumulation, i.e., upon concatemerization of
identical sequences.* The model is consistent with the observation that the pac fragment in
mature T4 DNA is more abundant when multiple plasmid gene 76 sequences are also present in
the infected host,*? and with the absence of DNA binding by the gp16 multimer.!! Overall, this
model for how gp16 recognizes the viral DNA substrate for packaging conforms to functions
conserved among small terminase subunit proteins, including binding to a pac or cos region
located within or near the small subunit gene. Howevet, the mode of DNA binding by gp16 and
the existence of a DNA bound gp16 ring form require experimental demonstration.

The old phage T4 literature is probably inadequate to distinguish between pac site and
“random headful packaging” modes, which are mechanistically similar, especially if head filling
is highly processive; i.e., an infrequent cut near to a pac site followed by multiple processive
packaging rounds yields headfuls of apparently “randomized” DNA-containing phages. But, in
fact, in the old phage T4 literature the most complete electron microscopic survey of heterodu-
plex DNAs formed from mature phage T4 particle DNAs concluded that although phage T4
mature DNA end sequences are dispersed over the chromosome, they are not “randomized”
but distributed in a manner suggesting one or more pac sites in the genome.** Given a gene 16
pac site, it is not excluded that other modes of end formation and packaging are also utilized;
indeed, the observation that site directed mutagenesis of the gene /6 pac sequence which elimi-
nates gene /7 amplification is not lethal,*? suggests that other packaging modes can intervene,
as does the slow accumulation of filled heads in a gene /6 defective infection.!®

Prohead Expansion

In T4 and other dsDNA bacteriophages, procapsid expansion accompanying DNA pack-
aging is an important event, resulting in an increase in the inner capsid volume by about 50%
in T4. In phage T4 head assembly, expansion is a striking transformation resulting in the
stabilization of capsid subunit interactions, reorganization of capsid protein epitopes between
the outer and inner surfaces of the capsid shell, and exposure of binding sites for the outer
capsid accessory proteins Soc and Hoc.*#” Changes in ATP- and DNA-binding properties of
the assembled capsid protein have also been reported.*®*? This remarkable transformation of
the capsid structure during expansion, and the timing of this transformation which coincides
with DNA packaging, have raised interesting biological questions.

What is the trigger for prohead expansion? A number of studies indicate that the expan-
sion transformation is an inherent property of the capsid protein, and can occur both in vitro
and in vivo in isolation from DNA packaging.*>*%! It is also clear that expansion is not
energetically coupled to DNA packaging since much of the DNA enters an already expanded
prohead and that DNA can be packaged in vitro into an expanded prohead.”? However, in
vivo, it is likely that interaction of the terminase-DNA complex with the portal vertex and
possibly the entrance of some DNA into the prohead, is the natural trigger for expansion.
Jardine et al have identified an unexpanded, presumably cleaved, T4 prohead containing some
DNA, which apparently can be chased into an expanded prohead and eventually phage.53>
The amount of DNA associated with expansion in T4 is not characterized. There is better
evidence for the above hypothesis in phages A and T3 than in T4. It is well documented in the
A and T3 defined DNA packaging systems that expansion occurs after packaging of about 11%
and 25% of the genomes, respectively.”>® These data suggest that the terminase-prohead interac-
tions, packaging of a small fraction of the DNA, prohead expansion, and continued packaging
into an expanded head, occur in that order. Nevertheless, in both T4 and T3/T7, efficient
initiation and completion of packaging into expanded proheads can be demonstrated, showing
that there is no necessary mechanistic coupling between expansion and packaging,”>>¢>’

What is the biological significance of prohead expansion? The overall expansion transforma-
tion appears to be an energetically favorable process although it must be triggered.’' The initial
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thermodynamic barrier is probably overcome by specific terminase-DNA-portal interactions. It
has been demonstrated that expanded T4 proheads are stabilized relative to the procapsid precur-
sors. In addition to this function, expansion could play a role in DNA packaging or ejection.
According to one hypothesis, the DNA entering the prohead interacts with the inner surface of
the unexpanded capsid, serving as a “nucleator” for organization of the incoming DNA.! The
following expansion would weaken these interactions, allowing organization of the packaged DNA
and its delivery during the infection process.! Alternatively, expansion changes the inner capsid
surface from a core-interacting surface to a DNA-interacting surface.”? The inner surface of the
capsid, which is built with a core-interacting capability, should be transformed at the time of DNA
packaging since a core-interacting surface would be irrelevant, if not detrimental, for the accompa-
nying DNA packaging event. Consistent with these hypotheses, there is evidence in phage T4 for
a shift in capsid protein epitopes from outside to inside of the capsid surface during expansion.*®
How this bears on the structure of the packaged DNA is unknown. Phage T4 DNA is packed to
~500 mg/ml, the same density as other dsDNA phages. The condensed T4 DNA is oriented
parallel to the long axis of the prolate head. Proteins encapsidated with the DNA display mobility
within the condensate, since e.g., Staphlococcal nuclease can hydrolyze the packaged DNA.>

DNA Translocation

Although a number of interesting models have been proposed, viz., portal protein as a
translocating rotor, topisomerase nicking and resealing, osmotic pump, tracking along the DNA,
and conformational switching, the basic mechanism of DNA translocation is still very much a
mystery. Although recent cryo-EM and X-ray structural analyses of the $29 portal ring allowed
postulation of explicit details which link portal compression and rotation to translational move-
ment of DNA,? there is no evidence yet for a rotating portal. It is however clear that, regardless
of the DNA translocation mechanism and which component does it, it is powered by an AT-
Pase “motor”. The defined in vitro DNA packaging systems and structural data estimate that
hydrolysis of one ATP is coupled to translocation of two base paits of dsSDNA.®*¢! This means
that roughly 10° molecules of ATP are expended to package one molecule of T4 DNA at an
estimated caralytic rate of 10* ATPs per min per packaging unit. It is important to bear in mind
however that these are merely estimates based on evidence from defined in vitro DNA packag-
ing systems, which are inherently subject to a number of uncertainties.

A key question that needs resolution to further analyze the mechanistics of DNA packag-
ing is: which component of the packaging machine (Fig. 1) is the ATPase motor that powers
DNA translocation? A strong case can be made for the large terminase subunit gp17. Recent
studies with T4 have taken the lead to address this question rigorously using a combination of
molecular genetic and biochemical approaches. A combinatorial paradigm was developed to
analyze the ATPase site I (Fig. 3), which, as described above, appeared to be a critical motif in
preliminary studies.'® Every possible amino acid substitution was introduced at every residue
of the putative Walker-A motif SRQLGKT 161.167 (Fig. 4). Substitutions were either not toler-
ated or highly restricted at any of the invariant residues of the canonical G(A)XXXXGKT(S)
Walker-A P-loop. Most strikingly, no substitutions, other than a conservative T167S, were
tolerated at the GKT stretch, which is known to be responsible for binding ATP substrate (Fig.
4). Atomic structures of a number of ATPases show that the €-amino group of lysine interacts
with the -, Y-, phosphates of ATE, whereas the hydroxyl group of T coordinates with the Mg
of the ATP-Mg complex. In the context of these well-established roles, the lethality of “conser-
vative” substitutions such as G165A, K166R and T167A is likely due to a loss of specific and
essential interactions between the ATP-Mg substrate and the catalytic center residues rather
than to a major perturbation of gp17 structure or folding.'?

This conclusion was further supported by the consistent biochemical phenotype exhib-
ited by the ATP binding site I mutants. The purified K166G gp17 showed a complete loss of
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Assembly of T4 DNA Packaging Machine

Figure 5. Model for the assembly of a functional packaging machine. The small T4 terminase protein gp16
exists as eight-subunit single or sixteen subunit double ring multimers in solution (see Fig. 2), whereas the
large terminase protein gp17 exists largely as a monomer. The stoichiometry of the terminase subunits in
the holoenzyme is unknown. In the speculative model depicted above, gp16 and gpl7 are shown as
pentamers. The main point made is that gp16 multimer interacts with gp17 subunits facilitating the
formation of a holoenzyme complex. This results in a conformational change in gp17 converting a weak
gp17-ATPase into a stimulated ATPase. Further stimulation to a translocating ATPase is proposed upon
docking of the holoenzyme complex to the portal ring thus assembling a functional packaging machine.

DNA packaging activity and the gp16-stimulated ATPase activity. The conservative mutants
G165A, K166R, and T167A, showed a loss of in vitro DNA packaging activity buc not the
terminase (DNA curting) activity. Thus, the two major functions of gp17 can be separated
leading to the inference that the ATPase I site is required for the DNA packaging function.
Recent data further show that the mutants in the proposed downstream Walker-B (MIYIDys;.255)
residues, which are also predicted to be part of the same ATPase center, exhibited the same
phenotypic pattern (M. Mitchell and V. Rao, unpublished data).

Thus, the evidence strongly supports the hypothesis that the T4 large terminase protein
gp17 provides the ATPase motor function for the DNA packaging machine. In fact, a common
ATPase center with conserved functional signatures has recently been discovered in the large
terminase subunit of numerous dsDNA viruses, suggesting this site as the elusive translocating
ATPase.’ Recent mutational and biochemical evidence on the analogous ATPase site in the
large terminase subunit gpA of phage A also corroborates this conclusion.%? However, more
direct evidence is necessary in order to assign a causal role. It can be argued that DNA translo-
cation could be catalyzed by a second “cryptic” ATPase that is activated upon the assembly of
the complete packaging machine. Although unlikely, this possibility cannot be ruled out by the
available evidence. Biochemical analyses of the conditionally lethal mutants are currently un-
derway to rigorously assess the proposed linkage.

Based on the evidence presented above, a simple model for the assembly of the DNA
translocating ATPase is proposed in Figure 5. This model invokes a trigger (stimulation) of the
ATPase motor when it is connected to DNA translocation.'>'® Analysis of a number of packag-
ing systems suggests that the rate of ATP consumption during DNA packaging is substantially
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greater than would be predicted from the ke, of the ATPase associated with the large terminase
subunit. Assuming that the large terminase subunit alone is the translocating AT Pase, this sug-
gests a coupling of ATPase catalysis to DNA packaging, resulting in an increase in the catalytic
capacity of the ATPase upon the assembly of a functional packaging machine and ensuing of
DNA translocation. Perhaps the best evidence for the stimulated AT Pase state is obtained in the
T4 terminase system. As discussed above, the gpl17-associated ATPase and DNA packagin,
activities are stimulated by about 50-fold in the presence of the small terminase subunit gp16.%!
Considering the evidence that gp17 is hetero-disperse in solution and gp16 forms multimeric
rings (or lock washers), it appears likely that the stably assembled gp16 facilitates multimerization
of gp17 to form a gp16-gp17 holo-terminase complex. These interactions followed by confor-
mational changes in gp17 result in the stimulation of the ATPase activity. In fact, gp16 depen-
dent gp17 ATPase can be stimulated by an antiserum prepared against denatured gpl7 to an
activated enzymatic form hydrolyzing ~400 ATPs/gp17/min, an activity consistent with esti-
mates of ATP hydrolysis requirements for DNA translocation (5,000 ATP/min), if gp17 forms
an active ~12mer (~4800 ATP/min). And, in fact, it appears that this antibody-activated gp17
is a high molecular weight complex of roughly this dimension that does not require continued
gp16 interaction for high turnover ATPase.”* Stimulation must occur also upon docking of the
terminase-DNA complex with the gp20 portal since packaging in vitro (and in vivo) can occur
in the absence of gp16. The proposed stimulations may represent common regulatory switches
that couple ATP hydrolysis to a biological function in many systems.'>!?

Interactions of DNA Packaging with Other DNA Processes

Packaging in vivo must interact with numerous other DNA processes, suggesting that
regulatory mechanisms governing these interactions are necessary. In fact, in several phages
initiation of DNA packaging requires terminase interactions with other proteins, which help
to control the process or facilitate it. For example, in phage A, the host coded proteins IHF and
HU apparently bend DNA to promote terminase binding.® Phage T4 generally operates rela-
tively independently of host components thus suggesting terminase phage protein interactions
may predominate. In facr, phage T4 terminase interacts with numerous phage proteins. In
addition to interacting with itself, the small terminase subunit (gp16), and the portal (gp20),
the phage T4 terminase gp17 subunit is known to interact with a number of phage T4 DNA
binding proteins, namely gp32 (single strand DNA binding protein), gp55 (late T4 & factor),
as well as possibly gp45 (DNA sliding clamp®). The terminase interaction with the late T4
O-factor is intriguing in view of the participation of the T7/T3 RNA polymerase in DNA
packaging and DNA repair synthesis. Since gp17 shows little or no affinity for DNA, these
interactions with DNA directed proteins may serve to promote terminase loading onto DNA
for packaging as well as to regulate packaging initiation. Additionally, it is probable that the
DNA replication machinery should be mobilized to the site of packaging initiation in order to
repair the concatemer following the double strand DNA break required for DNA packaging. It
is tempting to speculate that the terminase is a criticial regulatory protein whose structure and
activity depend upon these multiple protein interactions.

DNA Structural Requirements for Packaging

Probably the best-understood example of DNA structure representing a roadblock to pack-
aging arises in the case of T4 gene 49 (endonuclease VII) mutations. T4 gene 49 mutations
lead to the accumulation of partially filled heads, apparently because of the accumulation of
branches (recombinational intermediates) which can be visualized outside the partially filled
head.%>%% The gene 49 endonudlease is able to resolve Holliday structures in DNA as well as
display other activities consistent with a role in removing such branches in the concatemeric
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DNA. The phenotype of temperature-sensitive gene 49 mutations therefore demonstrates that
DNA damage can arrest DNA packaging, and DNA repair processes can rescue arrested inter-
mediates. Interestingly, the gene 49 endonuclease binds to the gp20 portal protein, positioning
it favorably for resolution of branched structures as these encounter the prohead.®

DNA ligase is similarly required to complete DNA filling of T4 proheads in vivo. When
both T4 and host DNA ligase temperature-sensitive mutant enzymes are inactivated, following
the accumulation of a large DNA concatemer pool in the presence of ligase, full heads accumu-
late to only about 3% of the total. Restoration of ligase activity by temperature shift allows the
major product, partially filled heads, to be filled to active heads.®® These experiments demon-
strate that either the T4 or the E. co/i ligase can satisfy the packaging requirement. Whether the
ligase lesion is a nick or more extensive discontinuity in duplex DNA is unknown, aithough
the duplex concatemer must be interrupted to allow late transcription.® In phage T4 a num-
ber of “early” DNA replication-recombination functions, when altered by mutation, lead to
defects in packaging as revealed by the accumulation of partially filled heads as the predomi-
nant product, suggesting that defects in the concatemer block continuation of DNA transloca-
tion.*” On the other hand, heteroduplex loops of 19 bases can be packaged into A heads, a
surprising degree of deviation from dsDNA for models that gear dsSDNA translocation into the
head.®® Can a single strand extension of a translocating double strand also be translocated into
the prohead? Greater knowledge of the DNA structural requirements for packaging would
provide necessary checks on models for the translocation mechanism.

Discontinuous Headful Packaging

An interesting twist to the classical headful packaging model has been discovered during
the large DNA cloning experiments in phage T4 and phage P1 in vitro packaging.®®’° Both
the cloning systems package linear headful size foreign DNA molecules cloned within a unique
site of the vector followed by transduction of these molecules into E. coli. Surprisingly, a frac-
tion of the clones showed very small, less than headful length, inserts. Subsequent experiments
using only the 7-30 kb size vector DNAs as the packaging substrate revealed that these phages
can indeed package and transduce DNA molecules that are much smaller than the headful
length DNA. But, these particles have the same density as the wild type suggesting that mul-
tiple plasmid molecules are packaged within the same head. Alternate mechanisms such as
recombination or rolling circle replication that might convert the less than headful length
DNA to a headful size have been eliminated.”® These results have some interesting implica-
tions: (i) the packaging machinery does not have a “ruler” capability to measure the length of
the packaging substrate before initiation of packaging and discriminate against packaging of
small molecules; (i) the partially packaged, presumably expanded, head is capable of initiating
and packaging a second DNA molecule; and (iii) ds DNA packaging is a remarkably flexible
process, and can occur by multiple modes; normally, the unit lengths are cut from concatemers
(in vivo), occasionally, unit length linear molecules are packaged from end-to-end (both in
vitro and in vivo), and rarely, multiple molecules are packaged to fill the head volume.

Conclusions

Phage T4 fundamentally employs the same mechanisms as the other well characterized
dsDNA bacteriophages for packaging DNA. However, it also presents some unique challenges.
For instance, the mechanism of DNA substrate recognition and regulation of concatemer matu-
ration and cutting represents one such problem. This is complicated by the fact that the T4
packaging substrate is an “endless” concatemer with multiple branches that are associated with
protein complexes. T4 may exploit multiple modes of substrate recognition and cutting, but a
close collaboration between packaging and DNA recombination and repair processes is likely
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essential to repair the packaging concatemer and to resolve competing DNA packaging com-
plexes. The fact that T4 terminase associates with components {gp32, gp55) of the late tran-
scription and replication pathways is direct evidence for probable coupling of packaging and
DNA repair processes. Understanding the dynamics of these interactions and elucidating an
integrated mechanism may generate novel insights into the overall mechanisms of regulation of
DNA metabolic pathways.

With its similarity to the putative herpes viral terminases and the presence of a single
critical ATPase center {other terminases reportedly have two or more ATPase sites!®7172), the
proposed ATPase motor in the large terminase subunit gp17 offers an excellent model to eluci-
date the DNA packaging mechanism. The collection of unique mutants generated by the pow-
erful molecular genetic and biochemical approaches, including the very rare conditionally le-
thal mutants, offer a unique resource to dissect the molecular details of ATP energy transduction
into mechanical movement of DNA. The data may also have broad implications to the general
understanding of energy and signal transduction mechanisms. The ATP (GTP) consensus motif
is apparently one of the most common motifs found in genomes (up to 5-10% of all expressed
proteins), and may represent one of the fundamental (and ancient) motifs in biological sys-
tems.”® Numerous ATPase (GTPase) systems and molecular motors use this motif to trap the
energy-rich ATP and regulate and couple its hydrolysis to power numerous biological pro-
cesses. Biochemical analyses of the mutant collection of gp17 may provide a more precise
understanding of the common molecular switches involved in energy/signal regulation and
coupling.
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CHAPTER 4

T3/T7 DNA Packaging

Philip Serwer

Summary

uring formation of a mature bacteriophage particle, a procapsid of protein packages
D the linear double-stranded DNA genome of the related bacteriophages, T3 and T7.

Initiation of T3/T7 DNA packaging in vivo occurs near the genetic right end of a
concatemer-associated genome. Initiation in vivo requires transcription near the initiation site
and results in the formation of the genome’s right end by cleavage of the concatemer. The
initiation is co-operative among capsids that are packaging the genomes of a single concatemer,
based on observations of single in vitro DNA packaging events. An ATP fueled DNA packaging
motor then drives the mature DNA genome into a capsid. Genetic analysis of a T3 DNA
packaging ATPase reveals a capsid-binding site and also ATP binding sites that appear to be
part of the DNA packaging motor. The packaged T7 DNA molecule is wound in concentric
coils around an internal protein cylinder. The cylinder has a strong component of 8-fold rota-
tional symmetry and is mounted on a 12-fold symmetric connector that sits on a 5-fold vertex
of the procapsid. The DNA molecule enters the capsid through an axial hole in the
cylinder-connector. The procapsid has recently been isolated in an altered state. In vitro T3
DNA packaging has been achieved in a purified system that has been used to define the following
interaction among components: connector-large accessory protein (ATPase)-small accessory
protein-DNA. Procedures are being developed for analysis of the cycle of the T3/T7 DNA
packaging motor at the level of a single motor.

Introduction

Historically, research on bacteriophages began with an agenda that had a focus on
bacteriophage-based cures of bacterial diseases. Bacteriophage T7 was isolated during propagation
of a mixed culture originally used for bacteriophage therapy. T7 outgrew the other bacteriophages
present in the culture, although a mixed culture was intended.! Recently, the research agenda
has begun to refocus on bacteriophage-based cures, because of the increasing resistance of
bacteria to known chemical antibiotic-based cures.!”® After the initial focus on
bacteriophages-as-antibacterials, the bacteriophage research agenda developed a focus on the
chemistry of biological information transfer.*® This latter research was assisted by the low time
of the generation of bacteriophages. For example, bacteriophages T3 and T7 infect a host and
form over 100 progeny bacteriophages in a total time of about 13 minutes at 37°C. This low
generation time was ideal for genetic studies.

After the fundamental events of biological information transfer were discovered, the bac-
teriophage research agenda developed a focus on the biochemical/biophysical mechanisms
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involved in these events. The primary events of information transfer were DNA replication,
DNA recombination, RNA synthesis and protein synthesis. However, the following second-
ary event also attracted attention, in part because of its apparent susceptibility to empirical
investigation: the packaging of a double-stranded DNA genome in the protein capsid of a
bacteriophage particle. This “DNA packaging” occurs by assembly of a procapsid that subse-
quently binds a bacteriophage genome and, then, draws the bacteriophage genome into a
cavity surrounded by the outer shell of the capsid. The energy for DNA packaging is derived
from cleavage of ATP. The capsid’s outer shell changes its structure during DNA packaging
(reviewed in refs. 7-9).

For some bacteriophages, including T3/T7, the in vivo DNA substrate for packaging is
an end-to-end polymer (concatemer) of the mature genome. The concatemer is cut to ma-
ture size during packaging. A pathway proposed for in vivo T7 DNA packaging is in Figure
1 (discussed further below). The length of the mature genome is 39.937 kilobase pairs (kb)
for T7'® and 38.208 kb for T3.!! The maturation cleavage of a concatemer produces a
genome that has the nucleotide sequence at one end repeated at the other end (terminally
repetitious). The nucleotide sequence is unique (nonpermuted). The terminal repeat is 160
nucleotide pairs long for T7'® and 231 nucleotide pairs long for T3.!' Even without the
complexity of producing a terminally repetitious, nonpermuted genome, DNA packaging
appeared to have a level of biochemical complexity at least equal to that of other fundamen-
tal events. But, DNA packaging also appeared to have more physical simplicity because the
DNA molecule did not undergo either strand separation or strand exchange during DNA
packaging. The primary change in the DNA molecule during packaging is its dramatic
collapse in a cavity that has a volume about twice the volume of the DNA double helix
packaged.'>!?

In the case of bacteriophages, studies of fundamental events were assisted by develop-
ment of bacteriophage genetics. For T7, these studies initially produced (1) a map of genes,
(2) conditional-lethal mutations in each of most essential genes, and (3) deletion mutations
in each of most nonessential genes.'*'¢ The map for T3 is close to the map for T7.!! The T3/
T7 nucleotide sequence homology is extensive; sequences as long as 177 are identical.!! The
system for naming genes is the same for T3 as it is for T7.'"!'7 The genes are named by
numbering from one end of the genome to the other. The left end is the first end injected
into a host cell at the beginning of an infection.!®!® Therefore, this end has genes with the
lowest number. Newly discovered genes receive non-integral numbers, if they are between
genes that already have neighboring integral numbers (for example, gene 2.5 in Table 1).
Conditional-lethal mutants are used to help determine the function of a gene. For example,
infection of a non-permissive host with some amber mutants results in no DNA packaging,
but the production of all easily visible components needed for DNA packaging. This type of
result was used to discover the accessory proteins for DNA packaging that are discussed
below.

For analysis of DNA packaging, each of the various double-stranded DNA bacteriophages
has advantages and disadvantages. An advantage of T3/T7 is the presence of the following two
characteristics that assist in the isolation and characterization of particles in the DNA packag-
ing pathway (DNA packaging intermediates): (1) Both monomeric and concatemeric DNA
genomes are short enough so that hydrodynamic shear-induced breakage is not a major prob-
lem during pipeting. The longer genome of bacteriophage T4, for example, is more of a prob-
lem in this area. (2) During infection, the host genome is degraded, host DNA synthesis is
stopped and host protein synthesis is stopped (reviewed in ref. 20). The second characteristic is
shared only by bacteriophages in the T7-like and T4-like families, among the well-studied
bacteriophages.
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Table 1. The T3/T7 genome. An abridged list of the T3/T7 genes is presented. The

pacaB site is indicated.’ %20

'

| Class! |  Classll Class il
1 12 34 5 6{7 8 9101112 131415 16 17 18 19}
L RN 18 N RN N T 1 U N (VU N TS T IO NS AN NN NN N N
H 1

pacB ./
Lef Right
1 RNA Polymerase 8 Connector protein
2 Anti-host RNA Polymerase 9 Scaffolding protein
2.5 ssDNA-binding protein 10 Maijor outer shell protein
3 Endonuclease 11,12 Tail proteins
4 Primase-helicase 13-18 Proteins of the internal cylinder
5 DNA polymerase 17 Tail fiber protein
6 5'to 3’ exonuclease 18 Small accessory protein for DNA packaging
77 19 Large accessory protein for DNA Packaging

The usefulness of these two characteristics is illustrated by the early isolation from in-
fected cells of hard to isolate T7 DNA packaging intermediates. These intermediates had a
capsid bound near the right end of a T7 DNA molecule that was sometimes monomeric and
sometimes concatemeric. These intermediates were explained by initiation of packaging near
the right end of the T7 genome,?! as illustrated in Figure 1. The first section below will review
studies in which genetic/DNA sequence analysis was pursued beyond determination of the
effects of mutations that completely inactivate the product of a gene. This genetic analysis has
precisely defined the initiation site near the right end of both the T3 and the T7 genomes.

The isolation of DNA packaging intermediates raises the question of how the DNA pack-
aging intermediates progress in the DNA packaging pathway. To answer this question, the
structure of the intermediates must be determined at a level that provides constraints for mod-
els that describe the dynamics. Specifically, an ATP-dependent motor drives the entry of a
bacteriophage DNA molecule into a procapsid, in the case of both T3/T7%%? and other bacte-
riophages (reviewed in refs 9, 24). Understanding the mechanisms of this motor will require
knowledge of the structure of the parts of both the capsid and its accessory proteins. The
second section below will review the current state of knowledge of the structure of T3/T7
procapsids and mature capsids.

Finally, for the following reasons, complete analysis of the DNA packaging pathway re-
quires cell-free, in vitro systems that package T3/T7 DNA: (a) Some analysis requires control
of the pathway beyond what can be achieved by genetic manipulation of in vivo DNA packaging.
The components of in vitro systems can be independently varied at will. (b) The DNA packaging
motor has multiple functional groups linked together in a single particle. The groups must
become active in a defined order during each cycle of the motor. This order becomes obscured
by asynchrony of motors during conventional biochemical analysis. The motor does not work
if the functional groups are separated from each other. Therefore, the motor cannot be ana-
lyzed by the conventional reductionist techniques of solution biochemistry. Observation of
DNA packaging at the level of single DNA molecules solves this problem. Single-particle (mol-
ecule) analysis of DNA packaging requires an in vitro system, at least at present. The third
section below will review some aspects of the current state of knowledge obtained from in vitro

T3/T7 DNA packaging.



