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Disenfranchised DNA: biochemical analysis of mutant X174
DNA-binding proteins may further elucidate the evolutionary
significance of the unessential packaging protein A*
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ABSTRACT Most icosahedral DNA viruses package and condense their genomes into
pre-formed, volumetrically constrained capsids. However, concurrent genome biosynthe-
sis and packaging are specific to single-stranded (ss) DNA micro- and parvoviruses.
Before packaging, ~120 copies of the @X174 DNA-binding protein J interact with
double-stranded DNA. 60 J proteins enter the procapsid with the ssDNA genome,
guiding it between 60 icosahedrally ordered DNA-binding pockets formed by the
capsid proteins. Although J proteins are small, 28-37 residues in length, they have two
domains. The basic, positively charged N-terminus guides the genome between binding
pockets, whereas the C-terminus acts as an anchor to the capsid’s inner surface. Three
C-terminal aromatic residues, W30, Y31, and F37, interact most extensively with the
coat protein. Their corresponding codons were mutated, and the resulting strains were
biochemically and genetically characterized. Depending on the mutation, the substitu-
tions produced unstable packaging complexes, unstable virions, infectious progeny, or
particles packaged with smaller genomes, the latter being a novel phenomenon. The
smaller genomes contained internal deletions. The juncture sequences suggest that the
unessential A* (A star) protein mediates deletion formation.

IMPORTANCE Unessential but strongly conserved gene products are understudied,
especially when mutations do not confer discernable phenotypes or the protein’s
contribution to fitness is too small to reliably determine in laboratory-based assays.
Consequently, their functions and evolutionary impact remain obscure. The data
presented herein suggest that microvirus A* proteins, discovered over 40 years ago, may
hasten the termination of non-productive packaging events. Thus, performing a salvage
function by liberating the reusable components of the failed packaging complexes, such
as DNA templates and replication enzymes.

KEYWORDS single-stranded DNA packaging, single-stranded DNA replication,
phiX174, microviridae

D uring packaging, icosahedral viruses condense their genomes into volumetrically
constrained capsids. Capsid assembly and packaging can be simultaneous or
sequential processes. Many single-stranded (ss) RNA genomes contain capsid protein
binding sequences that nucleate assembly around the folded genome (1, 2). By contrast,
double-stranded (ds) DNA genomes are packaged into pre-formed procapsids. In the
virion, the genome assumes a cylindrical spool configuration to accommodate the
high DNA density (3). SSDNA packaging exhibits characteristics found in both dsDNA
and ssRNA systems. Like dsDNA, the X174 genome is packaged into a preformed
structure (4, 5). Reminiscent of the extensive capsid-nucleic acid associations seen in
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ssRNA viruses and encapsidated microvirus genomes are partially ordered within the
icosahedral symmetry via 60 DNA-binding pockets (6-8).

X174 DNA synthesis and packaging

DNA packaging and ssDNA genome biosynthesis occur in the third stage of DNA
replication. During the first stage (Stage 1), 13 host cell proteins convert the penetrat-
ing single-stranded genome to a double-stranded molecule (9, 10). After viral protein
synthesis, the 9X174 A protein covalently attaches to the origin of replication to
initiate Stage Il rolling circle replication (11-15). The amplification of double-stranded,
replicative form DNA continues until inhibited by the X174 C protein (16). In Stage
Ill DNA replication, ssDNA genomes are synthesized and packaged concurrently. The
parental strand is displaced into the procapsid as the daughter strand is synthesized (Fig.
1A).