62 Viral Genome Packaging Machines: Genetics, Structure, and Mechanism

Procapsid
Concatemer

Figure 1. A simplified version of the T3/T7 DNA packaging pathway in vivo. a) Two procapsids (labeled
1 and 2) bind a concatemer at two identical sites. Each site is a pacB site near the right end of each of two
successive genomes in a concatemer. A hairpin-primed replicative branch selectively duplicates the terminal
repeat. An arrow within a DNA strand indicates replication of this strand. One copy of the terminal repeat
is single-stranded until lagging strand synthesis occurs. Filling the space between the two strands of a DNA
double helix indicates the terminal repeat in a double-stranded region. For visibility, the terminal repeat is
drawn larger than it is in reality. b) The first of two cleavages occurs to initiate DNA packaging. c) A freshly
cleaved right end enters the procapsid while the procapsid (capsid I) converts to alarger, more angular capsid
(capsid II). d) A DNA molecule both finishes entry and undergoes a terminal cleavage near the hairpin
formed by replication. L, left; R, right end of a T7 genome. Additional capsids are usually present beyond
the two shown (adapted from ref. 100). In Figure 1, only one of the two accessory proteins (gp19) is shown
for simplicity. Some details of the capsid structure have been simplified. A more detailed view of both the
accessory proteins and the components of the capsid is in Figures 2 and 3b.
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Genetics/Genome Sequence

Genome Sequence and Evolution

Complete nucleotide sequences have been determined for both the T7 genome'® and the
T3 genome."' These two bacteriophages appear to be representatives of a much larger family of
bacteriophages. For example, both Vibrio parahaemolyticus bacteriophage VpV262% and
Roseophage SI01%6 have distant homology to T7, seen primarily in the nucleotide sequence
and genetic organization of genes encoding proteins that participate in morphogenesis. These
studies found no T3/T7-like RNA polymerase in either VpV262 or SIOL. In the study of
VpV262, this absence is interpreted to mean that these two bacteriophages are descended from
bacteriophage ancestors that existed before T3/T7-like RNA polymerases evolved. These an-
cestors would have existed before the emergence of the ancestors of Cyangphage P60, the most
divergent of the T7-like bacteriophages that encode a T3/ T7-like RNA polymerase.?” Sequence
divergence of the P60 RNA polymerase, as well as the time of the appearance of cyanobacteria,
are explained by the hypothesis that ancestral T3/T7-like bacteriophages already existed at least
1.6 billion years ago (Hardies S., personal communication).

Homologues of at least one T7 gene are not confined to prokaryotes. Both linear mito-
chondrial plastids and eukaryotic chromosomes encode genes with homology to T3/T7 RNA
polymerase. These genes are thought to have entered eukaryotes during mitochondriat endo-
symbiosis.”® Speciation via “punctuated equilibrium”?’ is explained by the assumption that
exchange of either genes or gene modules from prokaryotes to eukaryotes did, in fact, occur
during the speciation of eukaryotes. The unique handedness of chromosomal DNA molecules
is explained by the assumption that genetic exchange occurred among all organisms during at
least early evolution,*

Assuming that some genes of the T3/T7 ancestral line are as old as they appear to be, the
following question is asked: How much of current eukaryotic genomes began as a bacteriophage
gene that was subsequently transferred? Does a precursor-product relationship exist between
genes required for bacteriophage DNA packaging and genes required for other energy trans-
ducing events? In other words, was our convenient experimental subject, the T3/T7-like
double-stranded DNA bacteriophage, also a convenient subject for rapidly selecting new genes
that were precursors of the genes of higher organisms?

Whatever the history of T3/T7-like bacteriophages, distant relatives (like SIOI and
VpV262) have been found to be the most abundant members of two independent ocean-borne
bacteriophage communities. This conclusion is drawn from the results of DNA sequencing,
without propagating members of the community.?! Thus, the T3/T7-like bacteriophages ap-
pear to be a major factor in the microbial communities of the ocean.

Organization of the Genome

The genes of T7 (and presumably T3) are expressed in the order of injection into a host.
An abridged summary of T7 genes (see ref. 14) is in Table 1. T3 genes are identified with the
same nomenclature.!' The leftmost (early or class I) genes are the first genes expressed. Some
class I genes (with non-integral numbers, not indicated in Table 1) have protein products that
inactivate host proteins, thereby producing an environment favorable for reproduction of bac-
teriophage particles. The class I genes also include the gene for T3/T7 RNA polymerase (gene
1). After the host RNA polymerase transcribes the gene for bacteriophage RNA polymerase,
the T7 (T3) gene 1 RNA polymerase transcribes, for the most part, the remaining viral genes
(reviewed in refs. 11, 14).

The next genes injected (class IT) encode proteins that participate in the replication of the
T3/T7 genome. These include gene 2.5 single-stranded DNA binding protein, gene 3 endo-
nuclease, gene 4 primase-helicase, gene 5 DNA polymerase and gene 6 exonuclease (5’ to 3)



64 Viral Genome Packaging Machines: Genetics, Structure, and Mechanism

c

=Connector binding

ATP-binding (I)—H— Endonuclease, motor linker
ATP-binding (Il) —W— Endonuclease
Mg** -binding 1Endonuclease

ATP-binding (I) —MW— Endonuclease, motor ATPase
N
- [ c

gp18

Figure 2. An illustration of the subdivision of an accessory protein. a) A T3/T7 procapsid is shown after
binding accessory proteins and monomeric DNA molecule. This complex has been identified during T3
invitro DNA packaging,® as discussed in the text. This in vitro complex is different from the in vivo complex
illustrated in Figure 1. A more complete illustration of the in vitro DNA packaging pathway is in Figure 3b.
b) The connector and its bound accessory proteins (gp18 and gp19) is removed from (a) and magnified. c)
The complex in (b) is further magnified and the accessory proteins are unraveled to form a straight chain.
The sites of significance discussed in the text are indicated.

(reviewed in refs. 11, 14). The predominant product of T7 (and presumably T3) DNA replica-
tion is a left end-to-right end joined concatemer®” that has short, left end hairpin-containing
branches that probably replicate the terminal repeat.>? The concatemer will be cut to mature
size during DNA packaging (illustrated in Fig, 1).

Afier the genes for DNA replication are expressed, then the genes (class III) for the pro-
teins of both capsid assembly and DNA packaging are expressed. The name of a protein is the
number of the protein’s gene, preceded by gp. The proteins encoded by class III genes include
(1) the major protein of the outer shell of the procapsid (gpl0A and a longer frameshift/
read-through product, gp10B; A. Rosenberg and E. W. Studier quoted for T7 in ref. 34), (2) a
scaffolding protein (gp9) thar assists assembly of gpl10A and gp10B, (3) a connector protein
(gp8) that forms a dodecameric DNA channel in the procapsid, (4) internal proteins that form
a cylinder around which the packaged DNA molecule is wrapped (gp14-16), (5) a compara-
tively small accessory protein (gp18) that is not needed for procapsid assembly, but is needed
for DNA packaging, and (6) a comparatively large accessory protein (gp19) that is not needed
for procapsid assembly, but is also needed for DNA packaging. The DNA enters the capsid
through a channel in the dodecameric connector during packaging. Details are in the section
on structure and Figure 3, below. The identification of proteins is reviewed in references 11,
14, 20 and 35.

In the case of T7, details of both promoters and ribosome binding sites are known.
These elements have been used to create both expression vectors>® and a bacteriophage-display
system.”” Usually, T7 proteins are synthesized in rough proportion to their content in the
bacteriophage capsid. For example, the promoter for gene 10 is more efficient than the pro-
moter for other T7 genes. The former promoter has been used for high efficiency expression

vectors. 11,36
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Figure 3. An illustration of T3/T7 capsids and accessory proteins during in vitro DNA packaging. a) The
structure of bacteriophage T7 is illustrated. This drawing was adapted from reference 94 with changes to
both the connector and the internal cylinder to increase the correspondance with some data; see references
72, 77 and 94. b) The in vitro pathway for packaging of monomeric DNA molecules is sketched. Most
aspects of the pathway were obtained from a purified in vitro system. This pathway and the data used to
derive it are reviewed in reference 8. The structure of the procapsid is deduced from a series of studies, the
fast of which are references 83 and 94. This drawing was adapted from reference 94. The connector and
cylinder of the procapsid have been modified as described under (a).

More Detailed Genetic Analysis of DNA Packaging: A New Accessory Protein

Genetic analysis can be used to either (a) discover new proteins involved in DNA packaging,
as done for gp18 and gp19, or (b) subdivide known DNA packaging genes/proteins by functon.
In the former category, in vivo analysis of mutant T7 gene 1 (RNA polymerase) produced
mutant RNA polymerase that (a) is active in RNA synthesis, but (b) prevents initiation of
DNA packaging.®® This observation is explained by the hypothesis that limited transcription is
required for DNA packaging in vivo.
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The following observations support this hypothesis: (a) A bacteriophage promoter (also
an origin of DNA replication in the case of T7) near the right end of either a T3 or a T7%
genome is part of a site that is necessary for the packaging-dependent transduction of
plasmid-assoctated DNA. (b) This site must be in its native orientation relative to the eventual
cleavage sites for packaging the plasmid.*! This site is called pac binding or pacB. The
plasmid-associated presence of T3 pacB in a host cell inhibits growth of T3, but not T7, and
vice versa.*? Furthermore, transcription at the pacB-associated promoter is required for pack-
aging a T3/T7 concatemer-associated genome in an in vitro system of unpurified compo-
nenis.*? The T3 pacB does not work for T7 and vice versa.*> Thus, in vivo packaging of an
intact genome is assumed to require transcription at pacB. This transcription is omitted in
Figure 1 for simplification of the figure. The pacB site identified in the study of T3 begins
approximately 733 base pairs from the right genome end (Fig. 5 in ref. 39); the T7 pacB begins
between 575 and 709 base pairs from the right genome end. %

The transcription phase of T3/T7 DNA packaging initiation can be bypassed both in vivo
and in vitro. The basis for this conclusion is that DNA without T3/T7 base sequence homology
can be packaged either (1) in vitro in a T7 system that, nonetheless, favors the packaging of
concatemers,* (2) in vivo when either T7 gene 3 endonuclease (which degrades host DNA in
vivo)* or T3 gene 3 endonuclease® is absent, and (3) in vitro in a purified T3 system that
packages monomeric T3 DNA.# Transcription is not necessary for packaging monomeric T3
DNA in the latter in vitro system. These data raise the question of why transcription is neces-
sary for in vivo wild-type T3/T7 DNA packaging if so easily bypassed.

In answer to this question, the author presents here the following (unproven) hypothesis:
The transcription dependence of the initiation of T3/T7 DNA packaging is for the purpose of
controlling the number of genomes packaged. The following are the details: (1) After initiation
of DNA packaging, production of viable progeny bacteriophages requires that sufficient ATP
be available to drive an entire genome into each of several capsids. One ATP molecule is cleaved
for every 1.8 base pairs packaged on average, for T3 during in vitro packaging of monomeric
DNA.# (2) Sufficient ATP for all possible progeny will not necessarily be present at the end of
an infection when the bacterial cell has lost its ATP-generating capacity and has begun to
leak.##® (3) Thus, the following assumption seems reasonable: Evolutionary pressure exists to
restrict DNA packaging if the supply of ATP is limiting for the number of genomes that can be
packaged. For example, assume that the ATP concentration is high enough so that the host cell
has enough ATP to package 10 genomes. If initiation is successful for 20 genomes, then 20
procapsids will cleave ATP molecules. In the absence of further control, packaging will con-
tinue until 20 DNA molecules are, on average, half-packaged. The ATP is now exhausted. In
this case, the odds favor the outcome that no genomes complete packaging. (4) Packaging
initiation via limited transcription introduces a threshold that must be crossed before the more
ATP-hungry event of DNA packaging starts. Thus, the most packaging-favorable (ATP-rich)
regions of the infected cell will initiate packaging most quickly and, by drawing ATP from the
pool, further decrease the chance of initiating packaging in other regions. Possibly, transcrip-
tion is needed to make the threshold sufficiently high and co-operative. This type of regulation
is based on group, rather than individual, survival.

Control of which genomes complete packaging is also possible post-initiation of packaging.
For example, ATP deficiency might induce a response that includes abortion of some DNA
packaging events so that others can go to completion. This hypothesis explains the following
observations that are difficult to explain by other means: (a) Premature termination of packaging
becomes increasingly more frequent as a T7 infection progresses. The premature termination
yields packaged DNA molecules that are shorter than a mature T7 DNA molecule. These
shorter-than-mature DNA molecules form bands during gel electrophoresis, but the underlying
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cleavage does not occur at a unique nucleotide sequence.” Even packaged monomeric T7
DNA molecules have low level single-stranded breaks that cause the formation of bands during
gel electrophoresis of single DNA strands from mature DNA molcecules.*® (3) The endonu-
clease/accessory protein that specifically cleaves T7 genomes from a concatemer (gp19; see Fig.
1; described in more detail below) cleaves non-specifically in vitro when ATP is removed.
Thus, the packaging aborting cleavages are explained by premature endonuclease activity of
gp19. By this hypothesis, the premature gp19 cleavage becomes more frequent as the ATP
concentration decreases. The low ATE gp19-induced premature cleavage is a potential mecha-
nism for post-initiation aborting of the packaging of the most vulnerable genomes when the
supply of ATP is dwindling.

The initiation of T7 DNA packaging includes gp18-, gp19- and procapsid-dependent
specific cleavage of a concatemer to form the genomic right end.’*** As previously reviewed
and emphasized®, the specificity of packaging is derived from the specificity of this cleavage.
Any blunt ended DNA molecule can be packaged. Packaging of both T3 and T7°2 DNA
terminates with the formation of the genomic left end. However, the left end is formed by a
process that is apparently more complicated and includes the gp6 exonuclease-dependent se-
lective duplication of the sequence terminally repeated in the mature genome.?** The in
vitro packaging of a T7 concatemer-derived genome occurs in a right-to-left direction, as judged
by probing partially-packaged DNA with either right- or left-end specific oligonucleotides. For
this analysis, a partially packaged DNA molecule had been either expelled from its capsid or
left in the capsid before fractionation by use of gel electrophoresis, followed by probing.” The
data of this section and other data are explained by the model of in vivo T3/T7 DNA packaging in
Figure 1.

More Detailed Genetic Analysis of DNA Packaging: Subdivision

of an Accessory Protein

The T3, and presumably T7, accessory proteins have several functions, including (1) binding
a procapsid to a concatemer at the beginning of packaging, (2) conducting the initiating and
terminating cleavage of concatemer-associated genomes, and (3) driving a DNA packaging
motor. The pattern of binding is DNA-gp18-gp19-connector of the procapsid. This pattern is
shown for a procapsid that has initiated packaging of a monomeric DNA molecule in Figure
2a,b.>8 Similar observations have made for bacteriophages A>° and T4.5%6! Analysis of
ATP-driven motors is a central problem in studies of eukaryotes, as well as prokaryotes (re-
viewed in refs. 62-64).

For developing a detailed understanding of the mechanisms of biological motors, bacte-
riophage systems have the advantage of a highly developed pladform for genertics. Thus far,
genetic analysis has been targeted primarily toward gene 19, because gp19 appears to be the
ATPase that powers the DNA packaging motor. Both gp18 and gp19 have been purified for
both T75%% and T3.57% Beginning at the C-terminus (amino acid 586) of T3 gp19, the
deletion of the C-terminal 10-15 amino acids reduces the binding of gpl9 to the
procapsid-associated T3 connector (gp8), as does competition with a peptide from the
C-terminus. These deletions do not alter either the ATPase activity or the responsiveness to
ATP-induced conformational change of T3 gp19. Thus, the C-terminus of gp19 is considered
to a procapsid-binding domain.%® Accessory protein domains are illustrated in Figure 2.

However, the remaining functions of gp19 appear not to be so neatly differentiated by
location in gp19. The endonuclease function of T3 gp19 can be selectively removed by muta-
tions in (1) any of three domains (amino acids 54-66, 360-372 and 422-432) that have an
ATP-binding motif, and also (2) a domain (amino acids 344-349) that has a magnesium-binding
motif.”®”! These mutations do not prevent the packaging of monomeric T3 DNA, but prevent
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the terminal cleavage of packaging when the DNA substrate is a plasmid DNA with T3 pac
sequences inserted.

In pursuit of the “spatk plug” of the T3 DNA packaging motor, genetic alteration of the
three ATP binding domains has been performed. Mutating gp19 in the ATP binding do-
main closest to the C-terminus (domain III) causes (1) an increase in packaging-specific
ATPase activity, and (2) a decrease in DNA packaging efficiency. The mutations involved
cause an apparent slowing of the conversion of initiation complexes to mature T3 bacte-
riophage particles. This slowing is best explained by a decrease in the rate of entry into the
T3 capsid. This decrease is possibly caused by loss of linkage between the ATPase and the
DNA-driving part of the motor.”® If so, then the sites of endonuclease activity overlap an
ATP-binding site that is part of the DNA packaging motor. This type of overlap for bacte-
riophage A accessory proteins has been assumed to help construct a model of a bacteriophage
DNA packaging motor,”? based on more recent analysis of the phenotypes of bacteriophage
A DNA packaging mutants.”>7*

The gp19 ATP-binding domain closest to the N-terminus (called I”°) appears to be part of
the T3 DNA packaging motor (presumably the motor ATPase) because one mutation in this
domain stops the motor. This mutation also causes a loss of ATP-dependent control of the assem-
bly of p19 on the connector. About 20, rather than 6, gp19 molecules assemble in either the
presence or absence of ATP (Assembly of gp19 on the connector is illustrated in Fig. 3b). Thus,
binding of ATP by this site appears to be essential to even assemble the T3 DNA packaging
motor.”%”! ATP-binding domain I also appears to be present in the large accessory proteins of
bacteriophages $29, A, T4 and T7.7°7° In the case of A, the DNA packaging motor can be made
to either slow or prematurely stop by mutating the equivalent of T3 ATP-binding domain 176

The above results of genetic analysis are suggestive, but require additional biochemical/
biophysical analysis of phenotype in order to provide accurate models for the DNA packaging
motor and its accompanying endonucleolytic activity. However, determination of phenotype
cannot be performed by use of the classical procedures of biochemistry. The reason is that the
motor’s cycle occurs in stages that are not separable by use of classical biochemistry. This is the
case for any sequence of events linked by the physical association of active components in a
single particle. The asynchrony of the motor’s cycle among several motor-complexes further
limits analysis. These problems can, in theory, be solved if one adopts a single-particle analysis
of DNA packaging, rather than the ensemble-averaged analysis used in the studies described
above. Single-particle analysis is discussed in the last section.

Finally, the genetic analysis is an example of research whose direction cannot be easily
either restricted or biased by the design of the experiment. Thus, the expectation is that the
genetic analysis will (a) help to minimize the development of poorly targeted research strate-
gies, and (b) eventually help fill the gaps left by biochemical/biophysical analysis.

Structure of Capsids

The Mature Bacteriophage Capsid

The capsid of the mature bacteriophage T3/T7 particle has the following components: (a)
Most mass is associated with an icosahedral outer shell (T=7) that is made of gp10 (Fig. 3a).”””’
(b) One 5-fold symmetric vertex (of twelve 5-fold symmetric vertices) of the outer shell has a
12-fold symmetrical ring attached.”’*° This ring is made of gp8 and is called either the con-
nector or the portal; the connector has been purified in the case of both T3% and T7.8! All
connectors have an axial hole through which a DNA molecule enters the capsid during DNA
packaging (Fig. 3a,b). (c) Coaxially mounted on the interior side of the connector is a roughly
cylindrical complex of three proteins, gp14, gpl5 and gpl6. (d) Coaxially mounted on the
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external side of the connector is an external projection called the tail. The tail has six fibers,
each a trimer of gp17.82 The remainder of the tail is made of gp11 and gp12. The tail also has
an axial hole (Fig. 3a).

The predominant symmetry of the T7 internal cylinder is 8-fold rotational symmetry, as
determined by cryoelectron microscopy with averaging among 213 particles. This symmetry
appears to be associated primarily with gp15.%° Thus, two symmetry mismatches occur in at
least the case of T7: The first mismatch is between the locally 5-fold symmetric outer shell and
the 12-fold symmetric connector. The second mismatch is between the connector and the
8-fold symmertric internal cylinder.

A T7 infection is initiated when a packaged double-stranded DNA genome is injected
into a host cell through the axial hole of the tail. The data are interpreted by the formation of
a trans-host membrane bridge by gp16.!1% Images of the apparent bridge have been obtained.®®

The Packaged Double-Stranded DNA Genome

The outer shell of the T3/T7 capsid encloses the T3/T7 double-stranded DNA genome.
The packaged genome is wrapped around the internal cylinder,®%” as illustrated in Figure 3a.
The volume of the DNA packaged is about 0.5x the volume of the cavity in which the DNA is
packaged.!>®® Similar packing density has been observed for other double-stranded DNA bac-
teriophages.® The wrapping of the DNA can, in theory, be either (a) unidirectional, like thread
on a spool, or (b) bi-directional, like rope on the deck of a ship. Bi-directional wrapping im-
plies kinks. Kinks, if they exist, would create non-B structure. The upper limit for non-B DNA
is 2% of the total, as determined by Raman spectroscopy of T7.%°

Packaged bacteriophage DNA is so tightly packed that the enthalpy of packaging is, in
theory, orders of magnitude greater than the entropy of packaging.” In practice, the enthalpy
per mole of base pair of packaged T7 DNA is 0.47 % 0.05 keal, as determined by the heat
released when T7 DNA is expelied from its capsid.”? The nanometry-derived work per nucle-
otide pair used to package bacteriophage $29 DNA is 0.56 kcal per mole of base pair, not
much different.”® The conclusion drawn is that the heat dissipated during DNA packaging is
less than the energy needed to package the DNA molecule.”>??

The Procapsid

The T3/T7 procapsid, as usually isolated, has a structure that differs from the mature
capsid structure. As usually isolated, the T3/T7 procapsid is smaller in radius, less angular’77%4
and more electrically charged (negative) at its surface.” Similar differences exist in the case of
most other bacteriophage procapsids (reviewed in ref. 96), possibly excluding the procapsid of
bacteriophage $29. The $29 procapsid can appear larger than the mature bacteriophage capsid
(see Fig. 3 in ref. 97). The T3/T7 procapsid has the internal cylinder. No known genetically
unrelated bacteriophage has this cylinder.

Like all other studied double-stranded DNA bacteriophages,” the T3/T7 procapsid also
has a scaffolding protein (gp9) that is required for assembly of the outer shell. In the case of T3/
T7, the scaffolding protein leaves the procapsid after the initiation of DNA packaging (re-
viewed in ref. 94). The scaffolding protein is bound to the inner surface of the outer shell of the
T7 procapsid as judged by both protease sensitivity’® and image reconstruction of cryoelectron
micrographs.®® The cryoelectron microscopy also showed that (a) the gp9 molecules project
like stalactites (called nubbins) into the interior of the procapsid, and (b) are not in contact
with each other, assuming one gp9 molecule per nubbin.”* The first particle in the pathway of
Figure 3b is the T7 procapsid as it is typically isolated.

The number of gp9 molecules per procapsid is 360 based on the image reconstruction
from cryoelectron micrographs.”* As indicated in reference 94, this number is higher by a
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factor of at least 2 than the number of gp9 molecules per procapsid that had previously been
determined by direct gel electrophoretic assay for protein. This inconsistency might be ex-
plained by the formation of two projecting nubbins by a single molecule of gp9. A second
unexplained aspect of the structure is the expulsion of gp9 during DNA packaging in the
apparent absence of a hole large enough to release gp9. Denaturation, followed bz' end-first
motion of an elongated protein molecule, is presented as one possible explanation.”® However,
reasons exist to believe that a procapsid can achieve states that are far removed from the state of
the procapsid that has been investigated in previous studies (next section). Thus, the possibility
remains that comparatively large holes arise in the lattice of the procapsid’s outer shell during

DNA packaging.

Procapids in Altered States

The procapsids used in the studies of structure described above are usually assumed to be
the major, if not the only, T3/T7 procapsids. However, this assumption appears not always to
be accurate for procapsids isolated from extracts of T7-infected Escherichia coli that had been
developed for use in the high efficiency packaging of T7 DNA in vitro. Initially, the discovery
was made that the DNA packaging activity of these procapsids migrated more rapidly than
radiolabeled procapsids obtained from a different lysate, during electrophoresis in a density
gradient.” This observation was mentioned without interpretation in reference 99 and then,
forgotten.

Recently the following even more unusual results were obtained with extracts'® similar,
but not identical, to those used in reference 99 (P. Serwer, S. J. Hayes and E. T. Wright, unpub-
lished data): Most procapsids did not penetrate beyond a density of 1.05 g/ml when layered on
a Nycodenz density gradient and centrifuged (major peak in Fig. 4). The time of centrifugation
was more than 5x what is needed to centrifuge the mature bacteriophage capsid to a position at
1.28 g/ml, isodense with capsid protein (indicated with an arrow in Fig. 4). Some procapsids in
Figure 4 did penetrate further than the procapsids in the major peak. But, these denser procapsids
did not reach 1.28 g/ml. Further purification of the procapsids of Figure 3 has yielded addi-
tional surprises that are under investigation.

The point here is that only one explanation exists for a density as low as 1.05 g/ml: The
procapsid is impermeable to Nycodenz and, therefore, has an interior that contains
Nycodenz-depleted, possibly Nycodenz-free, water. This internal water is the source of the low
density. A T7 (and T3'"") capsid with impermeability-based low density has previously been
documented.!%1:192 This latter capsid is called Metrizamide low density (or MLD) capsid 1I.
MLD capsid II is in the in vivo T7 DNA packaging pathway, based on the kinetics of its
appearance.'%2 However, no form of T7 capsid II is active post-isolation during in vitro DNA
packaging.”®

The density of MLD capsid II is 1.09 g/ml and the radius of MLD capsid 11 is indistin-
guishable from the radius of the mature T7 capsid.'® Thus, if the even less dense Nycodenz
low density particles of Figure 4 are made only of bacteriophage capsid proteins, they have an
outer shell with a radius larger than the radius of the mature bacteriophage capsid. Equation 2
of reference 102 yields a radius that is ~25% larger, assuming the composition of MLD capsid
IT (no gp9) and no permeability to Nycodenz. If gp9 were present, then the radius would be
even larger. The denser procapsids of the minor peak in Figure 4 may be either smaller, more
massive or more leaky than the procapsids that form the major peak in Figure 4. Capacity for
change in both radius and permeability are aspects of a DNA packaging motor that has previ-
ously been proposed.”?
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Figure 4. A new state of T7 procapsids isolated from an extract of concentrated T7-infected cells. Cells of
Escherichia coli BL21 were infected with T7 amber mutant in genes 5 and 19. These cells are non-permissive
for amber mutants. The amber mutation in gene 5 prevents T7 DNA synthesis; the amber mutation in gene
19 prevents DNA packaging, but does not prevent the formation of procapsids. These infected cells were
both concentrated (100x) and lysed by use of lysozyme digestion/freeze-thawing, according to procedures
that have been previously described.'® The lysed infected cells were twice clarified by centrifugation in a
Beckman TL-100 tabletop ultracentrifuge, ina TLA100.3 fixed angle rotor, at 60,00 rpm, at 2°C, for 5 min.
Next, the clarified lysate was centrifuged in the same rotor at 90,000 rpm, at 2°C, for 60 min. This higher
speed centrifugation is more than sufficient to pellet the T7 capsids that have already been investigated.
However, the DNA packaging activity (>99%) did not pellet and was found in the bottom (yellow fraction)
of two apparent phases that formed during centrifugation.

For fractionation of procapsids, the yellow fraction was layered (without dilution) on a Nycodenz gradient
in a conical tube for the TLA100.3 rotor. The Nycodenz gradient was formed by layering the following
Nycodenzsolutions in the conical tube (volume of solution, followed by density of solution): 0.30 ml, 1.015
g/ml; 0.20 ml, 1.105 g/ml; 0.1 ml, 1.365 g/ml. The buffer for the Nycodenz solutions was the following:
0.02 M Tiis-phosphate, pH 7.4, 0.1 M NaCl, 0.006 M MgSOy, 400 mg/ml gelatin. The gradient was
centrifuged at 60,000 rpm, at 2°C for 7 hours. Then, the gradient was fractionated by pipeting from the
top. Each fraction was assayed for procapsid activity by dilution into a mixture of the following: (a) a DNA
packaging extract made from cells infected by T7 amber mutant in genes 4 and 9 (no DNA synthesized and
no capsids made), (b) DNA extracted from bacteriophage T7 particles. This mixture was incubated and,
then, diluted and plated for infective particle count.'® Infective particle titer is plotted as a function of the
density of a fraction. Host proteins are present in all fractions.

Biochemistry

Some Past Studies of the Optimization of in vitro Systems

In vitro systems for bacteriophage DNA packaging provide the investigator with improved
control of the conditions of DNA packaging. These systems also isolate the process of packaging
from other cellular events. Finally, in vitro systems provide the investigator with the potential for
single-particle observation of bacteriophage DNA packaging, i.c., observation of DNA pack-
aging one packaging event at a time.
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One of the conditions tested in the case of both T7'% and P22'™ in viro DNA packaging
was the presence of electrically neutral compounds. The neutral compounds included poly-
mers, sugars and polyols. This condition was tested for the following reasons: (a) The inside of
a bacterial cell has both a raised osmotic pressure (lowered water activity')lo5 and a raised ex-
cluded volume.'% Both the lowered water activity and the raised excluded volume are caused
primarily by the presence of intracellular protein and RNA.!%>1% (b) The neutral compounds
lower the water activity during in vitro DNA packaging. Some of these compounds signifi-
cantly raise the excluded volume. Empirically, the presence of neutral polymers, sugars and
polyols caused a dramatic (several orders of magnitude) stimulation of in vitro DNA packag-
ing, as measured by the formation of infective particles of both P22!% and T7.!%%

TheT7 in vitro DNA packaging efficiency is a very sensitive function of the concentration of
polyethylene glycols,'”” frequently used polymers for generating either osmotic or excluded
volume effects. This function has a peak so that a polyethylene glycol concentration (or qual-
ity) variation, either to the high side or to the low side, can cause an undesirable loss of DNA
packaging efficiency. The polymer concentration-sensitivity of in vitro T7 DNA packaging is
lower for dextran of molecular weight 10,000.'%” The dextran has, therefore, been favored for
T7. Nonetheless, a purified T3 in vitro DNA packaging system uses polyethylene glycol, ap-
parently without difficulty. The concentration used for T3 is consistent with the optimization
performed for T7.198:109

The source of the neutral compound-induced stimulation of in vitro DNA packaging
appears to be lowered water activity (rather than raised excluded volume), for the following
reason: The neutral compounds used also inhibited both (a) the elevated temperature, chelating
agent-induced expulsion of DNA from the capsids of bacteriophages P22 and T7'% and (b)
the receptor protein-induced expulsion of a packaged bacteriophage A DNA molecule.''® The
cause of the expulsion was assumed to be the pressure exerted by the packaged DNA molecule
against the outer shell of the capsid.’*!'% A polymer-induced excluded volume effect on a
packaged DNA molecule seemed unlikely because an external polymer would not have access
to the DNA molecule. More likely, an osmotic pressure difference across the capsid’s outer shell
was the cause of the stabilization.

Similarly, an osmotic pressure difference across the capsid’s outer shell was the best expla-
nation for the neutral compound-induced stimulation of in vitro DNA packaging. The reason
is that quantification of excluded volume revealed that excluded volume effects were inad-
equate to explain the stimulatory effect of neutral compounds on in vitro T7 DNA packag-
ing.""! An ATP-maintained osmotic pressure gradient is potentially a source of bias for a
ratchet-like DNA packaging motor. By this hypothesis, the osmotic pressure gradient is main-
tained, in part, by ATP-dependent pumping of non-DNA molecules out of the capsid.”? A
permeability coupled expansion/contraction cycle of the capsid’s outer shell is a feature for one
proposed pump.”?

Furthermore, a T3 in vitro DNA packaging system with purified components (procapsids,
DNA ATP, polyethylene glycol, buffer) has been developed.'®®1%° The state of the T3 procapsid
during these studies was the conventional smaller, rounded particle state (first particle in the
pathway of Fig. 3b), as judged by both electron microscopy and nondenaturing gel electro-
phoresis."® This is the state originally observed, not the more recently observed apparently
larger, impermeable parricle state that is described in the previous section.

The T3 purified in vitro system has been used to isolate a monomeric DNA-procapsid
complex whose formation requires the presence of either ATP or a non-cleavable ATP ana-
logue.!%1% Use of a non-cleavable analogue to form this complex is a procedure for synchro-
nizing the start of the entry of 2 T3 monomeric DNA molecule into a capsid (illustrated in Fig.
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3b). The entry occurs at an average rate of 21 Kb/min at 30 °C.'% Within experimental error,
this rate is equal to the rate of entry for the last 20-50% of T7 DNA packaged after cleavage
from5 Sa\ concatemer in an unpurified in vitro system at 30°C (28 £ 6 Kb/min in the case of
T7).

The data for T7 do not indicate any significant decrease in the rate of entry as DNA
packaging is completed. Only a slight decrease in the rate of entry occurs as more than 85% of
T3 DNA is packaged (Fig. 2b in ref. 109). These observations contrast the following observa-
tion made by nanometry of a latex bead attached to a single bacteriophage $29 DNA molecule
that is being packaged in vitro: The rate of DNA entry decreases (to roughly 40% of its initial
value when 85% of the genome is packaged) and the resistance to in vitro packaging increases
as more DNA is packaged. A possible reason for the more constant T3/T7 rate of entry is that
the T3 (but not the ¢29) in vitro system retains feedback control of the speed of DNA packag-
ing (see further discussion in ref. 72). This hypothesis predicts that ATP utilization increases as
a function of the fraction of DNA packaged. Measurement has not yet been performed for
ATP utilization as a function of the fraction of a DNA molecule that has been packaged.

Ensemble Averaging vs. Single-Molecule Analysis

Measurement should be possible for ATP utilization rate as a function of the fraction of a
DNA molecule that has been packaged. In analogy with combustion rate in an internal com-
bustion motor, ATP utilization rate is one of several motor state-dependent characteristics that,
together, define the cycle of DNA packaging motors. The other characteristics also will eventu-
ally be measured as a function of the fraction of a DNA molecule that has been packaged.
Based on past experimentation, two types of procedure can be used: (1) The start of DNA
entry is synchronized. Then, ATP utilization is measured as a function of time by use of con-
ventional, ensemble-averaging techniques. The ATP utilization by the T3 DNA packaging
motor has been rigorously shown to be the difference between the total ATP utilization and the
utilization in the presence of actinomycin. Actinomyecin is an inhibitor of the motor-dependent,
but not the motor-independent, ATP cleavage activity of T3 gp19.%¢ (2) To bypass the need for
synchronization, ATP utilization is measured at the level of a single DNA packaging event. In
preparation for analysis by single-molecule techniques, both single capsids and single DNA
molecules have been detected without difficulty by use of fluorescence microscopy (see Fig. 5).
Single, fluorescently labeled ATP molecules have been detected by use of total internal reflec-
tion fluorescence microscopy.'!?

The advantage of synchronization-based ensemble averaging procedures is that they are
already a part of conventional biochemistry. On the other hand, a major disadvantage of
synchronization-based ensemble averaging procedures is that the synchronization will be pro-
gressively lost as more DNA is packaged. The data will average results at several stages of DNA
packaging. Therefore, the results will not be accurate enough to answer some, if not most,
questions. Loss of synchrony is one of the intrinsic difficulties of analyzing any biochemical
pathway by use of conventional ensemble averaging techniques.

More specifically, loss of synchrony during synchronization-based ensemble averaging
procedures results in the loss of ordering in time for ATP cleavage in relation to the structural
changes of the motor’s cycle. Loss of ordering in time also occurs for the various structural
changes of the motor’s cycle (see ref. 112). These losses cripple attempts to analyze the motor’s
cycle because ordering in time is critical for understanding cause and effect. On the other hand,
a disadvantage of single-particle analysis is that single-particle analysis is not yet a mature disci-
pline and is, currently, difficult to apply. That, of course, should not prevent the building of a
platform for single-particle studies of DNA packaging.
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Figure 5. Fluorescence microscopy of a single T7 100S+ DNA molecule in the presence of T7 procapsids.
Fluorescence microscopy was performed of the following mixture: (i) Alexa 488-stained (green fluorescence;
see ref. 114) particles from a procapsid fraction of a Nycodenz gradient, (ii) T7 1005+ DNA that was stained
with 1 mg/ml ethidium bromide (orange fluorescence), and (iii) 1.1% low-gelling agarose (SeaPrep,
Biowhittaker, Rockland, ME). The buffer was 0.039 M NaCl, 0.77 mM Tris-Cl, pH 7.4, 0.077 mM MgCl,,
0.077 pg/ml gelatin, 0.34 mg/ml ethidium bromide, 4.5% B-mercaptoethanol. This mixture was placed
on a glass microscope slide as a 22 ml drop. A cover glass was placed on the drop. To gel the agarose, the slide
was placed for 15 minutes on an aluminum block pre-chilled to 0°C. The gelled agarose-embedded speci-
men was observed by fluorescence microscopy. The green particles in the figure are undergoing thermal
motion that is damped by the presence of the agarose gel. The orange strands are segments of a 100S+ T7
replicating/recombining DNA complex. Gelation of the agarose has stretched the DNA segments. Note
that several DNA segments are concatemeric in length. This specimen was not active in DNA packaging.

Single-Particle Analysis in Vitro: Some Past Studies by Fluorescence Microscopy

The following procedure achieved single-particle analysis of in vitro bacteriophage T7
DNA packaging;: (a) Monomeric T7 DNA molecules were added to an extract of T7-infected
cells. The DNA was stained with 4’,6-diamidino-2-phenylindole (DAPI). (b) The extract was
observed by use of fluorescence microscopy. While in the extract, the monomeric DNA mol-
ecules formed concatemers via the 5’ to 3’ exonuclease activity of gp6 exonuclease. This activity
made the terminal repeat single-stranded. The single-stranded terminal repeats joined to form
concatemers.

The fluorescence microscopy yielded the following surprising observation: The concatemers
partitioned to form a DNA network that was embedded in solution that was more DNA poor.
Each strand of the network had several DNA molecules. The network was eventually cleaved
by p19. Single events of p18-, p19-dependent cleavage were observed by fluorescence micros-
copy.'!? (see also www.biochem.uthscsa.edu/-serwer). The cleavage products were eventually

packaged.
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The second surprise was that, after release from the network by p18-, p19-dependent
cleavage, concatemer-associated T7 genomes were not packaged at random. Instead, packaging
events were clustered in both time and space on the concatemers. Thus, the condusion was
drawn that the packaging of T7 concatemer-associated genomes is co-operative among the
different capsids.!% Before the single-event studies by fluorescence microscopy, the possibility
of co-operative DNA packaging had not previously been considered, to the authors knowledge.
Nonetheless, co-operative packaging provides a potential answer to an old, troublesome ques-
tion: How does T3/T7 avoid packaging a concatemer-associated genome (Fig. 1) that does not
have a duplicated terminal repeat? For that matter, does T3/T7 (or do other viruses) have a
mechanism for selecting the more promising DNA molecules for packaging? Binding more
than one genome in a concatemer during co-operative packaging (see Fig. 1) is a possible
component of this pre-packaging assessment.

In the case of T7 DNA packaging in vivo, the concatemeric DNA substrate is usually
attached to additional replicating-recombining, branched DNA. This multigenomic DNA com-
plex is called 100S+ DNA because of its high sedimentation rate during rate zonal centrifuga-
tion.>” A fluorescence micrograph of a stretched T7 100S+ DNA complex is in Figure 5 (or-
ange, ethidium-stained). Embedding in an agarose gel was used to stretch the strands of this
DNA complex during specimen preparation. This specimen also had particles from a procapsid
fraction of a Nycodenz density gradient. These particles had previously been stained with Alexa
488 (see ref. 114). Some of these particles (green) are indicated with arrows. The thermal mo-
tion of T7 capsids in buffered aqueous solution is so high that the capsids can be tracked only
for about one second on average.!'* However, the agarose gel used to stretch DNA also reduced
the thermal motion of smaller particles, including capsids (see also ref. 114). Specimens like the
specimen in Figure 5 are being prepared as part of an effort to achieve real time observation of
both single capsids and single DNA molecules during in vitro T7 DNA packaging.
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CHAPTER 5

DNA Packaging by Bacteriophage P22

Sherwood Casjens and Peter Weigele

Introduction

acteriophage P22 was isolated by Zinder and Lederberg a half century ago, and was
B immediately put to work by Salmonella bacterial geneticists because of its unusual (at

that time) DNA packaging properties. It was the first generalized transducing phage to
be discovered — a small fraction (~2%?2) of its virions carry a fragment of the host DNA instead
of phage DNA, and this host DNA can be delivered into a host cell. Subsequently it has
become one of the paradigm molecular genetic systems for understanding the lifecycles of
temperate phages.>* P22 virions contain partially circularly permuted (see below for details)
and 3.8% terminally redundant dsDNA molecules about 43,400 bp long,® have very short
tails® and infect smooth (O-antigen surface polysaccharide carrying) strains of Salmonella
typhimurium. The many conditional lethal mutations isolated in P22 allowed the delineation
of its assembly pathway over a quarter century ago.”"'°

Building a Protective Shell for Viral DNA

Like other large dsDNA viruses, P22 assembles a protein procapsid and then inserts the
DNA chromosome into this preformed container (Fig. 1). This strategy appears to be common
to all dsDNA bacteriophages as well as the Herpesviridae. The genes required to build the
procapsid and fill it with DNA map in a contiguous cluster on the P22 chromosome (Fig. 2).
The four critical protein players in this process in P22 are analogous to those in other dsSDNA
viruses—coat, scaffold, portal and terminase (Table 1). The coat protein shells of P22 procapsids
and virions have T=7 icosahedral symmetry (each procapsid contains 420 molecules of coat,
less any that are replaced by portal), and three-dimensional reconstructions of both kinds of
particles have been made from cryo-electron micrographs.!'""> Procapsids contain about 250
molecules of scaffolding protein in the interior, all of which leave at or before the time of DNA
packaging.®1® Scaffolding protein has essential roles in procapsid assembly that include direct-
ing coat protein to assemble propertly, recruiting portal protein into procapsids, and perhaps
excluding cytoplasmic proteins from the procapsid interior.!¢!® Twelve molecules of portal
protein form a ring at a single capsid vertex to which tails will later attach.?® DNA is thought to
pass through this ring during packaging and injection. As in other large, well-studied viruses, a
terminase which contains two types of subunits is responsible for DNA recognition and cleav-
age and perhaps provides the force required for DNA translocation through the portal com-
plex. Sometime after scaffolding protein exit but around the time DNA packaging, the procapsid
shell expands and the conformational change to the coat protein lattice results in a physically
more robust capsid that is better able to withstand chemical insule.

Viral Genome Packaging Machines: Genetics, Structure, and Mechanism, edited by
Carlos Enrique Catalano. ©2005 Eurekah.com and Kluwer Academic/Plenum Publishers.
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Figure 1. Bacteriophage P22 assembly pathway. The coat proteins of all three shells have T=7 icosahedral
geometry. Four additional proteins (the products of genes 7, 74, 20 and 16) which are not shown here are
required for full virion infectivity, but are not required for the assembly of a particle that contains a stably
packaged DNA molecule.
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Figure 2. P22 DNA packaging genes and pac site.Gene numbers are indicated within the boxes denoting
the genes above. Below is a densitometer scan of an electrophoresis gel of Nrul generated P22 packaging
series Jeft-end fragments. The peaks indicate the locations and relative frequencies at which ends are
gcncratcd for initiation of DNA packaging series at the native par site. The horizontal black box indicates
the size and location of the pac site.34 This figure is modified from Figure 4 of Casjens et al.>°

DNA Packaging Strategy

The linear P22 virion DNA is circularized by homologous recombination upon infection
and replication eventually produces daughter head-to-tail concatemers that are the substrate
for the DNA packaging apparatus.?! The circular permutation and terminal redundancy of the
packaged DNA strongly suggests a “headful packaging” mechanism.?? Headful packaging re-
fers to a mechanism in which the interior volume of the capsid shell measures the length of the
chromosome that is encapsulated (since it is filled to a particular DNA density) and a “headful
nuclease” cleaves packaged DNA from the remainder of the concatemer only when the head is
“full” of DNA (this dsDNA cut is called “headful cleavage”). A more careful study of P22
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Table 1. Proteins required for bacteriophage P22 DNA packaging

Gene Protein Role in DNA Packaging

1 portal protein forms the hole through which DNA
enters the capsid; has an active role in DNA
headful measurement and perhaps in
DNA entry into the procapsid

2 large terminase subunit required for DNA cleavage; detailed
role not known; not present in virion
3 small terminase subunit required for DNA cleavage; recognition of phage
DNA for packaging; not present in virion
5 coat protein forms the T=7 icosahedral phage head or capsid
8 scaffolding protein required for proper coat assembly and for

recruiting portal into procapsid; not
present in the virion

4,10,26 head completion proteins required for stable DNA packaging; may plug the
portal hole after DNA has entered the capsid

virion DNA by Tye et al?> and Jackson et al* showed elegantly that this is true, and in addition
discovered that the circular permutation was not random, but that its DNA is “partially per-
muted”. That is, DNA ends are not randomly positioned on the sequence, but are found
largely in one region of the phage’s genome sequence. The model proposed to explain partial
permutation is that packaging initiates at a particular location called pac. A DNA end is thought
to be created here by a DNA cleavage called the “series initiation cleavage” (Fig. 3), and the
DNA end on one side of this cut is inserted into the procapsid so that packaging proceeds in
only one direction from the initiation cleavage point. When DNA inside this procapsid reaches
sufficient density, the headful nuclease is activated to cleave the DNA (the first headful cleav-
age of the packaging series), and the capsid full of DNA is released from the concatemer. A
second DNA headful is then inserted into a new procapsid starting at the concatemer end
created by the previous headful cleavage and ending with a new headful cleavge (the second
headful cleavage of the series). Subsequent packaging events then follow sequentially in the
same manner (Fig. 3). Such “processive” packaging series can vary from 2 to 12 packaging
events long in phage P22, depending upon the infection conditions®*?’—it is not known if the
number of packaging events in a processive series is limited by concatemer length, or whether
multiple series can initiate on a single concatemer molecule.

The DNA length in capsids is 43,400£750 bp, where the range represents the actual
variation in length, not the uncertainty of the measurement.” This corresponds to a DNA
density within the phage head of about 0.56 bp per cubic nm which is similar to DNA densi-
ties found in crystals of of short dsDNA molecules.?® There is no evidence for any proteins
bound to the DNA in the P22 virion, and there would be little room for them if they were
present. The nucleotide sequence of the P22 genome is 41,725 bp long and so on average each
DNA has an approximately 1800 bp direct repeat (terminal redundancy) at the ends. Homolo-
gous recombination between these repeats is responsible for circularization of the DNA in the
next round of infection.

Initiation of DNA Packaging

The first step in P22 (or any virus) DNA packaging is recognition of DNA to be pack-
aged. Current evidence points strongly toward the P22 gene 3 protein being responsible for
this recognition. P22 is a generalized transducing phage in that about 1-2% of the time it
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Figure 3. Processive packaging series. Concatemeric P22 DNA is represented by the thick horizontal line,
and pac sites are represented by black circles. The vertical black line at the pac site indicates the location of
series initiation cleavage for a processive packaging series, and horizontal arrows indicate the viral chromo-
somes cut from the concatemer in packaging events 1 and 2 of that series. A P22 packaging series starts at
one pacsite and packages DNA in one direction from that site. An average headful corresponds to 103.8%
of the genome sequence (terminal redundancy not drawn to scale). The second packaging event in the series
begins at the DNA end created by the headful cleavage of the previous event, and subsequent headfuls
proceed in the same manner. Regions in which the headful cleavages take place are indicated by wide gray
arrows. The inherent imprecision of the P22 headful measuring device is £1.8% of the genome, and so the
size of the headful cut region expands by this much with each subsequent headful in the series.

“mistakenly” initiates DNA packaging on the bacterial chromosome and encapsidates a phage
chromosome-sized fragment of host DNA.? The resulting “virus” particle can deliver the host
DNA it contains into another Salmonella cell as if it were a phage chromosome. Any such host
DNA that is injected into such a cell can recombine with the resident chromosome to alter or
“transduce” its genetic properties. Mutants originally isolated by Horst Schmieger as having
higher than wild type frequencies of generalized transduction map in gene 3. Some of these do
alter the target specificity of DNA recognition by gene 3 protein.”’"*° Such mutational changes
in specificity are considered to be strong in vivo evidence of direct interaction between DNA
and a putative DNA binding protein, since it is unlikely thar altering one protein would cause
it to, for example, change the specificity of a partner protein. Thus gene 3 protein is thought to
be responsible for recognizing DNA to be packaged by P22. Gene 3 protein is found bound to
gene 2 protein in infected cells.®! Although its biochemical functions have not yet been suc-
cessfully studied in the test tube, the gene 2/3 protein complex no doubt constitutes the P22
“terminase”. The gene 2 and 3 proteins are not found in procapsids or in virions,® but these
proteins are able to bind purified rings of portal protein.’? Nonsense mutations in either of
these genes completely block DNA packaging.” In addition, genes 3 and 2 (the latter encodes
an ATPase motif, whereas the portal gene does not appear to encode such a motif) occupy
positions on the chromosome expected for the recognition and DNA cleavage/ATPase sub-
units of terminase, respectively (The gene order in neatly all tailed-phages is small terminase -
large terminase - portal - scaffold - coat; Fig. 2; see ref. 33).

The DNA-terminase complex formation and the DNA cleavage that initiates a packaging
series appeat not to be as simple as might have been imagined. Both terminase subunits are
required for this in vivo cleavage of P22 DNA, however series initiation cleavage occurs in the
absence of procapsids (it remains unknown why all pac sites are not cleaved in the absence of
procapsids). The site on P22 DNA that is recognized by gene 3 protein, the pac site, has been
characterized, and it is an asymmetric site about 22 bp long that lies inside gene 3.2>* The
series initiation cleavage does not occur at a discrete site, but cleavages are scattered across an
approximately 120 bp region (Fig. 2). The pac site itself lies near the center of this region. The
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distribution of cuts within this region is not random, but cuts are (1) concentrated at 20 bp
intervals, and (2) occur almost exclusively at 2 bp intervals throughout the region (Fig. 2). The
locations of these cleavages are a property of the terminase alone, since they do not depend
upon the presence of procapsids, are modified by mutations that alter the amino acid sequence
of the gene 3 protein, but are not strongly affected by the nucleotide sequence outside the pac
site itself.>® The correct explanation for this complex pattern of cleavages is unknown, but it
could be the result of a large repetitive protein complex being built on the DNA in which any
of the units could perform the cleavage, or (2) movement of the terminase on the DNA after
recognition of the pac site. P22 virion DNAs made under conditions in which the levels of
terminase were lowered substantially have an unaltered pac series initiation DNA end pattern,
suggesting that if model (1) is correct the complex does not enlarge along the DNA as more
terminase is supplied. Recent findings with phage Sf6 suggest that (2) could be correct. Phage
Sf6 is a close relative of P22 whose terminase is very different in sequence from that of P22. $f6
appeats to recognize a sequence within its gene 3 equivalent (its exact pac site has not yet been
identified) but packaging series-initiating cleavages in the DNA are made over a nearly 2 kbp
region.?® The simplest model for this is a + 1 kbp-diffusion of the terminase (nuclease) after
recognition but before cleavage. A terminase complex large enough to span this length of DNA
seems extremely unlikely, since only small amounts of terminase are made during infection. If
sliding explains S6 series initiation, it could explain P22 as well.

After DNA is recognized by the gene 3 protein, a cleavage is made in the DNA and one of
the ends created (the end to the right of the cleavage on the standard map) is inserted into the
procapsid (Fig. 3). Analogy with other phage suggests that a gene 2 protein/gene 3 protein/
DNA complex docks with the portal containing vertex of the procapsid, and that this interac-
tion somehow inserts the DNA end into the portal hole, thus poising it for translocation into
the capsid interior.

Filling the Capsid with DNA

As in other tailed phages, the motor that drives P22 DNA into the capsid is thought to be
composed of the portal protein and terminase components. Because P22 is a headful packag-
ing phage, its head filling device must have two parts—the force generating motor itself and a
“headful sensing” device that controls the cleavage of DNA when the head is full. P22 heads
contain DNA molecules that are on average 43,400 bp long, but their actual lengths vary from
42650 to 44150 bp.’> The headful nuclease appears to have weak sequence specificity in vivo,
since right end fragments of virion DNA are only created at a fraction of the bp in the headful
cleavage region. Nonetheless, there are many potential cleavage sites in any region determined
by the headful sensor to denote a headful of DNA (i.e., weak sequence specificity may deter-
mine the many exact cleavage sites that are observed within the general regions chosen for cleav-
age by the sensing device). Experiments with deleted P22 genomes,”® mutants that package a
longer DNA molecule than wildtype®” and mutants with small T=4 capsids (Moore S and Prevelige
B personal communication) have demonstrated unambiguously that it is the size of the phage
head that determines the length of DNA molecule encapsidated. Thus, this 750 bp variation in
chromosome length represents the +1.8% imprecision of the headful-measuring device.

It is not known if the P22 DNA entry motor and headful sensor are separable functions or
are two manifestations of the same device. Molecular generic evidence suggests a more than
stmply passive role for the P22 portal protein in the DNA entry process. A mutant of P22 exists
which encapsidates chromosomes that are 4.7% longer than wildtype. Although it is techni-
cally very difficult to directly prove that the murant capsid interiors are not about 5% larger,
measurements of internal DNA hydration showed that that the volume of water missing from
these particles {(compared to wildtype) is virtually identical to the volume of the “extra” DNA
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present in the mutant virions.?” It thus appears that the capsid interior volumes of the mutant
and wildtype are the same, and the DNA length difference is the result of either a less sensitive
headful-sensing device or of 2 motor that can push DNA in tighter or both. In either case, since
this mutation alters a single amino acid in the portal, this finding shows that the portal ring is
not a putely passive hole through which DNA is driven. In addition, experiments with procapsids
that contain a mixture of mutant and wildtype portal proteins showed that the subunits of the
portal ring can integrate information over the twelve subunits to determine where the headful
cleavages occur, since a procapsid with about half wildeype and half mutant subunits packages
a chromosome about 2.5% longer than wildtype, about halfway between procapsids with only
wildtype or only mutant portal proteins.

Although P22 DNA packaging is dependent upon ATP hydrolysis in crude extracts,*® it
has not been studied with purified components and the protein that hydrolyzes the ATP re-
mains unknown. Nonetheless, it scems likely by analogy with other phages that the large
terminase (gene 2 protein) subunit is the ATPase, and the P22 gene 2 protein does carry an
ATPase amino acid sequence consensus.” Other circumstantial evidence suggests that P22
terminase may participate in DNA entry. Analysis of structures made by various mutants have
shown that when gene 4, 10 or 26 protein is missing, DNA packaging occurs apparently nor-
mally, but the DNA is packaged unstably and falls out the particles before they can be iso-
lated.**#! These three proteins are called “head completion protein” (see Fig. 1). The gene 4
and 10 proteins have been found only at the portal vertex of the mature virion,*? and have been
proposed to plug the portal hole so that DNA does not “leak” back our after packaging.
Virion-like “empty heads” that have lost their DNA can be isolated from viruses containing
mutations in genes 4, 10 or 26, and these empty heads have 5 to 10 molecules of both terminase
subunits tightly bound to them'® (Adams M, Casjens S, unpublished). Terminase subunits are
also present in the “empty head” fraction of particles isolated from wildtype infections, suggest-
ing that this is not an aberrant association seen only under the mutant conditions (Adams M,
Casjens S, unpublished). Since it is required for packaging initiation and present in the par-
ticles after packaging is complete, it seems that terminase molecules are most likely also present
and bound to the procapsid during the DNA entry process. It is quite possible, therefore, that
they could participate directly in that process. Furthermore, the stoichometry of the bound
terminase suggests that DNA packaging is carried out by a complex consisting of the procapsid
and multiple terminase subunits. How the structure and organization of such a packaging
complex might affect the packaging strategy is not known. Since we and others have failed to
observe any ATPase activity by portal protein in any virus system, our current model for P22
DNA entry is thus that the DNA translocase motor consists of the portal ring and 5-15 mol-
ecules of each of the terminase subunits. We imagine, currently without proof (largely by anal-
ogy to other phage systems that are better studied in this regard), that the P22 large terminase
subunit is both the ATPase that provides the packaging energy as well as the nuclease that acts
during initiation of packaging series and headful DNA cleavage. The portal appears to be more
than a passive hole, and is likely part of the headful-sensing device.