Packaging also requires the @X174 DNA-binding protein J, which is a small, positively
charged (+12) peptide, only 37 amino acids in length. As seen in Fig. 1B, the N-terminus
is extremely basic to interact with negatively charged phosphates in the DNA backbone.
In the atomic structure, these domains appear to guide the DNA between the binding
pockets (Fig. 1C), whereas the strongly conserved C-terminus binds to the coat protein
(6-8, 17, 18). Two previous studies addressed the guiding function of the protein. J
genes from G4 or a3 (Fig. 1B) were substituted for the indigenous gene to produce
chimeric viruses: @XG4J and @Xa3J (19, 20). Packaging the X174 genome with the
a3 J protein results in filled capsids that lack infectivity, whereas the G4 J protein
causes packaging complexes to become unstable or partition into a insoluble fraction.
Duplicating the strongest A* protein target site or elevated levels of the A* protein
(described below) rescues @XG4J. However, it does not restore viability to the filled Xa3)J
virus-like particles, suggesting that protein A* is active during packaging not afterward.

Displaced
Parental
+ strand

B SKGKKRSGARPGRPQPLRGTKGKRKGARLWYVGGQQF
KKSTIRRSGGKSGARLWYVGGTQY
KKARRSPSRRKGARLWYVGGSQF
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FIG1 X174 genome packaging and the DNA-binding protein J. (A) DNA packaging: the parental + strand is displaced into the procapsid as the daughter +

strand is synthesized. (B) The amino acid sequence of the 8X174, G4, and a3 J proteins. (C) Interior structure of a virion pentamer (PDB 2BPA). The coat proteins

are depicted in gray. One J protein is highlighted in purple; the rest are depicted in magenta. Light blue represents the ordered DNA backbone within the

DNA-binding pocket.
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The essential A and unessential A* proteins

The essential A protein mediates rolling circle DNA replication. @X174-like viruses also
produce an N-terminally truncated version, known as protein A*. Although strongly
conserved (21), the A* protein is not essential. Comparable A/A*-like arrangements are
seen in the ssDNA parvo- and circoviruses rolling circle (rep) proteins (22, 23). Eliminating
A* gene expression requires mutating its ATG start codon (24), which is in the frame and
nested within the large A gene. Therefore, the mutant phenotype, a modest reduction in
burst size, could be caused by the lack of protein A* and/or the missense substitution in
protein A.

The biochemical properties of the X174 A and A* proteins have been investigated in
vitro. Enzymatically, both proteins are nucleases that covalently bind DNA but re-ligate
it when they dissociate. However, they differ in substrate recognition. Protein A only
recognizes the origin of replication in a single-stranded DNA (25, 26). By contrast,
protein A* recognizes at least 30 origin-like sequences in both single-stranded and
double-stranded molecules (27). Once attached, protein A mediates rolling circle DNA
replication, whereas protein A* bound to dsDNA inhibits the process by hindering host
cell helicase function (28). Impeding the unwinding of dsDNA may ensure that genome
biosynthesis does not outpace the packaging (Fig. 1A), which would likely be deleterious.
Unpackaged ssDNA would accumulate outside the capsid where it could form secondary
structures that may not pass through the 30 A wide packaging pore.

Three J protein C-terminal residues, W30, Y31, and F37, mediate most of the J-coat
protein interactions within the virion (7, 8), anchoring it to the capsid’s inner surface.
Herein, the packaging defects conferred by mutations at these sites were characterized.
In addition, the results may expand the known functions of protein A* in both mutant
and wild-type infections.

RESULTS

Phenotypes associated with substitutions for J protein residues W30, Y31,
and F37

The W30, Y31, and F37 codons were randomized by site-directed mutagenesis. In
addition, specific mutations were synthesized to obtain a standardized set of substi-
tutions. These substitutions include F, Y, H, and W to assay the effects of aromatic
substitutions; R, E, and H to assay the effects of charge; N and S for polar substitutions;
and V, A, and M for nonpolar ones. In addition to being nonpolar, methionine residues
are known to create stable interactions with aromatic rings (29) and have been shown to
mimic some of the m-m stacking interactions between the coat and internal scaffolding
proteins (30). Mutant nomenclature reflects the phenotype and the substitution made
within the J protein. Thus, cs(J)W30Y conveys a cold-sensitive mutation in gene J: ¢s(J);
that arose from a W—Y substitution at amino acid 30.