Termination of DNA Packaging

Afier the headful DNA cleavage releases the capsid conrtaining the newly packaged chro-
mosome from the concatemer, the three head completion proteins (the products of genes 4, 10
and 26) add to the particle and stabilize the packaged DNA (Fig. 1). After the head completion
proteins add to the stucture, 18 molecules of one more protein, called “tailspike” protein, add
to the portal vertex. Tailspike protein is responsible for binding virions to the outer surface of
cells to initate the next round of infection.** Tailspike defective virions and wildtype virions
contain no terminase subunits, but particles made by mutants defective in any of the three
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head completion genes do contain them (above), suggesting that addition of the head comple-
tion proteins causes the release of terminase. The head completion proteins are known to add
in the following obligate order {each in small numbers and to the portal vertex portion of the
virion): gene 4 protein, gene 10 protein, and finally gene 26 protein.*"**? Since 26 defective
particles, which have bound 4 and 10 proteins, contain terminase, we have proposed that 26
protein addition is responsible for removing terminase from the particle to complete each
DNA packaging event.?

It is not known what causes processive packaging series to end. Do packaging series termi-
nate with an abortive attempt to package a too short DNA and simply run off the end of the
DNA being packaged? Or might they collide with a replication apparatus? Or might the pack-
aging machine have some way of only allowing a packaging event to start if enough DNA is
available for a productive event? Many questions remain about headful packaging and the
processive packaging series.

Summary

P22 virion assembly is one of the prototypic virus nucleic acid packaging systems. Its
terminase, portal, scaffold, coat and head completion proteins have little sequence similarity to
the analogous proteins of other well-studied dsDNA virus types, yet a perfect parallel exists
between these P22 general functions and those of their analogs in other systems. This relation-
ship suggests that either the large dSDNA viruses (perhaps including herpesviruses, and even
iridoviruses and adenoviruses?**#%) have an extremely distant common ancestor from which all
their DNA packaging machines are derived or that the procapsid/DNA packaging strategy
represents an optimal solution arrived at more than once during the evolution of bacterial and
eukaryotic viruses.
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CHAPTER 6

Bacteriophage SPP1 DNA Packaging

Anja Drioge and Paulo Tavares

Introduction

PP1 is a virulent double-stranded DNA (dsDNA) phage that infects the Gram-positive
S bacteriumn Bacilfus subtilis strain 168. SPP1 belongs to the Siphoviridae family. The virion

is composed of an icosahedral, isometric capsid (-60 nm diameter) and a long, flexible,
noncontractile tail.' The phage head encloses the mature SPP1 chromosome, which is a linear
double-stranded DNA molecule of ~45.9 kbp size.>* Replication of the SPP1 genome pro-
duces DNA concatemers from which single chromosomes are cleaved and encapsidated into
preformed procapsids. SPP1 packages its DNA by a headful packaging mechanism, a strategy
first described for bacteriophage T4.* As for phages P22 or P1, in case of SPP1 DNA packaging
starts by recognition and cleavage of a defined nucleotide sequence termed pac.>® The
concatemeric DNA is then translocated unidirectionally to the viral capsid interior. When the
level of capsid DNA headfilling reaches a threshold amount (headful) a second endonucle-
olytic cleavage occurs. This second cleavage, the “headful cut”, defines the size of the packaged
DNA. In contrast to pac cleavage the sequence independent headful cut is imprecise. The size
of mature SPP1 DNA therefore varies for about 6% around the average chromosome size of
45.9 kb.” Since the genome of SPP1 encompasses 44,007 bp,” the chromosomes generated by
headful cut are terminally redundant (~4.1%). While the first round of packaging is initiated
by a sequence specific cut at pac, the second and subsequent packaging events start from the
DNA end generated by the headful cut of the previous packaging event. Therefore this strategy
generates a population of phage chromosomes that are partially circulatly permutated and
terminally redundant (Fig. 1). Terminal redundancy of the packaged DNA molecule is essen-
tial for circularisation of the viral genome by homologous recombination after its injection in
the host cell at the beginning of a new infection cycle.

The aim of this article is to review recent progress on the understanding of the molecular
mechanisms used by phage SPP1 to package its DNA and to provide an integrated view of our
current knowledge of this process. We identify also some of the central questions that are likely
to be tackled in the near future. Reference to other virus systems is made only when of direct
relevance for the comprehension of SPP1 DNA packaging.

Assembly of the SPP1 Procapsid, the Proteinaceous DNA Container
The procapsid (or prohead) of SPP1 consists of four proteins: the major capsid protein
gp13, the scaffold protein gp11, the portal protein gp6 and a minor component gp7'® (Table
1). Gp13 forms the head shell of the SPP1 procapsid. The protein composition of the SPP1
procapsid suggests that 415 copies of gp13 form a T=7 icosahedral head shell lattice."! The

Viral Genome Packaging Machines: Genetics, Structure, and Mechanism, edited by
Carlos Enrique Catalano. ©2005 Eurekah.com and Kluwer Academic/Plenum Publishers.
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interior of the structure is filled with 100-180 copies of gp11 that exit the procapsid at the
beginning of DNA packaging. A complex of either 12 or 13 copies of the portal protein is
present at a unique vertex of the icosahedron termed the portal vertex, the site of DNA entry
during encapsidation of the phage chromosome. Furthermore the procapsid contains 2-3 cop-
ies of the minor capsid protein gp7.!!

The role of the individual procapsid components for procapsid assembly was defined by
the characterization of SPP1 mutants carrying conditional lethal mutations in the correspond-
ing genes.!® Expression of various combinations of the cloned procapsid genes in the bacte-
rium Fscherichia coli allowed establishing the network of protein-protein interactions during
procapsid assembly and their role in procapsid shape determination.!’ The four procapsid
proteins were shown to assemble into procapsids competent for DNA packaging in vitro,!!
During assembly of the head shell lattice the scaffold protein controls the polymerisation of
gpl3 into an icosahedral shell. Incorporation of the portal complex requires interaction with
both the capsid and the scaffolding protein. A particular feature of SPP1 is that the portal
protein regulates the size of the procapsid. Coproduction of gpll and gp13 in E. cofi in ab-
sence of the portal protein or during infections with SPP1 mutants deficient for portal protein
production leads to formation of a mixed population of T=7 and smaller procapsids.!! How-
ever, in presence of the portal protein formation of small sized procapsids is suppressed. The
decision whether aT=7 or a smaller procapsid is assembled is made at an initial stage of procapsid
assembly.!® This observation indicates that the portal protein together with the coat protein
and the scaffold is part of an initiation complex from which subsequently polymerisation of the
head shell proceeds. Presence of the portal protein in the procapsid is an essential requirement
for DNA packaging.

The role of the fourth procapsid protein in SPP1 assembly, gp7, is poorly understood.
Gp7 strongly binds to gp6. This interaction recruits gp7 to the procapsid structure but it is
disrupted at a late stage of SPP1 assembly leaving gp7 probably bound to the DNA packed
inside the capsid.'¥ Gp7 is not essential for the formation of biologically active procapsids but
its absence leads to a 5 to 10-fold reduction in the biological activity of phages formed in DNA
packaging reactions in vitro.!!

Procapsid assembly: questions for future research

* How is the portal oligomer recruited to the initiation complex of procapsid assembly?
¢ What is the molecular nature of the initiation complex in procapsid assembly?

* How is the portal protein embedded in 2 nonmaiching symmetry environment?

* What is the function of gp7 in SPP1 assembly?

Selective Recognition and Cleavage of SPP1 DNA by the Terminase
Complex gpl-gp2

Packaging of SPP1 DNA into procapsids is initiated by pac cleavage of the concatemeric
DNA precursor (Fig. 1). This endonudeolytic cleavage is performed by the terminase enzyme.
The terminase of SPP1 is a hetero-oligomer of small (gp1) and large (gp2) subunits. The ho-
loenzyme possesses several activities including recognition, binding and cleavage of the DNA
substrate, and ATP-hydrolysis.

Gp! is an oligomer in solution with a native mass of about 200 kDa. Electron micro-
graphs of negatively stained gpl molecules and analysis of the native protein by gel filtration
suggested that ten molecules of gp1 form a ring-shaped particle.!>® Gp1 is composed of sev-
eral functional domains.' Information about this domain organisation of gp1 was gained by
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Figure 1. Processive sequential packaging of the SPP1 genome by the headful mechanism.>? The sub-
strate for packaging is a concatemer of the viral genome generated by replication of the SPP1 DNA shown
as a white bar with black circles (pac sequence) and dark grey rectangles (non-essential region of the SPP1
genome). Headfuls of host DNA can be encapsidated at low frequency, as in case of plasmid concatemers
(top bar), and delivered by the SPP1 particle to a host cell (transduction). SPP1 DNA packaging is
unidirectional (top arrow). It initiates at pac and sequential encapsidation cycles proceed along the SPP1
concatemer. SPP1 wild type (de/* siz*) packages a 45.9 kbp headful that corresponds to a DNA molecule
with 104 % the size of the genome (44,007 bp) having therefore a terminal redundancy of 4 %. A deletion
in the phage genome (de/ siz*) is compensated by a proportional increase in the molecule terminal
redundancy leading to packaged molecules with the same size as those found in wild type virions.
Mutations s#z (thin vertical bars) cause single amino acid substitutions in the SPP1 portal protein that
lead to the encapsidation of a shorter viral chromosome. The chromosome size is not affected by the
absence (del' siz’) or presence (del siz’) of deletions in the SPP1 genome.

comparing the sequence of gpl with the sequence of the corresponding functional analog of
closely related pha§es (SF6 and p15) and functional analysis of chimeras between the SPP1
and SF6 proteins'® (Fig. 2). The two proteins show 71 % identity that is clustered in three
discrete regions (I, I and III). Segment I contains a putative NTP binding motif (B-type) and
a DNA-binding motif (putative helix-turn-helix motif).!>'¢ Furthermore a gp1-gp2 interac-
tion region is located in segment I.!7 The region responsible for the interaction between gp1
subunits is located in segment I1, the central part of the protein'” (Fig. 2). Even though the
segment II additionally contains a NTP hydrolysis motif, purified gp1 shows no ATPase activ-
ity in vitro.!> No function could yet be assigned to segment III.

Gp1 alone binds specifically to SPP1 DNA at the packaging initiation sequence, pac (Fig.
3), but is unable to cleave it. The target pac sequence is asymmetric. DNAse I footprints have
shown that gp1 binds to two sites within pac that were termed pacL, at the nonencapsidated
left end, and pacR, ar the encapsidated right end.!® These two sites flank the site of cleavage
pacC (Fig. 3). The intrinsically bent sequence pacL and pacR share no sequence homology and
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Figure 2. Comparison between the amino acid sequences of gp1 from the homologous phages SPP1, p15,
and SF6. The number of amino acids of each gp1 form is shown on the right side. High amino acid sequence
homology berween the three proteins is found in three segments (I, IT, and III).!* These segments include
a putative helix-turn-helix (HTH) DNA binding motif and the Walker NTP binding motifs A and B in the
positions indicated on top of the SPP1 gp1 sequence.!® The activities associated to each segment that are
shown in the bottom part of the figure are derived from functional studies.!>”

form dissimilar complexes with gp1. In case of pacL the pattern of DNasel cleavage indicates
that pacl. DNA wraps around the gpl decamer. Based on the cooperative binding of the two
gp1 decamers to pac DNA and based on footprinting data it was suggested that the gp1 decamers
bound to pacl. and pacR interact and thereby generate a DNA loop of 204 bp length that
includes pacC'® (Fig. 4). This model is further supported by the ﬁndmg that purified gpl
promotes cyclization in vitro of a DNA fragment containing pacl..'® The ensemble of the data
showed that binding of gp1 to pac generates an asymmetric nucleoprotein complex.

The large subunit of the terminase, gp2, is a protein of 422 residues with a predicted
molecular mass of 49 kDa. Analysis of gp2 has long been hampered because the protein could
not be overproduced and purified in adequate amounts. However, this problem was recently
overcome by affinity purification of hexa-histidine gp2 (H6—gp2) a gp2 derivative that fully
complements the deficiency of SPP1 conditional lethal mutants in gene 2.7 H6-gp2 inter-
acts with gp1, binds to dsDNA in a sequence independent manner and possesses a modest
ATPase activity.® H6-gp2 introduces nicks and breaks in dsSDNA with poor substrate specific-
ity. Interestingly, in presence of distamycin H6-gp2 specifically nicks both DNA strands at the
bona fide pacC sequence. Distamycin competes with gpl-pac complex formation and, like
gp1, introduces local distortions into DNA. It was therefore suggested, that the DNA structure
generated by gpl promotes cleavage at pacC by gp2. Interaction with the two gp1 decamers
was proposed to place two molecules of gp2 in close vicinity to the b sites of pacC (Figs. 3,4)
within the pac-terminase nucleoprotein complex.® Upon cleavage at both b boxes the gp2
molecule bound at the b box proximal to pacl. would unbind gpl and degrade the
nonencapsidated left DNA end (Fig. 4). The gp2 molecule bound to the b box proximal to
pacR, however, remains in the packaging complex. Interaction of the gp2 monomer with both
gpl decamers would stimulate the ATPase activity of gp2 thereby energising ATP-driven DNA
translocation.’ The model is supported by the fact that raising the concentration of gp1 stimu-
lates the ATPase act1v1ty of H6-gp2 but exerts a negative effect on the H6-gp2 endonuclease
activity in vitro.® The terminase-DNA complex subsequently participates in DNA transloca-
tion to the procapsid interior through the portal protein pore.

In the model described above asymmetry of the pac site causes formation of an asymmet-
ric DNA-terminase complex, thereby providing the structural basis for discrimination between
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Figure 3. Bacteriophage SPP1 pacsite. Gp1 binds to pacL (nonencapsidated DNA end, or left end) and pacR
(encapsidated DNA end or right end) promoting 1 bp staggered nicking at the pacC site that is carried out
by the gp2 endonuclease activity.5'¢ The predominant site of terminase cleavage which defines the first
nucleotide of the SPP1 sequence is indicated by the vertical arrow. The position of directly repeated
sequences (a, b, ¢ localised within the pacL, pacR and pacC boxes are shown. The direction of DNA
encapsidation is indicated by the horizontal arrow in the bottom (note that the pac sequence is schematised
here with an orientation opposite to the pacin Fig. 1). A model for the terminase-pac nucleoprotein complex
was proposed'® (Fig. 4).

the nonencapsidated left end and the encapsidated right end of the DNA concatemer.>' This
mechanism ensutres the unidirectionality of DNA packaging.

Terminase-DNA interaction: questions for future research

* What is the exact mechanism ensuring sequence specific cleavage at pac by gp2?

* How is pac cleavage controlled and how is excessive pac cleavage throughour the DNA
concatemer prevented?

» How does the terminase switch between the DNA cleavage and DNA translocation
activities?

Figure 4. Model of the terminase-pac nucleoprotein complex before and after pac cleavage.*'® The gp1
cyclical decamers bound to pacL and pacR were proposed to position two molecules of gp2 to cut at the
positions indicated by the arrows within the pacC sequence. After the endonucleolytic cleavage, one gp2
subunitwould unbind gp1 and degrade the nonpackaged DNA end while the other DNA end isencapsidated

in the viral procapsid (see text and ref. 6 for details). Organisation of the pac sequence is shown in Figure 3.



Bacteriophage SPP1 DNA Packaging 95

Figure 5. Structure of the SPP1 portal protein at 18 A resolution. Stereo view of wild type gp6 oligomer
cut-open along a vertical plane. A B-form DNA structure is modelled in the central channel to illustrate the
hypothesis that gp6 encircles the double-helix during DNA packaging. The gp6 structure shown is from
the isolated molecule, which is a 13-mer.?® Even though the gp6 found in the assembled SPP1 virion is a
12-mer,?* implying that the central gp6 channel is a few angstrom narrower, the potential regions of
gp6-DNA interaction can be inferred from the figure. The wide region of the molecule faces the interior
(IN) of the viral capsid?2?833 while the lower stem is exposed to the outside (OUT) or tail side of the capsid.
Approximately three helical turns of DNA fit in the gp6 channel. Courtesy of Dr. E.V. Otlova.

Assembly of the DNA Packaging Machine, DNA Translocation,
and Capsid Expansion

Specific recognition of the viral DNA and cleavage at pac is mediated by the terminase
complex in the absence of other SPP1 proteins.®!® Productive SPP1 DNA encapsidation, how-
ever, requires the presence of procapsid structures containing an active portal protein.!"!%20
This feature is common to every tailed phage system presently characterised. In analogy to
other phage systems, in case of SPP1 the viral DNA-terminase complex is thought to dock at
the portal vertex to assemble the machinery that pumps DNA to the procapsid interior.>! The
interaction activates the ATPase activity of the terminase large subunit gp2 in order to power
DNA translocation to the procapsid interior.?! The organisation of the DNA-terminase-procapsid
ternary complex in SPP1 is not known. DNA packaging in vitro using crude cell extracts
showed that neither the presence of the isolated portal protein nor of procapsids lacking the
portal structure inhibits DNA packaging in a competitive fashion.'? The terminase-DNA com-
plex therefore has the capacity to discriminate between the pool of free portal protein, procapsids
incompetent for DNA packaging and the portal protein embedded in the procapsid portal
vertex. This distinction is essential to avoid nonproductive interactions that would lead to
abortive packaging reactions. A possible structural basis for the specificity of the terminase-DNA
complex with procapsid-embedded portal could be a structural transition of the portal protein.
While isolated gp6 displays 13-fold symmetry, gp6 with a 12-fold symmerry is found in
DNA-filled capsids. This change was proposed to occur during procapsid assembly.?

The working hypothesis for DNA encapsidation is that chemical energy generated by the
ATPase activity of gp22! is converted to mechanical energy by the packaging apparatus pow-
ering DNA translocation against a steep concentration gradient. DNA movements to enter
and exit the viral capsid are believed to occur through the portal protein central channel (Fig.
5). Single amino acid changes in gp6 were shown to block or reduce the efficiency of DNA
translocation revealing the central role of the portal structure in this process.!>?® The most
recent models for DNA translocation are built on the seminal concept proposed by Roger
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Hendrix that symmetry mismatches between components of the translocation machine pro-
vide the structural basis for a DNA rotary pumping action carried out by the portal protein.??
A model that exploits the symmetry mismatch between the 10-fold helical symmetry of DNA
and the symmetry of the portal protein was proposed.? The model was originally developed
for a 13-fold symmetric portal protein but it applies also to a protein composed of 12 subunits.
The portal protein was proposed to interact with the DNA phosphate backbone leading to the
pumping step of 2 base-pairs through the portal channel. The step would consume 1 ATP
molecule hydrolysed by the terminase. The portal protein rotates relative to the DNA and to
the capsid in order to bring a new subunit in contact to the DNA molecule to exert the follow-
ing pumping step. This strategy ensures a constant positioning of the portal protein subunits
relative to the DNA and leads to translation of the double-helix to the capsid interior without
significant rotations relative to the capsid.?* Determination of the portal protein structure
from bacteriophage $29 provided enough detail to propose a more elaborated molecular mecha-
nism for DNA translocation that exploits also the symmetry interactions between the portal
protein and DNA?® (Grimes and Anderson, this volume).

DNA packaging leads to a drastic conformational change of the SPP1 major capsid pro-
tein. The roundish procapsid with an outer diameter (d,) of about 55 nm expands to a larger
capsid structure (d, ~ 66 nm) with a hexagonal outline.!! It is not known if the trigger for
expansion is a signal initiated at the portal vertex during DNA encapsidation or if it is due to
the increasing pressure generated by the packed DNA on the capsid lattice inner surface (cf.,
refs. 20,26).

The DNA packaging machine and DNA translocation: questions for future research

* What is the structural organization of the DNA translocating machine?

* How is the chemical energy generated by the terminase ATP hydrolysis transduced to
mechanical pumping of DNA?

* Does the pumping of DNA require rotation of the portal protein?

* How is DNA organized inside the capsid and what stabilizes its tight packing?

Termination of DNA Packaging: The Headful Cleavage

Encapsidation of the SPP1 chromosome is terminated by endonucleolyric cleavage of the
viral DNA concatemer. The site of this sequence independent cleavage is determined by the
mass of DNA encapsidated. The mechanism requires a sensor that measures the level of DNA
headfilling and an effector headful nuclease. Mutations séz (for sizing) that affect the mass of
DNA packaged were found exclusively in the portal protein coding gene? (Fig. 1), a feature also
reported for bacteriophage P22.% The siz mutations lead to an undersizing of the mature viral
chromosome that correlates with a reduced packing density of DNA inside the viral capsid.?
The capsid size does not change in these mutants. The topology of the portal oligomer in the
capsid structure is ideally suited for a sensor activity. The molecule wider region is exposed to
the capsid interior while its stem faces the capsid outside where the terminase is believed to
bind. The central channel of gp6 is delimited by a tentacles fringe in the wider area of the
molecule (Fig. 5). The fringe is flexible and a significant difference on its structure was found
when the wild type portal protein and a SizA sensor mutant portal protein were compared.?®
The pressure generated on this flexible sensor domain by the increasing amount of packaged
DNA was proposed to be the trigger for headful cleavage.

Combination of siz mutations in the portal protein leads to packaging of viral chro-
mosomes significantly smaller than the SPP1 mature chromosome of single siz mutants.?
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Additionally the efficiency of packaging is reduced in a number of these multiple gp6 mutants
suggesting a cross-talk between some step in DNA encapsidation (e.g., DNA translocation)
and the headful trigger/cleavage.”®? The data accumulated is compatible with a headful mecha-
nism in which DNA translocation stops and renders the DNA molecule accessible to headful
endonuclease attack. Stopping of DNA translocation might be caused by a conformational
change of the headful sensor domain that physically blocks the DNA in the portal channel
and/or by the incapacity of the DNA translocation machine to exert force for further DNA
pumping to the capsid interior. The latter case implies a direct role of the portal protein in the
mechanical DNA translocation action as discussed in the previous section. Arrest of DNA
translocation would trigger headful cleavage carried out most likely by the terminase large
subunit gp2. The process might be associated to a reduction in the gp1/gp?2 ratio, a condition
shown to de-repress the gp2 endonuclease activity and to inhibit its ATPase activity.>*! The
studies described provide the first molecular clues to understand the mechanism of headful
cleavage.

The headful packaging mechanism: questions for future research

* How does the portal protein measure the level of DNA headfilling inside the viral capsid?

» What is the signal that triggers headful cleavage and how is it transduced to the headful
nuclease?

* How is the activity of the headful nuclease (terminase?) regulated?

* Are headful cleavage and binding of the head completion proteins coupled (see also next
section)?

Stabilization of Packaged DNA and Control of DNA Release.

Assembly and Structure of the SPP1 Connector

DNA is packaged at a high density inside the viral capsid of tailed bacteriophages. A direct
correlation between the amount of encapsidated DNA and the sensitivity to chelating agents
was demonstrated for a variety of phages including SPP1.>*° Divalent cations thus play a
central role to stabilise the DNA-filled capsid most probably by neutralizing the negative charges
of closely packed DNA phosphate backbones. They might also relieve repulsion between DNA
and the capsid lattice interior in case the latter is negatively charged as shown for phage HK97.26
The DNA packing generates an internal pressure that can lead to its spontancous release from
the phage capsid.®*1-%

After termination of DNA packaging the portal pore needs to be rapidly closed to prevent
leakage of the viral chromosome—a process that must be reversed when the virus infects a host
cell. In SPP1 this role is achieved by the head completion proteins gp15 and gp16 that bind
sequentially to the portal vertex forming two rings of subunits stacked below the portal pro-
tein.?>3> We call the complete structure connector (Fig. 6). A central channel that crosses the
connector appears closed at the level of the gp16 ring.>* In phages whose capsid was dis-
rupted the connector-tail complex was shown to protect a short DNA fragment of 187 to 288
A, asize that fits well the height of the connector. This DNA fragment is the extremity of the
viral chromosome that is packaged last and is first to exit the virion when ejection is triggered.®
The connector is a dynamic structure that binds the viral chromosome, serves as an interface
for attachment of the helical tail, and controls DNA release from the virus. When the phage
adsorption apparatus interacts with its bacterial receptor a signal is communicated along the
tail structure to the connector region to trigger opening of the gp16 valve. One SPP1 chromo-
some extremity is fixed to this valve ready for polarised ejection from the viral capsid.
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Figure 6. Organisation of the SPP1 head-to-tail interface.?”2?® The protein components of the connector
structure are identified.

Processivity of DNA Packaging Events during SPP1 Infection

After termination of the first packaging cycle initiated at pac (initiation cycle) a second
packaging event is initiated at the nonencapsidated concatemer extremity created by the headful
cleavage and additional cycles of encapsidation follow (processive headfuls) (Fig. 1). Processivity
of SPP1 DNA packaging is high reaching an average of 5-6 headfuls per concatemer. Some of
the packaging series can even yield 12 headfuls or more.® The main factor that limits the series
of encapsidation cycles during normal infection is host lysis.® Processive DNA packaging re-
quires the generation of concatemers as long as 500 kbp within the time frame of SPP1 infec-
tion. It is possible that after the first cut at pac the packaging apparatus follows closely the
replication machinery in a dynamic process that would limit the physical length of the concatemer
and ensure that newly generated pac sites would be encapsidated before terminase attack.®
Long packaging series do indeed absolutely require that the terminase leaves the pac sequences
along the substrate concatemer being encapsidated intact. Even if only ~-25% of all the pac
sequences were cut randomly along the concatemer' the size of the substrate DNA would be
considerably limited. Cleavage at pac sequences of concatemers where the initiation packaging
cycle occurred must thus be avoided. The observation that DNA encapsidated in vitro when
extracts of infected cells are mixed originates exclusively from the terminase donor extract
suggests that this extract does not provide active free terminase to bind SPP1 DNA present in
the extract lacking terminase.'? The terminase-DNA complex is therefore the form competent
to participate in the DNA packaging reaction in vitro while free terminase might be signifi-
cantly unstable. Since the number of terminase small subunit decamers (gp1), responsible for
recognition of pac, is auto-regulated® a limited number of terminases are likely to be loaded to
the DNA substrate at early stages of the virus infection cycle. The terminase then remains
stably associated to the same concatemeric molecule and processive DNA packaging predomi-
nates during the rest of the infection cycle. This strategy would ensure specificity of viral DNA
encapsidation (terminase binding at pac) and furthermore maintain the integrity of the SPP1
DNA concatemer by avoiding excessive cleavage at pac sequences and thus ensure occurrence
of long processive packaging series along a concatemer.® Similar observations were reported for
bacteriophage P22.%
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SPP1-Mediated Transduction: Packaging of Host DNA

Bacteriophage SPP1 mediates generalised transduction.?® This process involves the trans-
fer of nonviral genetic material between a donor cell and a recepror cell mediated by a virus.
SPP1 transducing particles are indistinguishable from SPP1 virions with the exception that
they contain a host DNA molecule with a size similar to that of the mature SPP1 chromo-
some.* In absence of homology between the host and SPP1 DNAs the frequency of transduc-
tion is very low: 107 — 10°® for host chromosome genes®® and 10— 10 for plasmid DNA.%
One SPPI particle can transduce approximately 1 % of the B. subtilis chromosome.* Plasmid
DNA, which is usually smaller than a phage chromosome unit-length, is encapsidated as a
linear concatemer containing multiple copies of the plasmid in a head-to-tail arrangement
(Fig. 1). SPP1 infection, as in the case of other phages, was shown to change the mode of
plasmid replication to generate plasmid concatemers that are the substrate for DNA packag-
ing.*12 Generalised transduction is attributed to a low frequency error of the terminase to
recognise and initiate processive headful packaging at pac-related sequences in the host DNA
or, in some cases, at DNA free ends.