The W30 site appeared to be the most sensitive to alterations (Table 1; Fig. 2A). Even
the most conservative substitutions, tyrosine and phenylalanine, conferred cold-sensitive
(cs) phenotypes, whereas the histidine substitution was lethal. However, methionine was
well tolerated at this site. By contrast, the F37 site appeared to be the most tolerant. All
nonpolar and aromatic substitutions were tolerated, with most conferring wild-type or
near wild-type phenotypes.

Histidine, which is both charged and aromatic, conferred temperature-sensitive (ts)
phenotypes at the Y31 and F37 sites and a lethal phenotype at W30. Temperature
sensitivity is in contrast with the cold-sensitive nature of microvirus packaging (31). Ts
phenotypes are most commonly associated with improper protein folding. However, it
is unlikely that substitutions would dramatically change J protein structure or folding as
protein J contains no units of secondary structure (Fig. 2B). Moreover, the ts phenotype is
suppressed via an extragenic mechanism (see below).
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TABLE 1 Allele specificity of the STF and D209H suppressors in the coat protein

Journal of Virology

EOP‘ with and without suppressors

Parental mutant Parental phenotype None* S1F D209H Other coat suppressors”
W30F s 10 10° 1.6 P93F
W30Y? weak cs 10'-107° 0.2 0.8 L324F
W30H lethal 10* 0.1 10°

W30V lethal 10* 10° 10° L324F
W30N lethal 10° 10° 10°

W30E lethal <107 ND? ND

W30R Lethal 10° 10° 10°

Y31F wWT 1.0 NA’ NA

Y31W s 10° 10 0.6 Q23H
Y31H ts 10 1.1 1.1

Y31V lethal 10 0.5 1.0 L324F
Y31N lethal 10° 0.5 10°

Y31E lethal 10 10° 10°

Y31R lethal 10° 10° 10°

Y31M¢ lethal 10 0.4 1.0 N90D, A230G, L235I
F37Y WT 1.0 NA NA

F37W WT 0.5 NA NA

F37H ts 10* 0.3 0.3

F37V wT 1.0 NA NA

F37N lethal 10° 1.2 0.5 L236F
F37E lethal 10* 0.8 0.8 D65G
F37R lethal 10° 10° 10°

9EOP (efficiency of plating restrictive titer/permissive titer). ND: not determined. NA: not applicable.
Other coat protein mutations that suppressed the defective phenotype.
“The EOP values were determined under restrictive conditions of the parental mutant.

“The W30Y mutant was rescued by an intragenic suppressor Q35R, an extragenic suppressor in the external scaffolding protein T1111, and a mutation in the gene E (T74M),

which encodes the lysis protein. Y31M mutation was also suppressed by a substitution in the external scaffolding protein V3F.

Mutants with conservative substitutions conferring lethal and cold-sensitive
phenotypes can produce infectious particles in lysis-deficient cells

Except /(J)W30E, the mutant assembly pathway was biochemically characterized for all
of the mutants displaying defective phenotypes. Despite numerous attempts, it was
not possible to generate the requisite high titer /(J)W30E stock with a suitably low
reversion frequency. To characterize the infection products generated under restrictive
conditions, lysis-resistant cells were infected at a multiplicity of infection (MOI) of 5.0 and
incubated for 6 h at 24°C and 3 h at 37°C or 42°C. Soluble extracts were prepared and
analyzed by rate zonal sedimentation. Procapsids (108S) and virions (114S) have similar
S values. To separate these two species, the external scaffolding protein was removed
from procapsids by chloroform treatment. In a wild-type infection, this typically results in
unfilled degraded procapsids, which have little or no DNA, that sediment at ~70S. After
gradient fractionation, assembled particles were detected by UV spectroscopy.