The efficiency of transduction is significantly increased in presence of homology (>47
base pairs) between the host DNA molecule and the virus chromosome.*>* This facilitated
transduction is attributed to homologous recombination between the two replicons yielding
chimeric phage-host DNA molecules. After initiating encapsidation at a par sequence of the
phage genome the highly processive phage packaging machinery would then access host DNA
through the region of recombination and package headfuls of it. Presence of pac in the host cell
DNA lgads to packaging initiation at this sequence and to unidirectional encapsidation of host
DNA.

Concluding Remarks

The phenomenology of bacteriophage SPP1 DNA packaging is well known and some of
the molecular mechanisms involved are among the best understood in tailed phages systems.
These include the terminase recognition and cleavage of its target sequence pac, the structure
and function of the portal protein, the mechanism of headful sensor, and connector assembly.
Other aspects of the DNA packaging process were not yet studied in detail like the
terminase-procapsid interaction, the properties and assembly of the DNA translocating com-
plex, or the mechanism of DNA translocation. A complete picture of the DNA packaging
process requires knowledge of all these molecular mechanisms and their integration in the
dynamics of the infected cell. An interdisciplinary approach combining genetics, biochemistry,
structural biology and bacterial cell biology, on one side, and comparative analysis of the strat-
egies used in different virus systems, on the other side, will undoubtedly be necessary to
characterise the unifying mechanisms optimised by tailed phages and herpesviruses to encapsidate
their viral genome.
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CHAPTER 7

The 629 DNA Packaging Motor:
Secking the Mechanism

Dwight Anderson and Shelley Grimes

Abstract

he Bacillus subtilis bacteriophage 829 research team in Minneapolis has marveled

at (and reveled in) the intricacies of 29 assembly for more than 30 years. Here we

highlight the current state of knowledge of 829 DNA packaging. We describe the in
vitro packaging system and focus on recent advances that address the mechanism of the
packaging motor. Among advances, the head-tail connector has been visualized in proheads
and the packaging motor resolved in partially packaged particles by electron microscopy, the
structure of the connector has been solved by X-ray crystallography, and the force-velocity
relationship of the motor has been established in single molecule studies. A challenge in the
future is to determine the structure and interaction of motor components as well as the
conformational changes in these components during energy transduction that define the
mechanism of DNA translocation.

The compaction of 829 DNA by more than 100-fold in length during packaging into the
prohead is remarkable in that it overcomes the entropic, electrostatic and bending energies of
DNA. The 929 packaging motor is a multisubunit protein-RNA complex at the prohead por-
tal vertex. The motor, driven by ATP hydrolysis, is force-generating and highly processive, and
it opposes a strong internal force that builds up within the capsid as DNA is compressed. The
motor can work against loads of 57 picoNewtons on average, making it one of the strongest
molecular motors yet reported. We aim to identify and characterize the intermediates during
the assembly and function of the motor and to determine the structure of each component of
the motor at atomic resolution.

A brief overview of the 829 DNA packaging system follows, and accordingly citation of
published work is highly selective. For more detail, refer to a recent comprehensive review of
829 DNA packaging.! Also, a comparison of all the bacteriophage DNA packaging systems
under study has been addressed (Jardine and Anderson, in press).

Components of the 629 DNA Packaging Motor

The DNA packaging motor consists of the prohead, which contains the dodecameric
head-tail connector at its portal vertex, a multimer of prohead RNA (pRNA) that is attached to
the connector, and a multimer of the ATPase gp16 (gene product 16) that binds to pRNA
(Table 1). The active motor also includes the packaging substrate DNA-gp3.

Viral Genome Packaging Machines: Genetics, Structure, and Mechanism, edited by
Carlos Enrique Catalano. ©2005 Eurekah.com and Kluwer Academic/Plenum Publishers.
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Table 1. Components of the 829 DNA packaging system

Component Gene Product (Structure)  Molecular Weight* Copiesb Mass (MDa)

Fiberless gp7 (scaffold) 11,267 ~147 ~1.7
Prohead gp8 (major capsid) 49,847 235 11.71
gp10 (connector) 35,880 12 0.43
pRNA (prohead RNA) 57,594 5-6 0.29 or 0.35
Packaging gp3 (DNA terminal protein) 31,051 2 0.06
Proteins gp16 (packaging ATPase) 38,967 5-62 0.190r0.23
DNA with gp3 12.76 + 0.06
(19,285 bp)

2 protein molecular weights were inferred from the nucleotide sequence. b For a detailed description
of copy number determinations and literature references, see Peterson C, Simon M, Hodges | et al.
Composition and mass of the bacteriophage 829 prohead and virion; } Struct Biol 2001; 135:18-25.

Proheads are produced in infection of the nonpermissive Bacillus subtilis host with the
amber mutant sus16(300)-sus14(1241) that is defective for the packaging ATPase gpl16 and
that provides delayed lysis. The prohead is assembled from the head-tail connector (gp10), the
scaffolding protein (gp7), the major capsid protein (gp8) and the head fibers (gp8.5) with the
aid of an unidentified host protein.? The prohead is prolate, an extended T=3 icosahedron with
dimensions of 54 x 42 nm and a shell thickness of only 1.6 nm (ref. 3) (Fig. 1). The shell
contains 235 copies of the 49 kiloDalton (kDa) gp8, arranged as 11 pentamers at the vertices
(the connector occupies the portal vertex) and 30 hexamers to expand the lattice. The 55 head
fibers that project about 250A from the quasi three-fold axes at the vertices are nonessential in
both the prohead and virion. Occasionally most of the scaffolding protein is lost in cell lysis,
yet the proheads retain full biological activity for in vitro DNA packaging (unpublished).
Proheads can also be produced from products of the cloned genes 7, 8 and 10 in Escherichia
coli, although the yield is about one-third that of infection in B. subtilis;* these proheads must
be reconstituted with pRNA prior to DNA packaging. Each prohead can be active in DNA
packaging,

The head-tail connector, the crux of the DNA packaging motor, is a dodecamer of the 36
kDa gp10. The structure of the connector is solved to 3.2A resolution’ and 2.1A%7 (Fig, 2). It
is 75A in height, with three approximately cylindrical regions having external diameters of
1384, 94A and 66A. The wide part is in the prohead, and the narrow part protrudes from the
prohead and contains the RNA binding domain (Fig. 1A, B). The central part of the connector
is comprised of three long alpha helices in each monomer that are arranged at an angle of about
40° relative to the central 12-fold axis. The outer surface of the connector is hydrophobic,
which may facilitate connector rotation within the capsid.® The inner surface of the connector
channel is highly negatively charged, which may ease DNA passage. Investigation of the role of
the lysine residues at positions 200 and 209 that may interact with DNA® as well as the residues
229-246 in the wide region of the connector that are disordered in the crystal structure® may be
fruidful. Each monomer has positively and negatively charged sides that may stabilize the struc-
ture. The X-ray structure of the connector fits well into the cryo-EM 3D reconstruction of the
prohead (Fig. 3).

Prohead RNA is a 174-base transcript of the far left end of the genome and is essential
for DNA packaging® (Fig. 4). A 120-base form of pRNA (domain I of Fig, 4), generated by
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Figute 1. Cryo-EM 3D reconstructions. Top and bottom rows: A) prohead + 120-base pRNA; B) prohead
treated with RNase; C) difference map between A and B; and D) partially packaged particle (with DNA in
channel). End-on views, looking along the tail towards the head, are given for A and D. Orthogonal
difference pRNA densities are shown below the difference map in C. Reprinted with permission from:
Simpson AA, Tao Y, Leiman PG et al. Nature 2000; 408:745-750. © 1998 Macmillan Publishers Led.

the action of adventitious ribonucleases during prohead isolation, is fully active in DNA
packaging and phage assembly.’® The pRNA can be released from the prohead and reat-
tached, with concomitant loss and restoration of biological activity, facilitating mutational
analysis of RNA structure and function.!!"!® The number of copies of pRNA needed for
DNA packaging is six by genetic methods,'”"'® and hexamers and dimers are the predomi-
nant forms of pRNA in solution by analytical ultracentrifugation.'” The hexamer is formed
by a novel intermolecular base pairing between identical monomers (helix G of Fig. 4), and
dimers are intermediates in formation of the hexamer.!”"'? However, cryo-EM 3D recon-
struction demonstrates five-fold symmetry of pRNA attached to the prohead,>? or six-fold
symmetry using different methods,?! thus the symmetry of pRNA in the packaging motor is
controversial. The electron density due to pRNA is visualized on the connector by cryo-EM
as a ring around its protruding end, with a skirt of five dense spokes® (Fig. 1C). If the
five-fold symmetric pRNA ring contacts the icosahedral capsid as proposed, then the
capsid-pRNA-gp16 complex may act as a stator around the dodecameric connector (see
model of the mechanism below).

The ATPase gp16 is produced by sucrose induction of B. subtilis (pSacl6) that contains
the cloned gene 16 (unpublished). The 39 kDa protein is the larger of the two 829 DNA
packaging proteins and contains ATP binding consensus sequences and the predicted second-
ary structure of ATPases.”> The ATPase activity of gp16 is pRNA-dependent.?? gp16 has an
RNA recognition motif and binds to pRNA on the prohead to complete assembly of the pack-
aging motor. gp16 is needed in multiple copies for DNA packaging in vitro,? and at least six
copies of purified gp16 per prohead are added to achieve full packaging activity in the defined
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Figure 2. Connector structure ribbon diagrams. A) The dodecameric connector seen from the tail looking
towards the head; B) a side view with the pRNA-binding site at the bottom, showing the conical structure
of the connector and the helical twist of each subunit around the 12-fold axis (white); C) a stereo diagram
of a pair of monomers. One monomer is colored red in the central domain, green in the wide-end domain
that resides inside the capsid, and yellow at the narrow-end domain. The other monomer is colored blue.
The ordered part of the polypeptide starts with helix & 1 on the outside of the connector, going towards the
wide end (residues 61 to 128 and 247 t0 286). Helix & 3 (residues 129 to 157) returns the chain to the narrow
end (residues 158 to 202). The tip of the connector at the narrow end is formed by residues164 to 170 and
185 to 196. Helix o 5 (residues 208 to 226) returns the polypeptide to the wide end through the second
disordered section. (Drawn with the program MOLSCRIPT and RASTER3D). Reprinted with permission
from: Simpson AA, TaoY, Leiman PG et al. Nature 2000; 408:745-750. © 1998 Macmillan Publishers Led.
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disordered
residues of

connector \

capsid-pRNA
cq;ntact

Figure 3. Prohead cryo-EM density fitted with atomic structure. Cross-section of the cryo-EM prohead
density (red) fitted with the Cot backbone of the connector (yellow) and the cryo-EM pRNA difference map
(green). Shown also is a DNA molecule placed through the central channel of the connector. The prohead
capsid, one of the five contacts between the pRNA with the capsid, and the partially disordered residues 229
to 246 and 287 to 309 in the connector are indicated. (Drawn with the programs XTALVIEW and
RASTER3D). Reprinted with permission from: Simpson AA, Tao Y, Leiman PG et al. Nature 2000;
408:745-750. ©1998 Macmillan Publishers Ltd.

system. However, the number of copies of gp16 in the motor is unknown. gp16 is purportedly
visualized by cryo-EM attached to the pRNA spokes on the partially packaged particle’ (Fig.
1D). pRNA and gpl6 exit the filled head after packaging and are not components of the
virion. >

The 829 genome is 19.3 kilobasepairs (kbp) and has a single subunit of gp3 covalendy
attached at each 5' terminus (DNA-gp3). The 31 kDa gp3 is essential for both DNA replica-
tion and DNA packaging. gp3 primes DNA replication, which proceeds by a strand-displacement
mechanism, producing unit-length genomes for packaging (for a review see ref. 26). gp3 is the
smaller of the two packaging proteins commonly found in phage systems. It also confers struc-
ture on the DNA, as the gp3 ends of DNA-gp3 interact to yield circles, and gp3 loops back on
the DNA to form lariats (see packaging events below).”” DNA-gp3 is produced in restrictive
infection with the mutant sus4(369)-sus8(22).
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Domain I

Domain 11

Figure 4. Secondary structure of the 174-base pRNA. The bold line shows the proposed tertiary interaction.
Helicesare designated A, B, C, D, E, Fand G. The prohead binding domain is marked by shading. Reprinted
with permission from: Grimes S, Jardine PJ, Anderson D. Adv Virus Res 2002; 58:255-294. © Harcourt
Press, Inc.

The DNA Packaging Assay and Provisional Packaging Events

The packaging assay is based on protection of DNA in filled heads from DNase treat-
ment.”® Proheads, DNA-gp3 and gp16 are generally mixed in a ratio of 2:1:12 to provide an
estimated two-fold excess of proheads and gp16, and the ternary complex forms during a 5
minute incubation at room temperature. ATP is added to initiate packaging, and incubation is
continued for 10 minutes. DNase I is added to digest unpackaged DNA, and the protected
packaged DNA is extracted and quantified by agarose gel electrophoresis (Fig. 5). Packaging
efficiency approaches 100% (lanes 1 and 2). Packaging is oriented, as left-end restriction frag-
ments are packaged preferentially® (lanes 4 and 5).

Provisional events of 829 DNA packaging are illustrated in Figure 6. We begin with a
description of the packaging substrate DNA-gp3, which has a maturation pathway for packag-
ing that is independent of prohead assembly.”” Supercoiling of the packaging substrate occurs
by gp3-dependent (but sequence independent) formation of a lariat, binding of multiple cop-
ies of gp16 to the lariat loop junction, and supercoiling of the lariat loop by concerted gp3-gp16
action (Fig. 6A). The prohead then binds to the lariat loop of the supercoiled DNA-gp3-gp16
{not to the tail of the lariat), as observed by electron microscopy (Fig. 6B; unpublished). The
supercoiled DNA-gp3-gp16 is shown wrapped around the connector, a projection of our find-
ing that the prohead connector wraps supercoiled plasmid DNA, reducing the DNA contour
length (unpublished). Thus the connector of the prohead behaves as free connectors, which
wrap supercoiled plasmid DNA around the outside to reduce DNA contour length and re-
strain negative supercoils.>® Linear plasmid DNA is not wrapped by free connectors or connec-
tors in proheads. Efficient prohead connector-DNA binding may be due to prohead recogni-
tion of the helical pitch of the supercoiled DNA or affinity for DNA crossovers. Supercoiled
DNA-gp3 is preferentially packaged over linear DNA-gp3.%” Although both the left and right
termini of DNA-gp3 are supercoiled in the presence of gp16, the prohead recognizes and
packages the left end preferentially; gp3 may be posttranslationally modified, or the pRNA
may hybridize transiently to its coding sequence near the left end.

Once DNA is wrapped around the connector, the prohead may slide on the DNA to the
lariat loop juncrion, to position the DNA left end at the connector channel (Fig. 6C). Proheads
are observed at the lariat loop junction by electron microscopy (unpublished). Then gp16 is
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123456

Figure 5. DNA packaging in the defined system. DNA-gp3, gp16, proheads and ATP are mixed and
incubated for packaging. DNase I is then added to digest the unpackaged DNA, the DNase is inhibited,
and the packaged DNA is extracted and quantified by agarose gel electrophoresis. Input DNA is the standard
for quantification of packaging efficiency. ATP is omitted from the negative control lanes and shows that
unpackaged DNA is sensitive to DNase 1. The lanes contained: 1) whole-length DNA input; 2) packaged
whole-length DNA; 3) negative control; 4) Clz I DNA input; 5) packaged Clz I DNA; 6) negative control.
“W” designates whole-length; “R” and “L” the right and left ends. Reprinted with permission from: Grimes
S, Jardine PJ, Anderson D. Adv Virus Res 2002; 58:255-294. © Harcourt Press, Inc.

hypothesized to bind to pRNA to complete the assembly of the packaging motor, and concur-
rently the left end of the DNA is freed and positioned for packaging (Fig. 6C and D; the pRNA
and gp16 are not shown). It is not known if the copies of gp16 bound to DNA are sufficient for
DNA packaging. However, it is clear that gp16 is needed in multiple copies,? and at least six
copies of purified gp16 per prohead are added to achieve full packaging in vitro (unpublished).
Hydrolysis of ATP by gp16-pRNA energizes sequential connector conformational change
that results in DNA translocation (Fig. 6E), as described below in the model of the motor
mechanism.

Several aspects of the 829 packaging system and model are currently unique to 829: RNA
is an essential component of the packaging motor, the packaging substrate is supercoiled by the
packaging proteins, and the supercoiled DNA is wrapped around free connectors and connec-
tors in the prohead. We hope to determine if other phage DNA packaging systems share these
features.

A Model of the Packaging Mechanism

The most striking structural characteristic of the connector is the 36 long alpha helices in
the central region, inclined roughly obliquely to the DNA helix, that give the connector the
appearance of a compressible spring, The idea that the connector can expand and contract is
the basis of a ratchet mechanism model’ (Fig. 7). There are three concentric symmetries of the
active motor: the 10-fold symmetry of DNA in the connector channel, the 12-fold symmetry
of the connector, and the five-fold symmetry of the capsid-pRNA-gp16. To start, the active
ATPase I contacts connector monomer A, which in turn interacts with the DNA (Fig. 7A). The
connector extends down the DNA by 2 bp, and concurrendy the connector narrow end rotates
counterclockwise by 12°% this aligns ATPase II with the connector monomer C and in turn
monomer C with the DNA backbone (Fig. 7B). Then the connector contracts by 6.8A to
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Figure 6. 929 DNA-gp3 packaging model. A) gp3 covalently bound at theleft end (gray dot} loops and forms
a lariat by interaction with DNA, gp16 binds at the lariat loop junction (dotted circle), and gp3-gp16
produce a supercoiled packaging substrate (Grimes and Anderson, 1997); B) Supercoiled DNA wraps
around the connector of the prohead; C) The left DNA end is freed and binds the connector; D) DNA is
released from the outside of the connector; and E) DNA is packaged as the connector expands, contracts
and rotates with the aid of ATP hydrolysis (see Fig. 7). The pRNA and gp16 components of the motor are
not shown. Reprinted with permission from: Grimes S, Jardine PJ], Anderson D. Adv Virus Res 2002;
58:255-294. © Harcourt Press, Inc.

advance 2 bp of DNA into the prohead, and the wide end of the connector concurrently and
passively rotates counterclockwise by 12° to return to the position for activation of ATPase Il in
the next cycle (Fig. 7C). Thus the rotation of the connector does not actively drive DNA
translation, as a rotating nut advances a bolt,”’ but rather the rotation acts to index ordered
firing of ATPases and thus coordinate sequential conformational changes in the connector to
translocate DNA. Atomic force microscopy shows that the connector can be compressed re-
versibly by about one-third of its height,*? lending support to our model.

The 829 packaging motor, in translocating DNA in one direction through the connector
channel, is different in kind from the other molecular motors under study. We have proposed
that the 829 motor is a ratchet mechanism thar depends on passive rotation of the connector
for sequential ATP-energized protein conformational change.” The F;-ATPase® and the bacte-
rial flagellar®® rotary motors use sequential rotary conformational change to turn a spindle and
are normally driven by a proton gradient. Although the F; motor uses ATP hydrolysis to rotate
in one direction, the Fy motor attached to the common shaft uses an electrochemical gradient
to turn in the opposite direction. The linear motors of the myosin group that drive muscle
contraction and move cargo along actin filaments, and motors of the kinesin group that move
along microtubules are track motors that use conformational fluctuations to effect translation



110 Viral Genome Packaging Machines: Genetics, Structure, and Mechanism

Figure 7. The DNA packaging mechanism. Shown is one cycle in the mechanism that rotates the connector
and translates the DNA into the head. The view down the connector axis (top) is towards the head (as in (Fig.
2A), whereas the bottom row shows side views corresponding to that seen in Figure 2B. Eleven of the 12
subunits (A, B,...., L) of the connector are shown in green; the “active” monomer is shown in red. The
connector is represented as a set of small spheres at the narrow end and a set of larger spheres at the wide end
connected by a line representing the central helical region. The pRNA-ATPase complexes (I, IL, IIL, IV, V),
surrounding the narrowend, are shown by a set of four blue spheres and one red sphere. The DNA base aligned
with the active connector monomer is also shown in red. In A) the active pRNA-ATPase I interacts with the
adjacent connector monomer (A), which in turn contacts the aligned DNA base. In B) the narrow end of the
connector has moved counterclockwise by 12° to place the narrow end of monomer C opposite AT Pase 11,
the next ATPase to be fired, causing the connector to expand lengthwise by slightly changing the angle of the
helices in the central domain (white arrow with asterisk). In C) the wide end of the connector has followed
the narrow end, while the connector relaxes and contracts (white arrow with two asterisks), thus causing the
DNA to be translated into the phage head. For the next cycle, AT Pase I1 is activated, causing the connector
to be rotated another 12°, and so forth. (Drawn with the program RASTER3D). Reprinted with permission
from: Simpson AA, Tao Y, Leiman PG et al. Nature 2000; 408:745-750. © 1998 Macmillan Publishers Ltd.

in steps (for a review see ref. 35). In the putative 829 ratchet mechanism, the spindle or bar
(DNA) is translocated, and the connector serves as the pawl.

The 629 Packaging Motor Is Processive and Powerful

In single molecule studies, optical tweezers pull on 829 DNA as it is packaged and dem-
onstrate that the packaging motor is force-generating.*® Tethering a single packaging complex
between two beads allows measurement of the packaging rates in real time and the forces
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during packaging. DNA packaging is initiated and then stalled after about 15% packaging by
the addition of the ATP analogue, ¥S-ATP. The partially packaged complexes are attached to a
streptavidin-coated polystyrene bead via the biotinylated unpackaged end of the DNA and
captured in the optical trap. This bead is brought into contact with a second bead, coated with
anti-head antibodies, that is held by a pipette to form a stable tether (Fig. 8A, left). In the
“constant force feedback” mode, the bead distance is adjusted to maintain a constant DNA
tension of 5 picoNewtons (pN) (Fig. 8A, middle). Only when ATP is restored do the beads
move closer together, as DNA is packaged (Fig. 8B). Although packaging is highly processive,
in that packaging of 5 wm lengths of DNA are observed, pauses and slips occur. On average
there are about three pauses per im of DNA packaged, and pausing frequency increases with
higher capsid fillings. During a pause the motor remains engaged with the DNA, despite the 5
pN of applied external force (Fig. 8B inset). During slips, an abrupt increase in tether length
occurs, suggesting that the motor loses grip on the DNA, but then the packaging motor recov-
ers and resumes packaging.

Figure 8C shows a plot of the packaging rate of a 629-lambda hybrid DNA versus the
percent of the genome packaged. Interestingly, the packaging rate is not constant. The packag-
ing rate drops dramatically when about 50% of the DNA is packaged, from an initial rate of
about 100 bp/second to zero when about 105% of the 629 genome length is packaged. This
rate decrease that is specific to the last half of packaging likely results from the build-up of
internal force due to DNA confinement that opposes and slows the motor.

To investigate the build-up of internal force, the “no feedback” mode, where the positions
of the trap and pipette are fixed (Fig. 8A, right), is used with a DNA substrate about 0.8x the
length of 829 DNA to obtain Force-Velocity (F-V) traces. As the DNA is reeled into the prohead
during packaging, the bead is displaced in the laser trap and tension in the DNA molecule
increases. Eventually the force reaches a high enough level to stall the motor. Shown are mean
F-Vcurves at two points, when one-third and when two-thirds of the genome is packaged (Fig.
9). At one-third filling no internal force opposes the motor, as there is no velocity decrease,
while at two-thirds filling there is an internal force since it takes about 14 pN less external force
to stall the motor. Shifting of the two-thirds curve over 14 pN (in the direction of the arrows)
shows that there is good overlap with the one-third curve. Thus the internal and external forces
add rogether to act on the motor, and the inherent F-Vrelationship of the motor in the absence
of any internal forces is obtained. The packaging rate decreases even for small forces, and it is
estimated that a rate-limiting step produces a mechanical displacement of only 14, much less
than the estimated movement of 2 bp per ATP hydrolyzed in bulk experiments.”? When the
packaging velocity decreases sharply at about 45 pN, a second step in the cycle of the motor
associated with a larger movement becomes rate-limiting.>

The motor is one of the strongest molecular motors yet reported, working against loads of
up to about 70 pN. The average stall force of 57 pN times the reported 0.68 nm (2 bp) moved
per ATP gives a wotk done of 39 pNenm, representing an energy conversion efficiency of
about 30% of the estimated 120 pNenm associated with ATP hydrolysis. The step size of the
motor is less than 5 bp if the maximum force is 70 pN (120 pNenm/70 pN = 1.7 nm).

By combining rate dependence on external force (Fig. 9) and on the fraction of DNA
packaged (Fig. 8C), the build-up of internal force is calculated to reach about 50 pN when the
whole genome is packaged. Dividing this force by the hexagonal cell surface area® gives an
estimate of a pressure of about 6 megaPascals inside the phage head, assuming there is no
significant dissipation of energy. This force builds only after about one-half of the DNA is
packaged and may be due in part to rearrangements of DNA as it is progressively compressed.
Total work done in packaging is estimated at 2 X 10% kT by integrating the curve of internal
force (pN) versus percentage of genome packaged (not shown). If dissipation is not great,
internal pressure may supply a part of the driving force for DNA injection into the host cell.
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Figure 8. Single molecule DNA packaging in the laser tweezers. A) Diagrams showing;: experimental set-up
at the start of a measurement (left), constant force feedback mode (middle) and no feedback mode (right). A
single 629 packaging complex is tethered between two microspheres. Optical tweezers are used to trap one
microsphere and measure the forces acting on it, while the other microsphere is held by a micropipette. To
ensure measurement on only one complex, the density of complexes on the microsphere is adjusted so that only
about one out of 5 t010 microspheres yields hookups. Such attachments break in one discrete step as the force
is increased, indicating that only one DNA molecule carries the load. B) Plots of DNA tether length against
time for four different complexes with a constant force of -5 pN and using a 34.4 kb 29-lambda DNA
construct. Inset: increased detail of regions, indicated by arrows, showing pauses (curves have been shifted).
The solid lines are a 100 point average of the raw data. C) Packaging rate vs. the amount of DNA packaged,
relative to the original 19.3 kbp 929 genome. Trace for asingle complex is derived from rightmost trace in panel
B). Rates were obtained by linear fitting in a 1.5 s sliding window. The thick center line is an average of eight
such measurements. Large pauses (velocity drops >30 bp/s below local average) were removed, and the curves
were horizontally shifted to account for differences in microsphere attachment points. The center line was
smoothed using a 200 nm sliding window. The standard deviation for the ensemble of measurements varies
from ~20 bp/second at the beginning down to ~10 bp/s at the end. Reprinted with permission from: Smith
DE, Tans SJ, Smith SJ et al. Nature 2001; 413:748-752. © 1998 Macmillan Publishers Ltd.



The 029 DNA Packaging Motor 113

100 |-, -

=]
o

(=2
o

F-9
(=]

N
o

Mean packaging rate (bp/s)

[=]

o
-
o
]
(=]

30 40 50 60
Force (pN)

Figure 9. Force-Velocity (F-V) analysis. Plots of external force against velocity when about one-third (rightmost
line) and about two-thirds (leftmost line) of the genome is packaged. Curves were obtained by averaging
14 and 8 individual traces, respectively. If, in the case of two-thirds of the genome being packaged, an
additional 14 pN of internal force were acting on the motor (see text), the dashed line would show the
expected behaviour. The rightmost line and the dashed lines would then represent the inherent (total) £~V
curve for the motor. Reprinted with permission from: Smith DE, Tans S], Smith SJ et al. Nature 2001;
413:748-752. ©1998 Macmillan Publishers Ltd.