Despite lower yields (Fig. 3A), the ¢s(J)Y3TW mutant produced particles that sediment
like wild-type virions at both 24°C (open circles) and 37°C (closed circles). No significant
differences in specific infectivity (pfu/Agp) between mutant and wild-type particles were
observed. A similar phenomenon was observed for cs(J)W30F (Fig. 3B, cyan), but mutant
yields were significantly lower. For graphing purposes, the Aygg values of the wild-type
fractions were divided by 10. Thus, the highest absorbance values were over 0.7. Unlike
the wild-type and c¢s(J)Y31W sedimentation profiles, a distinct ~70S peak was detected in
the ¢s(J)W30F profile. However, particle recovery was too low to adequately analyze the
protein and DNA content at this peak.

Histidine is a basic amino acid with aromatic properties. While more conservative
aromatic substitutions yielded viable or cold-sensitive phenotypes (Table 1; Fig. 2A), the
Y31H and F37H substitutions produced ts phenotypes, whereas the W30H substitution
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A Amino acids at the W30, Y31 and F37 sites:
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FIG 2 Phenotypes associated with amino acid substitutions for W30, Y31, and F37. (A) The amino acids found at the W30, Y31, and F37 sites are listed at the top
of the grid. Color code: black, lethal; green, viable between 24-42°C; blue, cold sensitive; red, temperature sensitive. The split green/black squares indicate small

plaque formation. The red/black color for H at the W30 site indicates a slightly less lethal phenotype at 24°C. See text for details. Symbols: WT: wild type, ND:

not determined. (B) The atomic structure of protein J (PDB 2BPA). Basic amino acid side chains (R and K) are highlighted in dark blue. The conserved C-terminus,

which contains the aromatic side chains, is depicted in gray.

conferred a lethal one. The more severe /(J)W30H phenotype is consistent with W30
being the least tolerant of substitutions (Table 1; Fig. 2A). The ts(J)F37H, ts(J)Y31H, and
I(JJW30H assembly products produced at restrictive temperatures were characterized
(Fig. 3 panels C and D, respectively). At 42°C, no assembled particles were detected in
the extract generated from ts(J)F37H-infected cells (Fig. 3, Panel C). However, SDS-PAGE
of infected cells indicated that the viral coat protein was present at levels comparable
to the wild-type control (data not shown). This suggests that assembled particles either
dissociated or partitioned into the insoluble fraction. Similar results were obtained for
I(JJW30H at 37°C.

The lethal /(JJW30H phenotype was defined by plaque formation. However, /(J)W30H
virions were detected in extracts generated at 24°C, (Fig. 3, Panel B). Thus, there was
a ts component to the lethality. However, yields were low compared to wild type and
ts(J)F37H at this temperature (Fig. 3, Panel B). For graphing purposes, the wild-type and
ts(J)F37H absorbance readings were divided by 10 and 5, respectively.

Three mutants produce assembled particles more indicative of packaging
defects

As exhibited in Fig. 3A through C, most mutants produced very few or no detectable
assembled particles. The protein content of infected cells for all of these mutants
was directly examined by SDS-PAGE, which would detect viral proteins regardless of
particle solubility or stability. The viral coat protein was present at levels comparable
to the wild-type control (data not shown), again suggesting that procapsid-containing
intermediates either dissociate or become insoluble. However, the extracts made from
ts(J)Y31H, I(J)F37E, and I(J)Y31V contained substantial material with S values > 70S (Fig.
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FIG 3 Assembled particle formation in wild-type and @X174 mutant infected cells. Extracts made from infected cells were
analyzed by the rate of zonal sedimentation. Gradients were fractionated from the bottom of the tube. Thus, lower fractions
contain particles with higher S values. Mutant names and infection temperatures are given in the figure. (A and B). Mutants
that produce virions but at reduced yields compared to wild type. (C) Mutants that do not produce soluble assembled
particles. The sedimentation profiles of mutants /(J)Y31E, I(JJW30R, I(J)Y31M, and L(J)Y31L are not depicted but yielded similar

results. (D). Mutants that produced particles that sediment at ~70S.
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3D). For ts(J)Y31H and I(J)F37E, Ayeo values steadily rose sharply from 114S (Aygo= 0.3)
to 70S and then peaked or plateaued (A260 = 1.5). The sedimentation profile generated
from I(J)Y31V infected cells only contained a distinct ~70S peak.