Ongoing Analysis of 829 DNA Packaging: The Path to Enlightenment

The paradigm of analysis of any cell biological process at the molecular level, attributed to
Tom Pollard and published in a review of the meeting Proteins as Machines in reference 38, is
reproduced in Figure 10. The approach is to identify all components, describe all reaction
intermediates, determine the rates of all transitions, and determine component structures at
atomic resolution. Although arduous, all parts of the approach are vital to a complete under-
standing of the biological process. Multisubunit protein or protein-nucleic acid complexes
dominate cell biochemical processes, for example DNA replication, targeting and transport of
proteins, pre-mRNA splicing, or signal transduction. In machines of diverse cellular processes,
the energy of nucleotide hydrolysis is coupled to conformational changes in protein subunits.
The 629 DNA packaging motor is such a multisubunit complex, with its connector, pRNA
and gp16 components attached to the prohead and DNA-gp3 in its channel. We hope to
determine the mechanism of the 829 packaging motor by use of the approach oudined in
Figure 10.

The inventory of components of the 629 packaging motor is complete, but the order of
interactions in motor assembly and the identity of packaging intermediates are not known
with certainty. Considering motor assembly, it is likely that gpl6 of the supercoiled
DNA-gp3-gpl6 complex binds to pRNA on the prohead to complete the assembly of the
motor. The number of copies of gp16 and its structure on DNA-gp3, as well as the mechanism
and extent of supercoiling of the DNA substrate, are to be determined. The structure of the
packaging initiation complex, i.e., the prohead with DNA-gp3 wrapped around the connector
in the absence of ATP, is to be determined by high resolution cryo-EM 3D reconstruction. The
steps by which the supercoiled DNA is resolved to a linear form for packaging are unknown.
Above all, the precise location and structure of pRNA and gpl6 on the partially packaged
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Figure 10. The path to enlightenment in dissection of complex biological processes. Reprinted with permssion
from: Alberts B, Miake-Lye R. Cell 1992; 68:415-420. © 1999-2001 Elsevier Science.

particle (packaging intermediate) are to be determined by high resolution cryo-EM 3D recon-
struction. As a complement to electron microscopy, the approach of obtaining atomic resolu-
tion structures of 829 packaging motor components and substructures by X-ray crystallogra-
phy is ongoing, and when possible these high resolution structures will be fitted into cryo-EM
3D reconstructions (Fig. 3).

Dynamic motor function is being investigated with a battery of methods to explore mac-
romolecular interactions, reaction intermediates, and protein movement. Connector rotation
is being investigated by polarization of single fluorophores. Packaging intermediates in ATP
binding and hydrolysis are being isolated in an attempt to characterize the steps in
chemo-mechanical energy transduction and to correlate these steps with protein conforma-
tional change. Electron paramagnetic resonance (EPR) and fluorescence resonant energy trans-
fer (FRET) are being employed to detect and characterize conformational change in the con-
nector, pRNA and gp16. Single molecule packaging in the laser tweezers is expected to reveal
properties of the packaging motor that are inaccessible using packaging in bulk, such as precise
measurement of the rate (and variations in rate) of packaging, the forces exerted on the DNA,
effects of perturbation of local DNA structure, details of the catalytic cycle, and the step size of
the motor.

Acknowledgements
We thank Charlene Peterson for preparation of the manuscript and Paul Jardine for com-
ments. The work was supported by NIH grants to DA.

References
1. Grimes S, Jardine PJ, Anderson D. Bacteriophage 629 DNA packaging. Adv Virus Res 2002;
58:255-294.
2. Rajagopal BS, Reilly BE, Anderson DL. Bacillus subtilis mutants defective in bacteriophage 429
head assembly. ] Bacteriol 1993; 175:2357-2362.
3. Tao Y, Olson NH, Xu W et al. Assembly of a tailed bacterial virus and its genome release studied
in three dimensions. Cell 1998; 95:431-437.
4. Guo P, Erickson S, Xu W et al. Regulation of the phage 829 prohead shape and size by the portal
vertex. Virology 1991; 183:366-373.
. Simpson AA, Tao Y, Leiman PG et al. Structure of the bacteriophage 829 DNA packaging motor.
Nature 2000; 408:745-750.
6. Guasch A, Pous J, Ibarra B et al. Detailed architecture of a DNA translocating machine: The
high-resolution structure of the bacteriophage 829 connector particle. ] Mol Biol 2002; 315:663-676.

N



The 029 DNA Packaging Motor 115

7.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3

—

33.

Guasch A, Pous ], Ibarra B et al. (Note to ref. 6) Detailed architecture of a DNA translocating
machine: The high-resolution structure of the bacteriophage @29 connector particle. ] Mol Biol
2002; 321:379-380.

Simpson AA, Leiman PG, Tao Y et al. Structure determination of the head-tail connector of bac-
tetiophage 829. Acta Cryst 2001; D57:1260-1269.

Guo P, Erickson S, Anderson DL. A small viral RNA is required for in vitro packaging of bacte-
riophage ¢29 DNA. Science 1987; 236:690-694.

Wichitwechkarn J, Bailey S, Bodley JW et al. Prohcad RNA of bacteriophage 929: Size, stoichiom-
etry, and biological activity. Nucl Acids Res 1989; 17:3459-3468.

Guo P, Bailey S, Bodley JW et al. Characterization of the small RNA of the bacteriophage 829
DNA packaging machine. Nucl Acids Res 1987; 15:7081-7090.

Wichitwechkarn ], Johnson D, Anderson D. Mutant prohead RNAs in the in vitro packaging of
bacteriophage 629 DNA-gp3. J Mol Biol 1992; 223:991-998.

Reid RJD, Bodley JW, Anderson D. Identification of bacteriophage 629 prohead RNA domains
necessary for in vitro DNA-gp3 packaging. ] Biol Chem 1994; 269:9084-9089.

Reid RJD, Zhang F, Benson S et al. Probing the structure of bacteriophage 929 prohead RNA
with specific mutations. ] Biol Chem 1994; 269:18656-18661.

Zhang C, Lee CS, Guo P. The proximate 5' and 3’ ends of the 120-base viral RNA (pRNA) are
crucial for the packaging of bacteriophage ¢29. Virol 1994; 201:77-85.

Zhang C, Tellinghuisen T, Guo P. Use of circular permutation to assess six bulges and four loops
of DNA-packaging pRNA of bacteriophage 29. RNA 1997; 3:315-323.

Zhang F, Lemicux S, Wu X et al. Function of hexameric RNA in packaging of bacteriophage 429
DNA in vitro. Mol Cell 1998; 2:141-147.

Guo P, Zhang C, Chen C et al. Inter-RNA interaction of phage 829 pRNA to form a hexameric
complex for viral DNA transportation. Mol Cell 1998; 2:149-155.

Chen C, Sheng S, Shao Z et al. A dimer as a building block in assembling RNA. ] Biol Chem
2000; 275:17510-17516.

Morais MC, Tac Y, Olson NH et al. Cryo-EM image reconstruction of symmetry mismatches in
bacteriophage 829. ] Struct Biol 2001; 135:38-46.

Ibarra B, Caston JR, Llorca O et al. Topology of the components of the DNA packaging machin-
ery in the phage 829 prohead. ] Mol Biol 2000; 298:807-815.

Guo P, Peterson C, Anderson D. Prohead and DNA-gp3-dependent ATPase activity of the DNA
packaging protein gpl6 of bacteriophage 929. ] Mol Biol 1987; 197:229-236.

Grimes S, Anderson D. RNA dependence of the bacteriophage 629 DNA packaging ATPase. ]
Mol Biol 1990; 215:559-566.

Bjornsti MA, Reilly BE, Anderson DL. Bacteriophage 629 proteins required for in vitro DNA-gp3
packaging. ] Virol 1984; 50:766-772.

Chen C, Guo P. Sequential action of six virus-encoded DNA-packaging RNAs during phage @29
genomic DNA translocation. ] Virol 1997; 71:3864-3871.

Meijer WJJ, Horcajadas JA, Salas M. 829 Family of Phages. Microbiol and Mol Biol Rev 2001;
65:261-287.

Grimes S, Anderson D. The bacteriophage 829 packaging proteins supercoil the DNA ends. ] Mol
Biol 1997; 266:901-914.

Grimes S, Anderson D. In vitro packaging of bacteriophage 929 DNA restriction fragments and
the role of the terminal protein gp3. ] Mol Biol 1989; 209:91-100.

Bjornsti MA, Reilly BE, Anderson DL. Morphogenesis of bacteriophage 829 of Bacillus subtilis:
Oriented and quantized in vitro packaging of DNA-gp3. ] Virol 1983; 45:383-396.

Turnquist S, Simon M, Egelman E et al. Supercoiled DNA wraps around the bacteriophage 929
head-tail connector. Proc Natl Acad Sci USA 1992; 89:10479-10483.

. Hendrix RW. Symmetry mismatch and DNA packaging in large bacteriophages. Proc Natl Acad

Sci USA 1978; 75:4779-4783.

. Muller DJ, Engel A, Carrascosa JL et al. The bacteriophage 29 head-tail connector imaged at

high resolution with the atomic force microscope in buffer solution. EMBO J 1997; 16:2547-2553.
Kinosita Jr K, Yasuda R, Noji H et al. F;-ATPase: A rotary motor made of a single molecule. Cell
1998; 93:21-24.



116 Viral Genome Packaging Machines: Genetics, Structure, and Mechanism

34. Silverman MR, Simon MI. Flagellar rotation and the mechanism of bacterial motility. Nature 1974;
249:73-74.

35. Vale RD, Milligan RA. The way things move: Looking under the hood of molecular motor pro-
teins, Science 2000; 288:88-95.

36. Smith DE, Tans SJ, Smith S] et al. The bacteriophage 829 portal motor can package DNA against
a large internal force. Nature 2001; 413:748-752.

37. Earnshaw WC, Casjens SR. DNA packaging by the double-stranded DNA bacteriophages. Cell
1980; 21:319-331.

38. Alberts B, Miaki-Lye R. Unscrambling the puzzle of biological machines: The importance of the
details. Cell 1992; 68:415-420.



CHAPTER 8

Encapsidation of the Segmented
Double-Stranded RNA Genome
of Bacteriophage 06

Minna M. Poranen, Markus J. Pirttimaa and Dennis H. Bamford

Abstract

acteriophage ¢6 has a segmented double-stranded RNA genome that is incorporated
B into a preformed capsid during viral assembly. The three viral genomic segments are

packaged as single-stranded precursors, which are later replicated into the mature
double-stranded genome inside the capsid by the viral polymerase. The packaging efficiency of
906 is high; virtually all particles released from ¢6-infected cells are infectious and carry one
copy of each of the genome segments. This feature makes $6 an appropriate model to analyze
the principles of packaging of a multi-segmented genome. In vitro analyses have revealed that
the packaging of ¢6 involves sequential uptake of the three genome segments. The initiation of
RNA replication is a checkpoint for correct genome packaging and is dependent on a specific
interaction between the viral RNA and the preassembled polymerase complex, the procapsid.
During the maturation the polymerase complex undergoes structural changes which lead to
the expansion of the particle. The packaging NTPase of §6 is a ring-like hexamer that is located
at each of the five-fold vertices in the procapsid. However, it appears that only one vertex is
adequate to carry out efficient packaging, while the others are required when the newly synthe-
sized message RNAs exits from the capsid. $6 packaging and replication shares features with
bacterial double-stranded DNA viruses as well as with eukaryotic double-stranded RNA

viruses.
Introduction

Double-Stranded RNA Virus ¢6

06 is an enveloped double-stranded (ds)RNA virus of a gram-negative bacterium Pseudomo-
nas syringae' and the type-organism of the family Gystoviridae (http:/fwww.ncbi.nlm.nih.gov/
ICTV/). For a long time ¢6 was the only isolate of its kind. However, recently several new
phages with a segmented dsRNA genome have been isolated.? Some of these are close relatives
of ¢6 with high sequence identity, while others are more distantly related and have retained
only the general genomic organization and the overall virion structure common in the Gystoviridae
family.

Viral Genome Packaging Machines: Genetics, Structure, and Mechanism, edited by
Carlos Enrique Catalano. ©2005 Eurekah.com and Kluwer Academic/Plenum Publishers.
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Figure 1. Schematic presentation of the $6 virion. The virion is composed of three concentric layers. Four
proteins, P1, P2, P4 and P7, comprise the polymerase complex, which is covered by lattice of protein P8
forming the nucleocapsid sutface shell. The turret-like extrusions made of protein P4 at the five-fold vertexes
of the polymerase complex extend to the P8 layer. The envelope contains four viral encoded integral
membrane proteins (P6, P9, P10, P13), one of which (fusogenic protein P6) anchors the receptor-binding
spike P3. S, M and L are the dsRNA genomic segments.

6 shares features in common with the dsRNA viruses of the family Reoviridae. The ge-
notne is segmented and the virion is composed of three structural layers (Fig. 1). The strucrural
and functional analogues found between $6 and the members of Reoviridae have been taken as
an evidence of common evolutional origin.>* The similarity is most evident within the inner-
most protein capsid; the outer layers can vary both in composition and structure, also within
each viral family. The conserved inner layer is a multi-functional molecular machine, which
can perform genome encapsidation, replication, and transcription, while the outer layers facili-
tate interactions with the host cell during the particle internalization.’

Some of the functions of the inner capsid have been well documented for the members of
the Reoviridae and the high resolution structure has been determined for the core particles of
bluetongue virus and reovirus.*” However, the mechanisms of genome encapsidation is rela-
tively poorly understood,® and 96 has so far been the only model to study the packaging and
the consecutive replication of a segmented genome of a dsRNA virus.

Structure of the $6 Virion and Life-Cycle

The spherical $6 virion has three structural layers, which can be sequentially remove
The outermost layer is a lipid-protein envelope and the nucleocapsid (NC) surface shell covers
the polymerase complex (Fig. 1; Table 1). The envelope surrounding the proteinaceous NC
contains five viral-encoded proteins and phospholipids originating from the host plasma mem-
brane.”!! The NC surface is composed of a single viral protein (P8) which is arranged into an
incomplete T=13 lattice in which the regions immediately surrounding the five-fold vertices
are occupied by proteins extending from the underlying polymerase complex.>'? A similar
arrangement has also been described for the intermediate layer of reovirus.'® The polymerase
complex of 96 is formed by 120 copies of protein P1 arranged as 60 dimers on the icosahedral
lattice.'? Such an organization with two molecules of the same protein in two different confor-
mations in an icosahedral asymmetric unit is so far only discovered in the core particles of the
dsRNA viruses and is referred as the T=2 structure.®

d 9,10
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Table 1. Nomenclature

Particle Composition

Polymerase Complex General name for the protein complex that carries out
the RNA packaging and replication
Forms the innermost structural layer of the virion
Composed of proteins:
P1- major capsid protein
P2- RNA polymerase
P4- multi-functional NTPase
P7- small particle stabilizing protein

Procapsid (PC) Empty polymerase complex
Core Polymerase complex enclosing the dsRNA genome
Nucleocapsid (NC) Core particle encapsidated in the protein P8 shell

P8 forms the middle structural layer of the virion
Virion Nucleocapsid encapsidated by lipid bilayer envelope

Envelope forms the outermost structural layer of the virion
Envelope contains proteins:

P9, P10, and P13- integral membrane proteins

P6- fusogenic protein, anchors P3 spike

P3- the receptor-binding spike

As a dsRNA virus, ¢6 needs to deliver not only its genome but also the viral replication
machinery (the polymerase complex) into the host cell cytoplasm to initiate infection. During
the complex entry process the structural layers of the ¢6 virion are sequentally removed and
the transcriptionally active polymerase complex is delivered into the cytoplasm.!*'¢ The
single-stranded (ss)RINA molecules produced early in the infection serve as templates for pro-
tein synthesis and are also packaged into the newly synthesized virions.

The first assembly intermediate detected during the ¢6 infection cycle is an empty poly-
merase complex, also referred as the procapsid (PC).!” This particle packages the single-stranded
genomic precursor molecules and replicates them into the double-stranded form inside the
capsid. The dsRNA-filled polymerase complex directs the late transcription and matures to a
progeny virion by addition of the NC surface shell and the viral envelope.'®!?

Genome Organization

The three genomic segments of $6 are named according to their size; small, medium, and
large (Fig. 2).%° Each virion contains only one copy of each segment.?! Abbreviations S, M and
L are used for the dsRNA form of the genome, while lowercase letters, s, m and 1, indicate the
single-stranded, plus-sense RNA precursor molecules (Fig. 3). The dsRNA genome resides
inside the polymerase complex throughout the viral life-cycle and the cell cytoplasm is exposed
only to the single-stranded messenger (m)RNA molecules. The genes are clustered into func-
tional groups to the three genome segments and the coding regions are flanked by distinct
noncoding areas at both termini of each segment (Fig. 2).%0

In Vitro Studies

The current understanding of the $6 assembly pathway and life-cycle is largely based on
in vitro studies. Immediately after the isolation of $6, the virion associated transcriptase activ-
ity was detected” which led to in vitro transcription studies with purified core particles and
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Figure 2. Genome organization. The three plus-sense segments are designated as s, m, and 1. The protein
coding regions are shown by wide bars and the noncoding areas by narrow bars. The secondary structure
elements of the 5'-end pac-regions®® are depicted enlarged. Conserved loop structure common to the three
segments is shown with black background. Some single-stranded regions common between s and m, or m
and | are indicated using a similar background.
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Figure 3. The in vitro replication cycle of $6. The empty polymerase complex, procapsid (PC) binds the
single-stranded genomic precursor molecules (s, m, 1) on the outer surface of the particle. If ATP (or any
NTP) is available, the PC packages the ssRNA molecules into the capsid. The polymerase then replicates
the packaged segments into dsRNA form (S, M, L) inside the particle. These dsSRNA-containing particles
can start to transcribe the viral ssRNA molecules (s, m, 1), which exit from the particle.

NCs.232* A breakthrough for the genome packaging and replication analysis came a few de-
cades later when isolated PCs, produced in Escherichia coli cells,” were shown to be capable of
carrying out the whole $6 RNA replication cycle in vitro conditions (see Fig. 3).26 Since then
the recombinant PCs have been an invaluable tool for the analysis of ssRNA packaging, repli-
cation, and transcription activities. Later an NC-spheroplast infection system was set up which
allowed direct measurement of the biological functionality of viral NCs.?” Furthermore, the
NC surface shell protein was purified and was shown to reassemble on isolated dsRNA-filled
polymerase complexes to yield infectious NCs.'® These important tools were used to demon-
strate that recombinant PCs could be turned to infectious particles.? This confirmed that the
packaging of the tripartite genome in vitro conditions was a true intermediate reaction in the
assembly pathway. Recently, the in vitro studies have extended to include the assembly of the
empty PCs, and nowadays it is possible to carry out the entire assembly pathway from purified
proteins and genomic ssRNA precursors to infectious NCs under defined in vitro conditions.?’
These in vitro systems have opened avenues to gain detailed information on assembly, genome
packaging, replication, and transcription. Here we will focus on processes, which lead from the
empty PC to the dsRNA-filled particle. Transcriptional activity and particle assembly are dis-
cussed when these processes are intimately connected to the topic of this article.

Components of the $6 RNA Packaging and Replication System

The ¢6 in vitro RNA packaging and replication system contains isolated empty poly-
merase complexes (procapsids, PCs) and single-stranded copies of the viral genome segments
in a defined reaction mixture (Fig. 3). The packaging or the replication is neither dependent on
any viral encoded nonstructural protein, nor on any host components.

Single-Stranded Genomic Precursor Molecules

The virus specific plus-sense ssRNAs for packaging reaction can be obtained from an NC
transcription reaction,? or by using T7 RNA polymerase to transcribe the cDNA copies of the
genome segments cloned under the T7 promoter.?83% The latter system allows the alteration of
the single-stranded packaging substrates, which has been important for the localization of the
genomic regulatory elements.

The noncoding regions at the 5'- and 3'-ends of the genome segments contain cis-acting
signals for the packaging and replication of the genome (Fig. 2). The 5'-terminus was shown to
carry the packaging signal, referred as the pac-site. It extends from the end of the segment 273,
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280, and 209 nucleotides (nt) in s, m, and | segments, respectively.?' 3> Except the 5'-terminal
homologous 18 nt, these regions have only very limited sequence similarity. However, several
common structural elements can be found (Fig. 2). Some of the loop structures are common to
two of the segments and one is found in all three segments. The pac-site of the s segment
contains two copies of this conserved loop structure.?® At the 3'-end of the segments there is a
longer (75 nt) region of partial identity, which is predicted to fold into a transfer RNA-like
secondary structure.3®

Procapsid (PC)

The 6 PC is composed of four protein species, P1, P2, P4, and P7 (Table 1). In addition,
it is possible to produce and isolate PC particles missing any of the proteins P2, P4, P7, or both
the proteins P2 and P7.2>2¢% These incomplete particles together with the purified recombi-
nant proteins”3840 have been essential for the assigning of specific functions to the compo-
nent proteins.

Capsid Forming Protein P1

Protein P1 is the major component of the PC and forms the peculiar T=2 capsid struc-
ture.'24142 Although P1 has mainly a structural role in the polymerase complex it s likely to be
involved in the initial binding and recognition of the genomic ssRNAs* as well as in the
organization of the dsRNA genome inside the capsid. The other golmeme complex proteins
P2, P4, and P7 can associate independently to the P1 shell.?”-*®

The Polymerase P2

A consensus sequence of known RNA-dependent RNA polymerases has been found in
protein P2.*> Particles missing P2 are unable to replicate RNA, but have ssRNA packaging
activity.® Purified P2 can polymerize RNA also in the absence of the other PC proteins. The
biochemically determined copy number for P2 is ~14 molecules per particle,”! and P2 is pro-
posed to reside underneath the five-fold vertices leading to actually 12 copies per particle.

A Multi-Functional NTPase P4

Protein P4 contains a consensus sequence common in NTP binding proteins.” In the
presence of NDP or NTP and divalent cations, Mg?* and Ca®*, purified P4 assembles into
ring-like homo-hexamers. The hexameric form of P4 is an active NTPase***® hydrolyzing
NTPs, dNTPs as well as ddNTPs to corresponding nucleoside diphosphates. The P4 NTPase
specificity spectrum correlates with that observed for the RNA encapsidation reaction (see
below) and the N'TPase activity of P4 is stimulated by ssRNA.3%#8 Therefore it has been postu-
lated that P4 is the NTPase providing energy for the genome translocation reaction. This is
supported by the recent isolation and analysis of P4 null particles; Particles devoid of P4 were
totally inert in ssRNA packaging.** P4 has also a role during the transcription when the newly
synthesized mRNA molecules are extruded from the particle.*” Furthermore, although P4 null
particles can be isolated from the cell, under defined in vitro conditions the particle assembly is
dependent on hexameric P4.%

A Small Particle Stabilizing Protein P7

P7 is a minor component of the polymerase complex. Purified P7 forms stable dimers in
solution which are elongated in shape.?® There is no known enzymatic activity for P7, but
the analyses of particles missing P7 have revealed that P7 is needed for stable ssRNA packaging
as well as for normal transcription.>®4¢ In addition, P7 accelerates the in vitro assembly pro-
cess.”? The estimated copy number for P7 is 60 (or 30 dimers).*® The exact location of P7 in
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PC is not known, but it has been suggested to be located near the two-fold axes of the PC so
that the elongated P7 dimer could stabilize the contacts between two P1 dimers.”

Procapsid to Core Transition

Cryo-electron microscopy based image reconstructions have revealed a considerably dif-
ferent conformation for the empty polymerase complex (depicted in Fig. 5A) compared to that
of the virion-derived dsRNA-filled core particle (depicted in Fig. 5F) despite the same protein
composition. The empty particle is smaller (-46 nm versus ~50 nm) and more angular. It also
appeared to have inwards oriented “cups” at each of the five-fold facets instead of the round
appearance of the core particle.’® The difference between the dsRNA-filled and the compressed
empty polymerase complex suggests that the particle maturation involves considerable confor-
mational changes resulting also in the expansion of the particle. Whether the expansions take
place during the genome packaging, minus-strand synthesis, or prior the activation of tran-
scription is currently unknown.

In addition to the compressed dodecahedral and the rounded form of the polymerase
complex, an intermediate conformation has been described. This conformation, referred as to
an expanded PC (Fig. 5E), appears as a dodecahedron, with shallow depressions at the five-fold
vertices. Such conformation can be observed in the preparations of empty PCs, and are also
formed when the virion-derived polymerase complexes lose the dsRNA genome.'? If this con-
formation represents a true assembly intermediate, it would suggest that the expansion occurs
at least in two stages.

The ¢6 in Vitro ssRNA Packaging and Replication System

The ¢6 in vitro ssRNA packaging and replication system (Fig. 3) allows to dissect the
ssRNA binding, ssRNA packaging, combined ssRNA packaging and replication (i.e.,
minus-strand synthesis reaction), and combined packaging, replication, and transcription ac-
tivities (i.c., plus-strand synthesis reaction) by modifying the reaction conditions.>%46:3-52

The transtocation of the ssRNA into the closed compartment requires energy in the form
of hydrolysable nucleoside triphosphates, which can be either INTPs, dNTPs, or ddNTPs. %51
Uncleavable nucleotide triphosphate analogs can not support the RNA packaging, although
ssRNA binding to the empty particles can be observed in these conditions.® The packaged
ssRNA and the replicated dsRNA are resistant to RNase-treatment and cosediment with the
particle.’*>3

The packaging is specific for $6 plus-strands and this specificity is determined by the
5'-terminal pac-sites (Fig. 2).""*> The packaging of ssRNA segments containing an internal
artificial hairpin structure is blocked so that the 3'-terminus is sensitive to RNase treatment.>
This suggests that the packaging is initiated from the 5'-end of the segments. The synthesis of
the complementary minus-strand occurs inside the particle and can initiate only after the 3"-end
is accessible to the polymerase, 05053

The analyses of $6 packaging using genomic ssRNA segments of reduced size have shown
that the PCs of ¢6 can uptake more than three ssRNA molecules to compensate the reduction
in the total amount of nucleic acid to be packaged. The additional ssRNA appears to be always
of the same class as the truncated or deleted segment.”

Sequential Packaging

96, like other dsRNA viruses with segmented genome, needs to have a mechanism to
ensure that one copy of each of the individual genome segment will be packaged into the virus
particle. Studies on ¢6 have shed light to the mechanism how the tripartite genome may be
incorporated into the capsid efficiently and accurately.
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Apparently the polymerase complex has the ability to recognize the three viral
single-stranded genomic precursor molecules in segment-specific manner. The segment-specific
binding-sites are likely to be exposed on the outer surface of the particle,>#%¢ so that the selec-
tion and recognition of the ssRNA molecules to be packaged could be accomplished already
prior to the energy consuming packaging process. The binding affinities of the three genome
segments differ so that the s segment has the highest affinity, followed by m and then by 1.
Although particles can also bind ssRNA molecules that do not contain the viral pac-site, such
unspecific binding does not lead to packaging.25 Therefore we suggest that only specific
binding can trigger on the packaging machinery or direct the end of the RNA molecule in a
correct entering through P4 hexamer.

The PC can package each of the three $6 plus-stands independently of each other into the
PC, and the packaging efficiencies of the segments follow the binding-affinity order, s>m>1.%%"!
When the reaction contains more than one segment, the segments interfere with each other’s
packaging. The presence of s stimulates the packaging of m and similar relationship has been
observed between m and 1.>*>! Evidence for this packaging order between the segments has
also been observed in vivo experiments; particles containing either only the s segment, both the
s and m segments, or all the three segments (but no other combinations of the segments) have
been isolated from ¢6 infected cells.”® These results suggest that the three segments are pack-
aged in a preferred order so that the s segment is packaged first followed by m and then by L.

It is not known how the sequential packaging is achieved, but this phenomenon is likely
to be crucial for the correct and accurate encapsidation. The serial order of dependence be-
tween the segments could be achieved by conformational switches, so that the packaging of a
segment creates the high affinity binding-site for the next segment to be packaged.*34>¢ Alter-
natively, the RNA molecules could interact with each other and these RNA-RNA interactions
could then interfere with the binding or the packaging process.