The protein and DNA content present in the above-mentioned ts(J)Y31H, I(J)Y31V,
and I(J)F37E peaks were analyzed along with a wild-type control. To determine protein
content, gradient fractions were examined by SDS-PAGE. As can be seen in Fig. 4A, the
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intensity pattern of the coat protein band mirrors the absorbance values in Fig. 3D. In
wild-type fractions, the coat protein band intensity peaked in fractions 4-6, whereas in
mutant fractions, intensity peaked in fractions 10-12. This, along with the lack of clear
peaks in the ts(J)Y31H and I(J)F37E sedimentation profiles, suggests that particles with S
values between 70 and 114S were heterogeneous.

Gradient fractions

A 2 4 6 8 1012 14 16 Vv
— e Y W W - WT

Y31V

T TN wm—w—_ W

—-eoweowoww w e 5/E

B WT Standards ~ F37E Y31V
114S 70S ss RF 114S 70S 114S 70S

C Wild-type ssDNA genome  Fast migrating /(J) Y31V DNA

=) ug-U~W

(o)

«J s

- -

1 2 3 4 5 6 1 2 3 4 5 6
Reaction number Reaction number

FIG 4 Composition of assembled particles generated by the I/(J)F37E and [/(J)Y31V packaging mutants. (A) SDS-PAGE of
gradient fractions from Fig. 3D. Only the region of the gel with the viral coat protein is depicted. Band intensity corresponds
to the A260 readings reported in Fig. 3D. V indicates purified viral coat protein. (B) DNA isolated from 114S and 70S gradient
fractions. Symbols: ss, purified single-stranded DNA genomes; RF, replicative form dsDNA. The bracketed band identifies the
small aberrant ssDNA associated with the /(J)Y37V 70S material. (C) PCRs were conducted with wild-type and /(J)Y31V 70S DNA.

The six PCRs span the entire genome. Reaction numbers utilized the same primers for each template. Bracketed bands identify

PCR fragments unique to the /(J)Y31V 70S DNA template.
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The DNA content associated with wild-type and mutant particles was also examined
(Fig. 4B). Gradient fractions surrounding the virion and ~70S peaks from the I(J)F37E,
1(J)Y31V, and wild-type gradients were individually pooled, and the associated DNA
was extracted. The DNA isolated from wild-type 114S particles was primarily single
stranded. The sample was intentionally overloaded to demonstrate that a small amount
of replicative form (RF) dsDNA was also detected. By contrast, the material associated
with both the /(J)F37E 114S and 70S fractions was mostly RF DNA. However, single-stran-
ded genomes were detected albeit at much lower levels. The DNA extracted from the
1(J)Y31V 70S fractions was unique. It contained a faster migrating heterogeneous pool of
undefined DNAs (Fig. 4B, bracketed band).

Aberrant fast-migrating DNAs contain internal deletions likely generated by
a protein A*-mediated process

To investigate the genome sequences represented in the faster-migrating DNA pool
associated with the /(J)Y31V particles, PCRs, which spanned the entire genome, were
conducted and compared to those generated using purified, full-length, circular ssDNA
genomes. As can be seen in Fig. 4C, every PCR product generated from the wild-type
template was also present in the /(J)Y31V reactions. This indicates that the entire genome
sequence is represented within the aberrant DNA pool associated with slow-migrat-
ing particles. However, secondary PCR products, not seen in the wild-type reactions,
were often present. Several series of PCR reactions were conducted using different
primers. Depending on the primers used, different secondary bands were detected (data
not shown). These observations suggest that the /(J)Y37V small DNA band contains
heterogeneous molecules with varying internal deletions, which was tested by analyzing
the sequence of the unique /(J)Y31V PCR products.