The model of conformational switches claims that binding-sites for the m and | segments
would not be exposed on the surface of the naive PC, and that m could be packaged only after
s and | only after s and m. However, as stated above, all the three genomic segments can be
packaged into the PC independently of each other—albeit with different efficiencies. In addi-
tion it is known that the empty PC is not a rigid structure, but gentle heat-treatment (at 22°C)
can induce conformational changes in the particle.!> We suggest that the empty PC can spon-
taneously adopt the different conformations in which either s, m, or | binding-sites are ex-
posed. At elevated temperatures, like during the packaging reaction at 30°C, these spontane-
ous changes are likely to occur. The highest packaging efficiency for s, could reflect the fact that
the conformation which are capable of packaging s are the majority, while the forms having
high affinity for m or 1 represent the minority. The idea of slow spontaneous conformational
change in the PC during packaging reaction towards particles ready for packaging 1 segment
would also explain the relatively slow packaging kinetics measured for | segment. The confor-
mation which exposes binding-site(s) for s are probably favored in vivo since the s is preferen-
tially packaged not only in vitro but also in vivo. Presumably, the switches during the packag-
ing do not involve high-energy transitions as they are likely to be spontaneous and reversible
(see below).

Mutations That Change the Sequential Packaging

Mutations in P1 (Argi4 to Gly) and P4 (Seryso to Gln) affect the sequential packaging
cascade so that s is not packaged or is packaged poorly without considerable effect on m and 1
packaging. This phenotype of the P1 capsid mutant has been taken as an evidence that P1
contains the primary recognition sites for genomic ssRNA segments.* Interestingly, the inabil-
ity to package s by the P4 NTPase mutant particles appears only after the particles have been
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frozen and thawed. Fresh P4 mutant particles function like wild-type PCs in packaging and
there is no detectable difference between the fresh and frozen particles in sedimentation behav-
ior or protein composition.*> We suggest that the mutations in P4 and P1 affect the particle so
that it easily undergoes the first conformational switch in the packaging cascade leading to the
phenotype which expose binding-sites for m. Both of the mutant particles, with this pheno-
type, have also a tendency to lose the majority of protein P4 during purification. Qur recent
results show that the in vitro assembly of wild-type P4 on isolated mutant particles deficient of
P4 rescues the packaging of segment s. This indicates that the proposed spontaneous confor-
mational switch in the segment-specific binding-site may be reversible.

Model of Packaging Induced Particle Expansion

Qiao et al** and Mindich®” have suggested a model that connects the sequential packag-
ing of the three genomic ssRNA segments, the expansion of the particle and the headful pack-
aging phenomenon. In this model it is envisaged that the empty unexpanded particle has
binding-sites only for the segment s. After the packaging of's, the particle slightly expands, the
binding:sites for s disappear, and binding-sites for m are exposed. Upon packaging of m, the
particle further expands and binding-sites for | segment appear allowing the recognition and
packaging of the | segment. It was proposed that the expected expansions of the PC and the
changes in packaging specificity would not occur unless headful of ssRNA is translocated into
the particle.

Packaging Densities

In hope to get understanding when the changes in the polymerase complex structure
might (or have to) occur during the packaging and replication process we estimated the vol-
umes of the different intermediate particles (Table 2; see also Fig. 5). We used an assumption
that the segments are packaged in order s, m, |, and calculated the packaging densities for
single- and double-stranded forms of the genome. It appeared, as expected, that the interior of
the rounded polymerase complex (Fig. 5F; a conformation found from mature NCs and core
particles) was large enough to accommodate the entire dsRNA genome. The RNA density
observed was about 70% of that determined for dsDNA in crystals, which is considered as the
highest packaging density. The packaging density of the expanded PC (Fig. 5E) reaches the
upper density limit when the whole dsRNA genome is within the particle. This suggests that
the expansion of the particle into the rounded form should occur prior to the initiation of the
transcription. The highly active process of mRNA synthesis within the particle would probable
be impossible if there was no space for RNA movements. The empty compressed particle (Fig.
5A) was far too small to include either the dsRNA or the ssRNA form of the genome. However,
it appeared that the empty particle has space for s and m segments (Fig. 5D), but not for the |
segment. This conclusion would hold even in the case that there would be +30% error in the
calculated volume for the empty particle. Thus the compressed PC has to expand latest during
the packaging of the | segment (Fig. 5F). Headful conditions are not achieved with s alone.

Initiation of Minus-Strand Synthesis—A Checkpoint

for Genome Packaging

The packaging of the ssRNA genomic precursors is followed by the minus-strand synthe-
sis inside the particle to form the dsRNA genome.?*>? It is considered that the RNA replica-
tion does not take place simultaneously with the ssRNA uptake, it is rather turned on after
completion of the packaging.

A question arises, what could be the signal (i) caused by the ssRNA genome packaging
and (i) sensed by the PC, that would lead to the activation of polymerase functions. Two
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COMBINATION OF ssRNA SEGMENTS MINUS STRAND
SYNTHESIS ACTIVITY |
A s {7 kb) 1{1.6 kb) N
—= | control level
B m {10 kb) wts (2.9 kb) N
=TT - — -E— < 10% activity
wtm (4.1 kb) | chi (6.5 kb) .
€ wieddl o DN < 10% activity °
D wt (6.4 kb) sm chimera (4.2 kb) b
I —TT i control level
E wt s (2.9 kb) 1 {1.6 kb) b
— R — I control level
F sml chimera (13.5 kb) - a
— S — - PR I | < 10% activity

Figure 4. Minus strand synthesis initiation control. The minus strand synthesis activation has been tested
using different combinations of modified and wild-type (wt) ssRINA segments. The ssRNA segmentsin each
reaction (A- F) are presented schematically to illustrate the sizes and contents of the segments. Protein coding
regions are shown by wide bars and the noncoding areas by narrow ones. The different grey levels indicate
the origin of the RNA: light grey, L; middle grey, M; and dark grey, S segment. The white boxes indicate
sequences that are not $6-specific (originate from the E. coli lacZ gene). Control level refers to a reaction
containing wild-type s, m, and | segments (*Results from Qiao et al*%; Presults from Poranen and
Bamford®®).

different models have been presented for the regulation the $6 RNA replication. Qiao et al**
proposed that $6 uses a headful sensing mechanism so that initiation of minus-strand synthesis
would simply be dependent on the amount of ssRNA packaged into the capsid. We have
suggested’®>® that the switch from packaging to minus-strand synthesis is caused by specific
RINA-protein interactions.

To test the models, modified ssRINA segments were constructed and the activation of
minus-strand synthesis was analyzed using different combinations of full-length genome seg-
ments together with the modified ones.>**%%8 The sizes and the specificity classes of the modi-
fied segments varied so that it was possible to test the hypotheses.

A prediction of the model of Qiao et al** is, (i) thar the activation of minus-strand synthe-
sis should be equal in two reactions in which the total mass of ssRNA packaged is equal, and
(i) the minus-strand synthesis should only occur when the amount of ssRNA packaged matches
to that of the full $6 genome [2.9 kb(s) + 4.1 kb(m) + 6.4 kb(l) = 13.4 kb].

When a molecule equal in size to the sum of segments s and m (7 kb), with the pac-sequence
from s, was packaged together with deleted I segment, Al (1.6 kb), a control level minus-strand
synthesis was obtained (Fig. 4A), while when a molecule equal in size to the sum of segments m
and 1 (10 kb) with the pac-sequence from m was packaged together with the s segment (2.9 kb)
only a about 10% of normal activation of RNA synthesis was observed (Fig. 4B).>4 The amount
of RNA packaged into the particles in these two reactions is closely the same as the Al segment
is packaged in multiple copies to compensate the reduction in size.>® Similarly, the sum of the
lengths of the ssRNA molecules matches in reactions carried out with the normal m (4.1 kb)
together with the chimeric segment of sand | (6.5 kb) (Fig. 4C), and with the normal | segment
(6.4 kb) together with the chimera of s and m (4.2 kb) (Fig. 4D). In this case a control level
ssRNA synthesis was only detected in reactions containing the latter combination of ssRNA
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Table 2. Estimated inside volumes for ¢6 assembly intermediates and nucleic acid
packaging densities within the particles

Particle? Particle Volume Nucleic Acid Nucleic Acid

Nucdleic Acid nm?3 nt Density nt/nm’
Rounded pol. c. 45 000°

S+M+L 26770 0.6
Expanded pol. c. 30 000°

S+M+L 26770 0.9
Compressed pol. c. 11 000

s 2948 0.3

s+m 7011 0.6

s+m+| 13 385 (1.2)¢

S+M+L 26770 (2.4)°
Bluetongue virus' 53 000

dsRNA genome 38 438 0.7
Bacteriophage A8 102 000

dsDNA genome 97 000 0.9
dsDNA in crystals® 0.9

apol. c. = polymerase complex; b Calculated assuming that the interior of the particle is a sphere. The
radius (22 nm? was estimated from the three dimensional reconstructions of electron micrographs of
NCs and PCs."'2/60 € Calculated assuming that the interior of the particle is a dodecahedron. The value
for a side of a dodecahedron (a=15.7 nm) was calculated from the radius (r) accordmg to a Rade and
Westergren.®8 The radius was obtained as in note b. 9 Calculated as in note€ and assuming that the
inward oriented depressions at the five-folds occupy twelve times a volume of afive-cornered pyramid
which height is 11 nm. Calculations were base on formulas presented in Ride and Westergren. o8
€ Values exceed those measured for dsDNA crystals. f Gouet et al;%9 8 Casjens.”®

molecules.’® These two examples are against the prediction: (i) Furthermore, minus-strand
synthesis was strongly activated in reactions where the sum of the lengths of the segments was
only 4.5 kb (reaction with normal s and Al) (Fig. 4F).58 In this case the shorter than normal |
segment could be packaged in multiple copies, but as shown by Mindich et al®® the packaging
of multiple copies of reduced size segments is not crucial for the activation of minus-strand
synthesis. Moreover, a single ssRNA molecule having the size of total $6 genome with the
pac-site of the s (Fig. 4F) activated the RNA synthesis only weakly (less than 10% of the
control).* These two examples are against prediction. (ii) It appears that other factors than the
amount of packaged RNA are important to turn on the minus-strand synthesis.

It follows that specific signaling occurring during packaging might be involved in activat-
ing the replication. Systematic analyses using different combinations of truncated, deleted and
modified segments allowed us to localize such sequence to the 5'-end of the | segment.’®8
(The results described above are not in conflict with this observation). The replication always
correlated with the presence of the | segment’s pac-site irrespectively of the length of the seg-
ment containing it (full-length 1, 1 with large internal deletion, chimeric segment with the
5'-terminal fragment from 1, or 5-end pac-site fragment of 1). This suggests that the signal
needed to activate the minus-strand synthesis is a specific interaction berween the sequence or
structure in the | segment’s pac-region and a protein component in the particle. As the | seg-
ment is the last to be packaged it is rational that the | segment carries the information for
replication initiation. The fact that the 5'-terminal fragment of | is a sufficient signal to turn on
the RNA replication indicates that the minus-strand synthesis on s and m segments can begin
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Figure 5. Model of $6 RNA packaging and replication
cascade. A) The empty procapsid of ¢6 is composed of
four proteins. P1 forms the structural skeleton of the par-
ticle, which is stabilized by P7 (not shown). The enzy-
matic components, the packaging NTPase P4 and the
polymerase P2, are located at or near the five-fold axes. P2
is most likely located inside the capsid, while P4 com-
prises the turret-like extrusions. Thislocation of hexameric
P4 creates a symmetry mismatch into the site of ssRNA
packaging. One of the five-folds differs from the others in
its physical properties so that P4 is more tightly bound to
this vertex (special vertex, colored in green) than the oth-
ers (colored in yellow). The special vertex is active during
the packaging of the single-stranded genomic segments
(B-E), while the transcription is dependent on the P4
hexamers at the other vertices (F). During the genome
packaging and replication the particle undergoes major
conformational changes. Three structures have been de-
scribed for the polymerase complex: the empty compressed
particle (A), the expanded dodecahedral particle (E) and
the mature particle with rounded appearance (F). In ad-
dition it is suggested that the particle undergoes confor-
mational switches which change the specificity of the RNA
binding-site on the outer surface of the particle (B-D;
indicated on green, yellow and purple outlines). The pack-
aging of the segments is initiated from the 5'-end, which
containsa segment-specific pac-site. The empty particleis
preferentially in a conformation that has high affinity
binding-site for s segment (B). The binding or the pack-
aging of the s segment induces a conformational change
in the ssRNA binding-site so that the particle preferen-
tially binds m segment (C) and the m is packaged. The m
segment then induces switch to conformation that has
high affinity for| segment (D). The internal volume of the
compressed empty particle is too limited to pack the whole
ssRNA genome and the particle has to expand latest dur-
ing the packaging of the | segment. The 5'-end of the |
segment carries a signal that is needed for the initiation of
minus strand synthesis (on sand m, and later on1). There-
fore we suggest that the 5'-end of the [ segment induces an
expansion of the particle, which allows the packaging of
the full | segment and also switches on the replication.
After completion of the minus strand synthesis on the |
segment the particle can initiate transcription.’® At this
stage the dsRNA density within the expanded dodecahe-
dral particle reaches its upper limits and we propose that
the particle expands to the rounded conformation (F). In
addition to the polymerase P2, the transcription is depen-
dent on P4. The 11 putative transcriptional vertices (col-
ored inyellow) are probably all active during transcription
asmultiple transcriptional forks has been detected insand

P1 cage (120 x 84 kDa)

P2 monomer (75 kDa)
P4 hexamer (6 x 35 kDa)

single-stranded
genomic
segments

m segments at a given time.%’ The transcription occurs via a semi-conservative strand-displacement mecha-
nism, and it is likely that the produced ssRNA molecules exit via the five-fold vertices.”” It is not known
whether the special packaging vertex contains a polymerase molecule, but the P4 of the special vertex can
not compensate the absence of the P4 hexamers of the other vertices during transcription.
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prior to the complete packaging of the | segment. This would be consistent with the observed
sequential appearance of s, m, and | minus-strands in ¢6 infected cells.*

Interestingly, the calculated packaging densities (Table 2) for different conformations of
the polymerase complex indicate that the particle has to expand in order to be able to package
the full-length [ segment after the packaging of s and m. Thus, either the packaging of the s and
m has to induce a conformational change in the particle to allow the packaging of the | (as
suggested in the model of Qiao et al**) or the | segment 5'-end carries a signal which would
induce a conformational change in the particle. The observation that the | segment 5-end is
needed for the activation of minus-strand synthesis could also be connected to such a confor-
mational change: The polymerase (P2} active site could be buried in the compressed particle
and only becomes available after transition from the compressed to the expanded conforma-
tion, or the 3'-end of the segments would not be accessible to the polymerase until the confor-
mation is changed. (Interestingly, the transfer RNA-like conserved region at the 3'-end of the
segments is crucial for the efficient initiation of minus-strand synthesis within the capsid®!
although is dispensable when replication is carried out with an isolated polymerase.® Based on
these observations it has been proposed that 3'-end secondary structure might be needed for
the correct localization of the ssRNA within the particle).®

We suggest that the transition of the polymerase complex from the compressed to the
expanded form is a critical checkpoint during the particle maruration and is induced by the
5'-end of the | segment. The expansion allows the packaging of full | segment, and switches on
the replication of the genome (Fig. SE). The fact that the virion-derived polymerase complex
collapses to the conformation of expanded PC (Fig. 5E) when it loses the genome, not to the
form of the compressed naive PC,'? suggest that the transition from the compressed to ex-
panded PC is not a reversible change. The idea of particle expansion during the packaging of |
does not exclude conformational change occutring already prior to the packaging of 1. Confor-
mational switches in the specific ssRNA binding-site in the PC are likely to regulate the changes
in the packaging specificity from s to m and from m to | (Fig. 5B-D). As these changes can be
spontaneous and reversible, and there is no requirement for change in the volume of the par-
ticle prior to packaging of the 1 (Table 2), we suggest that the switches in segment-specific
binding-site do not involve major structural changes in the particle (Fig. 5B-D).

Symmetry Mismatch in the Procapsid of 06

Cryo-electron microscope based image-reconstructions of the ¢6 polymerase complex have
depicted outward protruding tutrets or satellite-like structures at each of the five-fold vertex of
the icosahedral particle.>*" Images of empty particles composed of proteins P1, P2, and P7,
however, lack these structures suggesting that the turrets are composed mainly of protein P4.
The three-dimensional reconstructions of negatively stained purified P4 matched to the satel-
lite structures supporting the idea that a P4 hexamer occupy the five-fold vertex positions in
the PC.% This imply that there is a symmetry mismatch between the hexameric P4 and its
location at the five-fold vertex.

A Special Packaging Vertex

The structural approaches have indicated that $6 PCs are symmetrical particles having
one putative packaging NTPase (P4 hexamer) at each vertex. Eatlier studies have also suggested
that the packaging of more than one segment can take place simultaneously, and this was taken
as evidence that there could be more than one entry portal in the PC.%

Recent biochemical and genetic analysis have, however, suggested that one of the 12 ver-
texes in the $6 PC may be physically and functionally different.*’ A single point mutation in
P4 (Serzsg to Gln) leads to the formation of PC-like particles with reduced amounts of P4.
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Similar particles can also be obtained by treating the wild-type PCs with detergent
n-octyl-B-D-glucopyranoside. Both of these P4 deficient particles contain approximately 10%
of the normal P4 amount. These results are based on in vitro recombinant systems. Similar
observations have also been made earlier, during the very first replication analysis. It was no-
ticed that the P4 content of particles isolated from ¢6 infected cells was reduced 11-fold when
the samples were treated with sarkosyl.”® These observations suggest that there are at least two
different sites for P4 molecules in the particle which differ in their binding affinity. The frac-
tion of P4 that stays in the particle could comprise one P4 hexamer suggesting that the PC has
one special vertex.

Although P4 null particles are totally inert in packaging, the particles with lowered amount
of P4 were still able to package the three viral single-stranded genomic segments. Interestingly,
the efficiency and the kinetics of the packaging were at least as good as with wild-type PCs
proposing a similar mode of packaging, ** Therefore we conclude that one P4 containing vertex
is necessary and sufficient to carry out 96 genome packaging, and propose that ¢6 has only one
packaging vertex.

If one of the vertexes is assigned for packaging, what is the role of the other P4 hexamers
at the 11 remaining vertices? The packaged ssRNA in P4 deficient particles is efficiently repli-
cated into dsRNA showing that the polymerase is fully functional. However, the transcription
is totally blocked.*? Likewise, the in vivo isolated sarkosyl treated particles were shown to be
active in replication but inert in transcription.>® It follows that the normal transcription is
dependent on P4 and that the special vertex can not compensate the absence of the other P4
hexamers in transcription. Our recent results show that the transcriptional defect can be res-
cued by the addition of P4 on the P4 deficient particles, and the acquired activity correlates
linearly to the amount of P4 incorporated.

How is the special vertex is determined in the apparently symmetrical PC of $6? The
nucleation of ¢6 PC assembly is dependent on P4%® and we propose that the P4 multimer that
initiates the assembly of the patticle would determine the location of the special vertex. This P4
could be more tightly incorporated into the particle.

Comparison to Tailed dsDNA Bacteriophages and Eukaryotic

dsRNA Viruses

The packaging system of 6 has certain similarities to the well-studied packaging systems
of tailed dsDNA bacterial viruses. In both cases the genome is translocated into a preformed
capsid (procapsid or prohead). The packaging is dependent on the hydrolysis of the high-energy
bond in ATP (or any NTP in the case of ¢6). There are global conformational changes in
procapsid during the maturation, and these can be induced by elevated temperature, change in
pH or genome packaging.él’62

The symmetry mismatch at the five-fold vertex of 6 procapsid as well as the ring-shaped
structure of P4 N'TPase suggest that P4 might have a similar role in the RNA translocation as
that of the portal proteins and terminases of dsDNA phages. For dsDNA phages it has been
proposed that the symmetry mismatch might assist the rotation of the packaging machinery
during the genome packaging® and this may apply also for $6. As mentioned above ¢6 P4 is
also needed when the ssRNA molecules are extruded from the capsid.

The procapsid of the tailed dsDNA viruses contains one special vertex whete the pack-
aging machinery is located and through which the genome is both packaged and delivered.
The ¢6 procapsid appears symmetrical and contains altogether 12 putative packaging ma-
chineries, one in each vertex. However, one of the vertices differs from the others and, like in
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dsDNA phages, this proposed special vertex was shown to function during genome packag-
ing.* The exit of the single-stranded transcripts produced inside the ¢6 capsid occurs via the
other vertices, the transcriptional vertices. The dsSDNA phages establish the unique vertex by
nucleating their capsid assembly around the portal. The special vertex in $6 procapsid couid
also be determined during the assembly as the multimeric P4 is needed for the nucleation of
PC assembly.

On the other hand, certain characteristics seem to be more divergent between ¢6 and the
bacterial dsDNA viruses. First of all the $6 genome is packaged in a single-stranded precursor
form that is only later replicated into the dsRNA genome inside the capsid. Obviously the
folded structure characteristics to ssRNA molecules has to be melted prior or during the pack-
aging. The genome of §6 is segmented, which brings additional complexity to the selection of
the nucleic acid molecules to be packaged. The templates for packaging are genome length
molecules, not concatameric nucleic acid, as is typical for the tailed dsDNA phages. There is no
parallel for the scaffolding protein in the ¢6 system, rather all the components active during
the packaging are also found in the mature virion.

The eukaryotic Reoviridae and ¢6 share similar genome replication strategy in which the
single-stranded genomic precursor molecules are replicated to double-stranded form within
the viral capsid. The five-fold vertices in the $6 polymerase complex appear to be the centers of
activity during genome packaging and replication. Likewise, transcription and mRNA capping
enzymes are located at the icosahedral vertices of rotavirus, bluetongue virus and reovirus. In
the case of rotavirus and bluetongue virus these enzymes are placed within the core, while in
the reovirus the capping enzymes form turret-like structures on the surface of the inner capsid
(which appear very similar to the structures made of P4 of ¢6). Electron microscopic observa-
tions of transcribing rotavirus cores have depicted mRNA molecules extruding at, or close to,
the five-fold axes of the core,* and this most likely applics also for ¢6.

Unlike ¢6, the encapsidation and replication processes of the members of the Reoviridae
are dependent on several viral encoded nonstructural proteins and occur in cytoplasmic inclu-
sions. Interestingly, one of the nonstructural proteins (NS2 of bluetongue virus, NSP2 of
rotavirus, and GNS of reovirus) is an NTPase, which could be involved in genome packa.ging.8
The NSP2 of rotavirus forms homo-multimers and has helix destabilization activity.*>

Conclusions and Future Directions

Our current view of the $6 packaging and replication cascade is summarized in Figure 5.
Even though considerable progress has been made in developing and analyzing the ¢6 packag-
ing system, our understanding of the packaging at mechanistic level is still relatively poor. The
structural changes during the packaging process are still highly hypothetical. However, the
estimations of the interior volumes of the intermediate particles gave some indications when
the transitions might occur (Table 2; Fig. 5). The compromized stability and homogeneity of
the particles and the spontaneous structural changes have hampered the structural analyses.
The specific RNA-protein interactions during the packaging and replication and the changes
in the packaging specificity are interesting areas in which mutational analysis of the secondary
structure elements at the pac-sites will probably give new insight. We are actively studying the
single packaging vertex and the role of P4 N'TPase in transcription. It has appeared that hexameric
P4 has helicase activity.”! We hope that the high-resolution structural information on the pack-
aging components and possible intermediate particles will be available in the future. This to-
gether with the biochemical and genetic evidence would greatly increase our understanding of
the mechanism of the $6 RNA translocation events.
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CHAPTER 9

Cleavage and Packaging of Herpes Simplex

Virus 1 DNA
Herpesvirus Assembly

Joel D. Baines and Sandra K. Weller

Abstract
erpes simplex virus DNA accumulates in the nuclei of infected cells as long
H concatemers. The packaging machinery recognizes signals within the concatemers,
cleaves the DNA to generate unit length monomers, and inserts the cleaved genomes
into preformed capsids. The goals of this work are to review the current understanding of these
processes and to provide working models based on this information.

Introduction

The family Herpesviridae encompasses many human and animal pathogens that can cause
a wide variety of medically and economically important diseases in a broad range of hosts. Of
the more than 100 herpesviruses isolated to date, eight can cause significant disease in humans,
especially in immunocompromised individuals. Understanding DNA packaging of herpesvi-
ruses has important practical implications because the process is a potential target for new
antiviral strategies. In fact, resistance to two classes of novel antiviral drugs map to genes known
to be essential for DNA packaging.!" Since the processes of DNA cleavage and packaging are
likely to be highly conserved, agents targeting these processes may enjoy broad efficacy against
many different herpesviruses. It is also anticipated that such antiviral drugs would be extremely
safe given the unique protein machinery that mediates DNA cleavage and packaging.

While considering the material in this chapter, we anticipate that the reader will be struck
by the remarkable similarities between the assembly and packaging mechanisms of herpesvi-
ruses and those of the more extensively studied DNA bacteriophages. Indeed, the reactions
share a number of important features including (i) formation of a procapsid intermediate con-
sisting of a capsid shell initially supported by an internal scaffold, (ii) replacement of the inter-
nal scaffold with viral DNA, (iii) insertion of DNA through a unique vertex (the portal vertex
of the procapsid), and (iv) derivation of unit length molecules by endonucleolytic cleavage of
complex DNA concatemers. By analogy to bacteriophage systems, it is also presumed that
herpesviruses encode a multicomponent enzyme, the terminase that links the DNA to the
capsid, cleaves the DNA precisely into genomic lengths, and drives the cleaved genomes into
the capsid through the hydrolysis of ATPR. Although identification of the terminase has been
hampered by the lack of an in vitro packaging system, genetic and limited biochemical data
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have begun to identify likely terminase subunits and elucidate their respective contributions to
the packaging reactions.

Reviews of HSV DNA replication and capsid assembly have been published and will not
be explored in detail here except as they relate to DNA packaging.®¢ Rather, the goals of this
chapter are to first, illustrate and summarize what is known about herpesvirus DNA cleavage
and packaging and second, suggest models consistent with current data that will serve as the
basis for future experimental investigations.