Some of the PCR products generated unambiguous sequences, clearly defining the
juncture formed by an internal deletion. For example, the sequence presented in Fig.
5A clearly indicated that the DNA found between nucleotides 990 and 2,262 has been
deleted. The 5" end of the juncture involved the strongest protein A* target site. By
contrast, the sequences of some fragments were clear up to a specific nucleotide (Fig.
5B) but afterward, the chromatograms suggested that the output was generated from
multiple sequences. This could occur if the excised PCR band contained DNA fragments
of similar lengths but with different internal deletions. Alternatively, it could reflect the
degenerate nature of the protein A* cleavage sites (27) and the enzyme activity (see
Discussion). As illustrated in Fig. 5C, the DNA polymerase would generate a homogene-
ous sequence until it reached A1. Beyond this point, the templates differ, which would
account for the multiple peaks in the chromatogram (27). This was particularly apparent
with sequences involving the A* target site at 5239 (Fig. 5B), which was implicated in
three deletions. Figure 5D only presents the juncture sequences derived from chromato-
grams for which both sides of the juncture were clearly defined in the chromatogram.
Many involved motifs are known to interact with protein A* (27). However, the participa-
tion of protein A cannot be eliminated. Some junctures were derived from the origin of
replication, a substrate shared by both A and A* proteins (25-27).

The small DNA-containing particles were clearly an off-pathway product that may
be unique to the Y31V mutant. Alternatively, the mutation may exacerbate a naturally
occurring off-pathway reaction, which may not be readily detectable in wild-type
sedimentation profiles due to a low signal blending in with the background. To
determine whether the smaller DNAs were made in a wild-type infection, DNA was
directly isolated out of wild-type and /(J)Y31L mutant infected cells. The (J)Y37L mutant
was selected as it also produced ~70S peak, but it was extremely small. A very faint
smaller DNA band was detected in wild-type infected cells, which migrated at approxi-
mately the same rate as the more abundant smaller DNAs from the mutant infection
(data not shown). The smaller DNAs isolated from the wild-type and /(J)Y31L infections
also contained deletions (Fig. 5D).
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DNAs associated with /(J) Y31V particles

ori/A*target
CCCCTTACTTGCGATTCAATCATG
982 2275

TTG A*target
CAGAAGGAGTCT | AGAATCAGAAT
3540 5138

A*target

CAGAAGGAGTCITGAAGCAGAACG*

3540 5256

CTTAGGAGTTTATGGCATTTCTAC
2382 4081

Small DNAs from WT infected cells

ori/A*target
TAGGAGTTTAATATTAATAACACT
2385 4319

A*target
AAAGGATACTCGAGGATATTCGCG
3275 4428

Small DNAs from /(J)Y31V infected cells

ori/A*target
AGGTGATGTGCTTGATATTAATAA
3035 4315
ori/A*target
TGCTTCTGCTCTTGATATTAATAA
2960 4315

FIG 5 Internal deletions found in small viral DNAs. (A) Sequencing chromatogram of a PCR product containing a single homogeneous deletion. Numbers

indicate the location of the nucleotides within the X174 sequence, which is 5386 nucleotides in length and circular. The chromatogram corresponds to the top

sequence given in part D. (B) Sequencing chromatogram of a PCR product containing heterogeneous deletions. (C) Schematic for the generation of a mottled

chromatogram as illustrated in part B. (D) Sequences of internal homogeneous deletions. The 5" nucleotide sequence before the deletion is depicted in blue. The

3’ sequence is depicted in red. Numbers indicate the location of the nucleotides within the @X174 sequence. Underlined nucleotides could have been donated

by either the 5" or 3" juncture sequences. Nucleotides in black text represent those found in the juncture that are not present in either the 5" or 3’ sequences

surrounding it. “A* target” indicates a juncture derived from a known target site for the A* protein. “Ori/A*target” indicates a juncture derived from the origin of

replication, which is also an A* target site.