Arrangement of the HSV Genome and Packaging Sequences

The HSV-1 genome contains two covalently linked segments of nonrepeated DNA. These
unique segments are flanked by inverted repeats and have been designated unique long (Uy,
approximately 128 Kbp) and unique short (U, approximately 25.0 Kbp)” (Fig. 1). The two
segments can invert relative to one another, allowing 4 isomers to accumulate in equimolar
amounts in infected cells.®® The open reading frames in the unique regions of a prototypical
isomeric arrangement are sequentially numbered from left to right.'°

The inverted repeats flanking Uy, have been designated ab and b’a’, whereas repeats flank-
ing Us are designated 2’ and ca'""'? (Fig, 1). The a sequences are necessary and sufficient for
proper cleavage and packaging of viral genomes.!>'” In packaged virion DNA, the a sequences
at genomic termini are in the same orientation whereas the a sequences at the L/S junction are
in opposite orientation (indicated ). More than one a sequence can be present at the L termi-
nus (indicated a,), whereas the S terminus invariably contains a single a sequence.!? Sequences
within the a sequences of various HSV strains can be arranged as DRI-Ue-DR4,,-DR2,-Ub-DR1
where m and n designate variable numbers of repeats (Fig. 1). The sizes of these components
vary from strain to strain but are believed to be consistent within strains. As an example, the F
strain of HSV-1 contains a Ue of 58 bp, a Ub of 64 bp, and DRI, DR4 and DR2 sequences of
20, 37, and 12 bp, respectively. Thus, the a sequence length can vary considerably due to
variable numbers and types of repeat units.'®1? Single a sequences are flanked by copies of DR/
whereas junctions containing more than one a sequence share a single intervening DR1.1>181°

Most of the discussion in this review will concern highly conserved sequences within Uc
and Ub that have been designated Pac 2 and Pac 1, respectively?®?! (see Fig. 1). Sequences

ay b U, ba'ac’ Us ca

20 58 37 12 64 20

-DRI-Utc-DR%y, -DR2y, -Ub-DRI- A sequence
FPac? Pacl

Figure 1. Schematic diagram of HSV-1 DNA. Unique long (UL) and unique short (Us) components are
flanked by inverted repeats (boxes). The a sequences at genomic ends contain sequences necessary for
packaging DNA. They are reiterated at the internal L/S junction in opposite orientation (designated by 2).
Detail of the a sequence is also shown. The lengths of the a sequence components are indicated in bp.
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containing a DRI, Pac 2, Pac 1, and at least some repeated units, are sufficient for the generation
of genomic termini.2*?22 Pye 1 sequences consist of a 3-7 bp A or T rich sequence flanked by
a poly C sequence. Pac 2 sequences contain a 5-10 bp A-rich region near a CGCGGCG motif.
In murine cytomegalovirus (MCMYV), the poly C of Pac 1, and the A-rich and CGCGGCG
motifs of Pac 2 have been shown to be essential for production of genomic termini found in
extracellular virions.?>

Concatemeric DNA cleavage occurs within DRI sequences leaving a trunctated DRI of
18 bp plus a single-base 3" overhang. Circularization of the genome early in the next round of
infection would be expected to generate a single complete a sequence.'>18%¢ Although the
simplest model would suggest that both ends could be derived from a single staggered cleavage
event, evidence supports the contention that there are two separate cleavages.” The first cleav-
age event is believed to initiate packaging, and Uy, DNA is threaded into the capsid first,
followed by the U /Us junction, and Us (see Fig. 2). The second cleavage at the end of Us is
then believed to release the packaged genome from the concatemer. This model is consistent
with the experimental observation that free ends on the concatemer contain Uy, sequences but
not Us sequences,” " and predicts that the concatemeric end consists of a truncated DRI of
18 bp plus a single-base 3' overhang, followed by Pac 2, Pac 1, and U sequences (see Fig. 2).%
It follows that additional rounds of packaging could potentially initiate at the Uy terminus at
the free end of concatemeric DNA.”!

Capsid Maturation

During the herpesvirus cleavage/packaging reaction, DNA is inserted into preformed
capsids. Cleaved viral genomes are not detected in cells infected with viruses that fail to as-
semble capsids, suggesting that capsids contain essential parts of the cleavage/packaging ma-
chinery.>* There are four morphologic types of capsids that can be distinguished by electron
microscopic examination of thin sections of herpesvirus-infected cells, and they are designated
procapsids and capsid types A, B, and C.3%34 The capsid shell of procapsids is morphologically
distinct from all other capsid types and appears porous and roughly spherical by electron mi-
croscopy.>>*> Procapsids contain internal scaffold proteins. Capsid types A, B and C are more
angularized icosahedrons of approximately 120 nm in diameter. Type A capsids consist of only
the icosahedral shell, type B capsids contain the angular shell and a roughly spherical internal
scaffold, and type C capsids contain DNA and lack the scaffold.>*3¢38 The fact that type C
capsids contain only the capsid shell and DNA indicates that the scaffold is lost during the
packaging reaction (see Fig. 4).

The internal scaffold is comprised of the scaffold protein encoded by U 26.5 and the viral
protease encoded by U;26. 943 The UL26 and U1 26.5 proteins are encoded by overlapping
transcripts and the encoded proteins share identical C-termini (see Fig. 3). The amount of
U126.5 gene product far exceeds that of Uy 26, presumably because of the strong U 26.5 pro-
moter that lies within the U 26 open reading frame. The protease domain resides in the
N-terminus of Up26, and is absent from the Uy 26.5-encoded scaffold. The unprocessed forms
of U126 and Uy 26.5 proteins are initially incorporated into capsids (Fig. 4).%%% The C-termini
of the Uy 26 and U 26.5 gene products can interact with the major capsid protein, VP5, and
such associations are believed to play critical roles in the assembly of the procapsid.*¢#

In one widely accepted model of capsid maturation,? the procapsid is the precursor of all
capsid types. Upon activation, the protease cleaves both (i) itself to release protease (VP24),
scaffold (VP21), and a 25 amino acid C-terminal peptide, and (ii) the C-terminus of U126.5
protein to release the major scaffold protein (VP22a) and the 25 amino acid peptide>42>
(Fig. 3). The protease domain (VP24) remains within the capsid while the C termini of the
UL26 and U 26.5 scaffold proteins (VP21 and VP22a, respectively) are extruded. Presumnably,
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Figure 2. Proposed events in cleavage and packaging of HSV-1 DNA. Schematic diagram of concatemeric
DNA, and a detailed view of the a sequence are shown in the first two lines. The first cleavage occurs within
the DRI immediately adjacent to Pac 2, such that the DNA that is to be packaged contains DRI with 18
of its 20 base pairs and a single base 3' overhang (not indicated, step 1). The other (Us) end, terminated by
a single bp of DRI plus a single base 3' overhang (not indicated), is presumably degraded (step 2). After
association of the cleaved DNA end with the capsid portal (step 3), Uy is packaged, followed by Us (step
4). The second cleavage is diagrammed in the last 2 lines as occurring within the DRI shared between two
asequences (step 5), although the presence of 2 tandem a sequences is not necessary for successful cleavage/
packaging. This second cdleavage is dependent on Pac I sequences, and occurs such that the DNA to be
packaged is terminated by asingle base pair of DRI. Asa result, the terminus of the unpackaged concatemeric
DNA (bottom right) is identical to the end to be packaging after the first DNA cleavage (step 1), and should
therefore be able to initiate a subsequent round of packaging.
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Figure 3. The Uy 26 gene and the U 26 and U126.5 mRNA transcripts and protein products are depicted
at the top. Primary translation products are represented by black boxes. Proteolysis products are depicted
in gray. The proteolytic products are VP24, which contains the protease domain, two scaffold proteins
(VP21 and VP22a) and a 25 amino acid terminal peptide.

the capsid shell is thereby released from constraints that preclude maturation into the more
angularized form of capsids. Supporting this proposition are observations that the timing of
protease activation correlates with the morphological transformation of the procapsid to the
mature angularized form.>'>3

There are 3 possible outcomes of the proposed maturation pathway, but only one that
leads to productive nucleocapsid assembly. (i) Type A capsids arise when DNA is not inserted
or retained (i.e., packaging is incomplete or aborted) but the internal scaffold is expelled. (ii)
Type B capsids result when DNA is not inserted and the internal scaffold is trapped within the
angularized capsid shell, or (iii) C capsids arise when the packaging machinery is properly
engaged, genomic DNA is inserted, the internal scaffold is expelled, and the capsid shell under-
goes the conformational change, sealing the DNA inside. This model is supported by the
observations that procapsids spontaneously form in vitro upon mixture of capsid components
produced in heterologous expression systems,*® and that such procapsids transform into type B
capsids over time.?

The model is appealing because it incorporates the procapsid into the assembly pathway
and explains the origin of all capsid types from a single reaction. Because types A and B capsids
are dead ends in this model, the remarkable implication is that the packaging reaction must be
tightly coordinated with capsid maturation to favor production of type C capsids over types A
and B capsids. It might therefore be envisioned that in order to prevent premature angularization
and sealing of the capsid, the viral protease packaged within the internal capsid shell must
somehow be restrained from cleavage of the internal scaffold until the precise time that DNA
and the packaging machinery engage the portal vertex.
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Figure 4. Model of HSV-1 DNA cleavage and packaging and capsid maturation. Based on published reports
on capsid assembly, scaffold, and DNA packaging proteins associated with wild-type and mutant virus
capsids, we propose a model for the maturation of capsids in herpesvirus infected cells (described in the text).
The unprocessed form of Up26 protease/scaffold protein is depicted in blue, and the U26.5 scaffold is
depicted in red. The UL6 protein is depicted as a gray cylinder and the putative two subunit terminase
composed of UL15 and U128 is depicted as green and purple ovals. Note, Ui33 has recently been shown
to associate with UL 15 and U 28 and may be a subunit of the teminase. Uy 25 is depicted as a green triangle.
Note that although Uy 25 is drawn as being located on the outside of the capsid, it is possible that some or
all of UL25 isactually located inside the capsid. This figure is adapted from the model presented in Dr. Amy
Sheaffer’s thesis (University of Connecticut Health Center). A color version of this figure is available online
at http://www.Eurekah.com.

Components of the Packaging Machinery

The U6, UL 15, UL17, U125, U 28, UL32, and U 33 genes are not needed for produc-
tion of type B capsids but are required for packaging of viral DNA.>>%” Unlike U6, UL15,
UL17, Ur28, UL32, and U133 that are required for DNA cleavage, U125 performs a later
function and may be required for either optimal cleavage of full length genomes, or stabiliza-
tion of capsids containing viral DNA (see below).3!52 The proteins encoded by these cleavage/
packaging genes can be categorized based on their respective roles of portal vertex (U;6), DNA
retention (U125), terminase (U 15, U; 28, and possibly U 33), or proteins that mediate trans-
port of nucleocapsids to engage other components of the packaging machinery (Ur17 and
UL32). Each of these will be treated separately.

The Portal Vertex (U;6)

It has long been recognized that absence of a functional HSV-1 U6 gene precludes cleav-
age of concatemeric viral DNA.#566568.69 A hLigh degree of homology exists between U6
homologs encoded by herpesvirus family members indicating that the encoded proteins likely
play similar roles in the life cycles of all herpesviruses. pUL6 is a component of procapsids,
types A, B and C capsids, and virions.>*® Thus, the capsid association of pUi6 is unaffected
by scaffold loss, capsid angularization or DNA packaging, and strongly suggests that pUi6 is
an integral component of the capsid shell.
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The first indication that pU6 might encode a docking site for the putative terminase
complex came from the observation that pUy 15 failed to associate with type B capsids from
cells infected with a U1 6 null virus.”®”! By analogy with phage systems, a portal protein would
be expected to be incorporated into the procapsid and form a unique vertex through which
DNA can be packaged into capsids. In phage systems, the portal protein is not essential for
capsid assembly, but when present, is thought to initiate assembly of the phage head.”? Simi-
larly, HSV-1 capsids can form in the absence of pUL6 in cells infected with a Up6 deletion
mutant and in extracts of insect cells containing individual capsid proteins.’®73

Recent studies using immuno-electron microscopy with intact capsids have demonstrated
that epitopes present in the C-terminus of pUy6 ate available for reaction with antibody at the
external surface of a pentameric capsid vertex.”* In general, only one such vertex was labeled
whereas capsids from cells infected with a Up6 null mutanc did not exhibit significant
immunolabeling. In the same study, estimates from immunoblots probed with pU6-specific
antibody indicated approximately 12-17 pU.6 molecules per capsid, consistent with the no-
tion that the porral might consist of 12 molecules of pU6, much like analogous structures
found in phage heads (see chapters 6 and 7 of this text). On the other hand, a recent report
estimated that there were approximately 44 pU; 6 molecules per capsid.”® Although this appar-
ent discrepancy will have to be studied further, the immunoelectron microscopy experiment
has provided convincing evidence that HSV-1 capsids contain a unique pU6-containing ver-
tex. This is the first demonstration of a unique capsid vertex in any mammalian virus.

To further test the idea that pU|6 is a portal protein, the properties of purified pUL6 in
solution were examined.”® If pU;6 actually forms a portal, it would be expected to have a
structure consistent with a channel through which DNA could be translocated into the capsid.
Purified soluble pUy6 expressed in recombinant baculovirus infected insect cells was examined
by electron microscopy and revealed a uniform population of rings with internal diameter of
approximately 5 nm and external diameter 16 nm. The masses of individual pU16 rings were
measured by scanning transmission electron microscopy and found to corsespond to an oligo-
meric state of 12. By comparison, bacteriophage portal complexes have also been shown to
consist of rings with an oligomeric state of 12 or 13.7%7% The X-ray structure of the $-29 portal
complex has recently been solved and models based on the structure suggest that the 12 sub-
unit portal ring turns within the capsid driving ATP-dependent translocation of DNA into the
capsid’” (Chapter 7 of this volume). The overall size and structure of HSV-1 pU6 resembles
the portal complexes of DNA bacteriophages. For instance the outside diameters of phage
connectors has been reported in the range of 14.5 nm - 17.5 nm, whereas the inside diameter
is in the 2.5 nm - 4.5 nm range.”27°

Lateral views of the pU| 6-containing ring-like structures suggest a goblet-like shape with
a globular shape at one end, and a stem and base at the other. Such a structure might explain
previous failures to observe a unique vertex in HSV-1 capsids if the head portion of the goblet
is lodged deep within the capsid shell, and the relatively smaller masses of stem and base are on
the inside, obscured from detection by cryoelectron microscopy. The apparent goblet shape of
the pUL6 rings may also be consistent with the presence of three domains: a capsid interaction
domain which may consist of the wide portion of the goblet, a long stem which may corre-
spond to the DNA transport channel, and a base which may cotrespond to the exposed do-
main. The exposed domain may correspond to the region of pUi6 that interacts with the
terminase.

Uy25 Protein

UL25 encodes a minor capsid component and it has been estimated that approximately
40 copies are present within each type B capsid.®*”> There appears to be an inverse correlation
between the amount of pUi25 and the levels of scaffold protein processing within capsids.
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Thus, very litde pUp25 is present on procapsids containing an unprocessed scaffold, more is
seen on type B capsids, and the largest amounts of pU; 25 are seen on type C capsids that lack
scaffold proteins.”® The pseudorabies virus homologue of pU;25 was also present at higher
levels in types A- and C-capsids relative to that in type B-capsids.”® It is therefore possible that
scaffold loss may enable high levels of pU; 25 to associate with capsids.

U125 protein performs functions that are likely to be critical for late stages of DNA cleav-
age and packaging, Initial studies focused on two #s mutants with lesions in the U;25 gene.
One mutant (ts1204) was defective in initial steps of infection, whereas both ts1204 and an-
other mutant (ts1208) failed to produce DNA-containing type C capsids at the nonpermissive
temperature.%! Characterization of a U1 25 null mutant indicated that pU; 25 was not required
for DNA synthesis but virtually all of the DNA remained DNase sensitive, indicating that litde
was successfully packaged.?""*? Unlike the case in all other cleavage/packaging mutants ana-
lyzed to date, genomic L-termini are correctly generated in the absence of pU; 25, but consid-
erably fewer S-termini are detectable.>! This observation and the observation that type A capsids
accumulate to abnormally high levels in cells infected with the U 25 null mutant suggest that
in the absence of pU25, the packaging reaction is often aborted between the first and second
DNA cleavage events. pUy 25 is less critical for the second DNA cleavage event if the genome
to be packaged is shorter than normal.*’ Taken together, the results suggest that pU;25 per-
forms a function critical for packaging full length genomes, and in the absence of the protein,
genomic DNA with a single free end is often expelled before the second cleavage event can
occur. Thus, pUy25 is critical for retention of DNA within the capsid when the potential
energy for DNA exit is high, such as is presumed to be the case when large amounts of DNA
are tightly packed within the capsid.””

How pU25 performs such a function is not known. It might be envisioned that pU; 25
comprises part of the packaging motor and contributes to the torque generating capacity thereof.
Thus, in the absence of pUy25, the motor cannot overcome the propensity of the DNA to exit
the capsid, and the DNA slips out. Alternatively, and consistent with the addition of U 25
protein after commencement of packaging, pU;25 may act to anchor the DNA within the
capsid. Thus, as DNA is inserted, pU; 25 is added to stabilize the packaged DNA, neutralizing
the propensity of the DNA to exit.®? Another possibility is that pU; 25 acts to trap packaged
DNA within the capsid either by altering the conformation of DNA containing capsids to
stabilize them, or to physically plug hole(s) through which DNA might escape. Such functions
are not unprecedented inasmuch as some bacteriophage proteins serve to stabilize newly pack-
aged DNA within capsids (reviewed in ref. 80). For example, pU; 25 may be analogous to the
lambcgzli phage protein gpW, which is required for the stabilization of DNA within the phage
head.

The Putative Terminase (U 15, U 28, U 33)

It is logical to presume that herpesviruses encode a multisubunit functional homolog of
bacteriophage terminases that specifically recognizes genomic ends within the DNA, links the
DNA to the capsid, and mediates the packaging of DNA through the hydrolysis of ATP. Al-
though the absence of an in vitro packaging system in HSV precludes definitive proof, a com-
plex of the U 15 and U128 gene products is the most likely to fulfill the role of terminase at the
present time. (The U;28 protein was originally referred to as ICP18.5%%). If the U.15 and
U128 proteins were subunits of the HSV terminase it would be expected that they would
interact with one another, transiently associate with capsids, hydrolyze ATP, and specifically
bind and cleave Pac DNA sequences. Although evidence is indirect in some cases, most of these
activities have been associated with the products of Ur15 and U128 and their homologs in
other herpesviruses.
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Terminase Subunits

Indirect evidence that the U;28 and U15 proteins interact has come from the study of
antiviral drugs such as 2-bromo-5,6,-dichloro-1-B-D-ribofuranosyl benzimidazole (BDCRB)
that are directed against the pUr15 and pUL28 homologs of human cytomegalovirus
(HCMV).%? Specifically, the observation that mutations in both the pU; 28 and pU;15 ho-
mologs promote increased resistance to BDCRB suggests that the proteins interact in some
fashion. Other evidence supporting an interaction include the observations that (i) small amounts
of the HSV-1 U 15 and U} 28 proteins can be partially copurified from lysates of infected cells
as a 1:1 heterodimer by ion exchange and DNA affinity chromatography,3(ii) under some
circumstances, the U128 protein requires the U 15 protein for import into the nucleus,3%
and (iii) the proteins can be coimmunoprecipitated from lysates of HSV infected cells and
insect cells containing pUp 15 and pU;28.8%%

Recently, it has been shown that the U 33 gene product of HSV also coimmunoprecipitates
with pUL15 and pU; 28, suggesting that pU; 33 interacts transientdy with pUy 15 and pU; 28,
or may act as a third subunit of the terminase.®> Additional studies will be necessary to deter-
mine the role of pU; 33 in DNA cleavage and packaging.

DNA Binding Activity

Purified U; 28 protein can bind Pac I sequences in vitro with a Kd of approximately 5
nM.3 The aberrant electrophoretic migration of the bound substrates suggest that U; 28 pro-
tein does not recognize Watson-Crick base paired duplex DNA, but requires the presence of
single stranded regions for optimal binding. Such regions ate available for binding in various
DNA oligomers bearing Pac I sequences, suggesting that Pac I has a propensity to form such
structures. The U128 protein can also bind structured DNA induced by the Pac 7 of HCMV
with only slightly lower affinity. Indirect evidence that recognition of Pac I structured DNA is
relevant in vivo comes from the observations that (i) point mutations within the C-rich ele-
ment of Pac I that eliminate cleavage/packaging of HCMV DNA preclude formation of the
structures recognized by HSV U 28 protein and U;28 protein/DNA interaction,® (i) DR2
sequences adjacent to Pac I can adopt novel nonB DNA stcructures with deformed regions
containing single strands,®” implying that such regions may exert torsional stresses that expose
single strands within Pac I, and (iii) the Pac sequences of human herpesvirus 6 contain areas of
S1 nuclease hypersensitivity suggesting the presence of single stranded regions.®® The HCMV
homolog of pU; 28 (HCMYV pUj 56) was reported to bind the pac motif and may have specific
nuclease activity; however, these studies were not confirmed with purified protein.®’

The recent observation that Pac 1 sequences are required for correct generation of S-termini
indicate that Pac 1 is specifically required for the second DNA cleavage event.”® Thus, it is
possible that high affinity binding of Pzc / DNA by pU[28 occurs late in the packaging reac-
tion when torsional stress causes the extrusion of single stranded regions of Pac 1. Presumably,
this would normally focus the second DNA cleavage within DRI to release the packaged ge-
nomic DNA from the concatemer. Such a model might explain the longstanding observation
that several a sequences in correct orientation are not cleaved until a certain amount of DNA is
packaged,'>”! i.c., when a certain amount of torsional stress is applied to the packaged DNA to
extrude the single strands recognized by Uy 28 protein.

ATPase Activity

UL15 was initially suggested to encode part of the terminase based on sequence simi-
larities with the T4 terminase.'®”* The sequence similarities are especially strong in the re-
gion of the ATP binding motif, and genetic studies have shown that the putative ATP bind-
ing site of pUy 15 is essential for its function.”® ATP hydrolysis is also required for packaging
DNA in vivo.”*
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Transient Capsid Association

The UL15 and UL28 gene products are associated with procapsids and type B
capsids.”>”%7193 Lesser amounts of pUL15 and pU;.28 associate with type C capsids suggesting
that the proteins are excluded from the capsid once DNA is packaged (see Fig. 4). The location
of pU 15 and pU; 28 within capsids is not known and the mechanism of release from capsids
is not understood. It is possible that the proteins engage DNA, bind to the portal vertex, and
once DNA is packaged, release the packaged end of the DNA and disengage from the capsid.
However, it is equally plausible that pUp15 and pU; 28 lie within the capsid in association with
the internal scaffold and are expelled along with scaffold proteins during capsid angularization.

Epitopes encoded by the first 35 amino acids of pUL15 are proteolytically removed around
the time of the first DNA cleavage event.”® Analysis of this series of amino acids suggests the
presence of a highly charged alpha helix with a propensity to form a coiled-coil that might
mediate interaction with other proteins.!® Removal of such a sequence could release the pro-
tein from capsids or other proteins and thus provide an elegant method to regulate terminase
activity. Release of pUr15 also requires a function encoded by U; 25 inasmuch as pUy 15 asso-
ciates with capsids of the Ur25 null mutant.”"*® The removal of pUy 15 from capsids may also
require insertion of viral DNA into the capsid and concurrent expulsion of the inner scaffold.

Intranuclear Transport Proteins (U 17, Uy 32)

During infection with Herpes simplex virus 1, gene expression and DNA replication oc-
cur within globular intranuclear compartments termed replication compartments.”® At least
four cleavage and packaging proteins, U6, U15, UL 32 and Uy 33, accumulate in replication
compartments at relatively early times after infection (6-8 hours).”>!%-192 Moreover, capsids
have also been observed to colocalize completely within replication compartments at these
times.'®! These results have led to the suggestion that DNA packaging occurs in replication
compartments; however, the mechanism by which capsids are directed to these compartments
is not understood. Capsid transport is apparently a regulated function inasmuch as aggregates
of procapsids accumulate in cells infected with viruses containing temperature sensitive muta-
tions within the viral protease.** Upon shift to the permissive temperature, the procapsids
mature and the resulting type A, B and C capsids redistribute away from regions containing
capsid aggregates and accumulate more diffusely in replication compartments.’' Recent evi-
dence has suggested that the UL17 and U} 32 gene products are necessary for proper targeting
of capsids to replication compartments. 103

The virion tegument is delimited by the inside of the viral envelope and the outer surface
of nucleocapsids. The Up17 proteins are readily detected in immunoblots of the capsid/tegu-
ment fraction of virions, and within light particles that consist of enveloped tegument proteins
but lack capsid proteins.%’ These observations suggest that the Up17 proteins are associated
with the virion tegument but it is also possible that the proteins associate with nucleocapsids.!®
In cells infected with wild type viruses, most type B capsids accumulate in a diffuse pattern
within replication compartments.”™ In contrast, capsids accumulate exclusively within intra-
nuclear aggregates separate from replication compartments in cells infected with a virus lacking
UL17.9%193 These observations suggest that Up17 is involved in normal pathways that serve
either to (i) directly transport capsids through the nucleus or (ii) produce capsids competent
for intranuclear transport.

A capsid transport function has also been proposed for the Uy 32 gene of HSV-1.19" In the
absence of Up32, capsids do not accumulate in replication compartments, nor in punctate
regions as in the UL17 mutant, but in a perinuclear region abutting the nuclear membrane.
The U 32 protein appears to accumulate in both the nucleus and cytoplasm, suggesting that it
may play roles in addition to that of viral DNA cleavage/packaging,!01:1%
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Table 1. Proteins associated with one or more capsid forms

Present In Capsids

Gene Protein A B C Procapsids Role in HSV Assembly
U puUL6 + + + + Portal vertex protein

UL15 pUL15 + + - + Putative terminase subunit
U 25 pU125 + + + +- DNA stabilization

U.28 pU28 - + - + Putative terminase subunit
U226 VP24 + + + + Protease

Ui26 VP21 - + - + Scaffold

Ui26.5 VP22a - + - + Scaffold

U, 18 VP23 + + + + Triplex

Uup19 VP5 + + + + Major capsid protein

U.38 VP19c + + + + Triplex

U35 VP26 ? + + ? Hexon tips

References for assignments are provided in the text.

Model of DNA Cleavage and Packaging

A model for the maturation of capsids in herpesvirus-infected cells that is consistent with
the current literature is depicted in Figures 2 and 4. The procapsid containing unprocessed
scaffold proteins is depicted as the precursor to the angular type A, B, and C capsids found
within cells infected with wild type viruses (Fig. 4). As described above, procapsids contain the
unprocessed versions of the pUp26 and pU;26.5 gene products. It is believed that immature
capsids are delivered via pUp 17 and pUy 32-mediated transport to intranuclear replication com-
partments (not shown).

The putative terminase consisting of pUL15 and pU| 28 is proposed to bind viral DNA
via the pU 28 subunit, and dock with procapsids primarily through an interaction with pUr6.
A model of the DNA cleavage events is shown in Figure 2. The DNA concatemer is scanned by
the capsid-associated terminase for the first Pac 2 in proper orientation. The DNA is cleaved at
a fixed distance from Pac 2; normally this occurs within the upstream DR/ leaving a truncated
element of 18 bp plus a single-base 3" overhang. In some genomes, this Pac 2 is immediately
followed by additional a sequences. The now generated L-terminus with 18 bp of DRI fol-
lowed by the rest of the a sequence is inserted into the capsid. The cleaved Us end not bound to
the procapsid is presumably degraded (Fig. 2).

It is believed that protease activation and cleavage of the scaffold proteins triggers the
DNA cleavage and packaging reactions and, in turn, the angularization of the procapsid to the
mature capsid. The products of the protease reaction are VP24 (protease domain), two scaffold
proteins (VP21 and VP22a) and a 25 aa C-terminal peptide that serves to anchor the unproc-
essed forms of pU;26 and pU26.5 to the capsid (see Figs. 3,4). VP24 remains in the capsid
and VP21 and VP22a are extruded (Fig. 4). The fate of the 25 amino acid peptide is unknown.
Concurrently, DNA is threaded into the capsid through a portal vertex comprised of a pUi6
dodecamer.”* Energy for DNA insertion is provided partly through hydrolysis of ATP medi-
ated by pUy 15 within the capsid-associated terminase. Uy DNA is inserted which is followed
by the L-S junction and Us.

The addition of U; 25 protein to the maturing capsid is proposed to occur in response and
proportion to the release of the internal scaffold proteins (ref. 52). Although Figure 4 depicts
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pU125 on the surface of the capsid, it is possible that some or all of pU;25 is located inside the
capsid. Whether pU; 25 acts to anchor DNA within the capsid or to stabilize DNA-containing
capsids is currently unknown.

Near the end of packaging, single strands of Pac I in the correct orientation in Ub are
extruded and recognized by pU; 28 within the procapsid-associated pUL15/pU28 complex,
and a second cleavage occurs leaving the packaged Us terminus with a single a sequence fol-
lowed by a single bp of DRI (see Fig. 2). The protein or protein complex that actually cleaves
the DNA is unknown. The second cleavage event and possibly functions of pU; 25 help medi-
ate release of the putative terminase from the capsid. An efficient use of resources would in-
clude initiation of further rounds of packaging as the truncated DRI on the free U; end of the
concatemer engages newly delivered procapsids.

This model proposes several testable hypotheses. It is anticipated that investigation of
these will not only reveal the workings of a most extraordinarily complex and fascinating mo-
lecular machine, but also provide novel leads for future developments in antiviral therapy.
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