Common second-site suppressors rescue mutations at different sites

A second-site suppressor analysis was conducted with 21 mutants displaying lethal,
temperature-sensitive (ts), and cold-sensitive (cs) phenotypes. Due to the large number
of mutants, the analysis was broad in scope, designed to obtain a general view of
possible rescue mechanisms. Thus, only one source of each mutant was used, limiting
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possible conclusions (32). The mutant with the least severe defective phenotype
cs(J)W30Y was the only mutant for which an intragenic suppressor was isolated (Q35R).
This parental mutant was also suppressed by a mutation in the lysis protein, as well as
one within the external scaffolding protein. By contrast, 10 different mutants yielded
second-site suppressors, identifying nine substitutions in the viral coat protein. All of
the isolated suppressors are listed in Table 1, as well as the results of allele specificity
assays (see below). As would be expected, more conservative substitutions appeared
to be more easily suppressed. Beyond this observation, a compelling pattern regarding
suppressor activity was not readily apparent.

Several of the mutants did not yield second-site suppressors in the initial broad
screen. This may reflect a particularly severe defect, one for which suppressors cannot be
isolated via a single mutational event. Alternatively, it may be a consequence of using
only one source (slot machine) for each parental mutant in the analysis (32). To partially
distinguish between these two possibilities, the two of the most commonly isolated
suppressors, coat protein substitutions S1F and D209H, were crossed into the strains that
did not yield suppressors. The resulting double mutants were assayed for the loss of the
complementation-dependent phenotype.

Finally, the mutants W30N, W30R, Y31R, Y31E, and F37R could not be rescued by any
of the employed strategies (Table 1). These substitutions are polar and/or charged. In the
atomic structure of the virion, W30, Y31, and F37 are located adjacent to the positively
charged coat protein residues that constitute the nucleic acid binding pocket (Fig. 6).
The pocket is composed of four arginine residues, which interact with the negatively
charged, phosphate backbone. Thus, charges at these sites may be too detrimental to
suppress via single amino acid changes in the coat protein.

DISCUSSION
Microvirus DNA binding proteins: anchoring and guiding functions

The N-termini of the X174, G4, and a3 J proteins contain positively charged, DNA-inter-
acting amino acid residues but differ in length and charge distribution (Fig. 1B). These
residues appear to guide the genome between the DNA-binding pockets within the coat
proteins (Fig. 1C). Two previous studies have addressed this guiding function (19, 20).
The mutations described herein affect the strongly conserved C-terminus, altering the
three aromatic amino residues that most extensively interact with the viral coat protein
(6-8). These residues anchor the J protein to the capsid’s inner surface. The molecular
phenotypes of these mutants did not resemble the guiding mutants used in previous
studies.

Biochemical characterization of the mutant assembly pathways and the
location of second-site suppressors suggest defects in particle stability

While mutants with conservative substitutions formed infectious virions, assembled
particles and/or virions were not detected in most infections, likely due to parti-
cle instability during packaging. First, protein J is not required for procapsid forma-
tion. Second, particles consistent with packaging complexes were observed in some
infections. This sediment is between 50 and 70S, producing a broad peak. The peak
declines with increasing S values. Accordingly, very few infectious particles were present
in the 114S virion fraction. Common suppressors restore viability to mutants for which
soluble assembled particles could or could not be detected, suggesting similar defects. If
instability occurs soon after packaging commences, complexes may quickly dissociate or
become insoluble. Consequently, no assembled particles would be detected. If instability
occurs later, on-pathway packaging may initially be supported, but as it continues the
intermediates become progressively more prone to dissociation or insolubility.

Many of the second-site suppressors affect coat protein surface residues residing
on the twofold axis of symmetry. T = 1 X174 assembly proceeds through pentame-
ric intermediates. Thus, these suppressors may confer particle stability both during
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FIG6 The location of the aromatic J residues and the suppressors that restore viability to missense mutations at those sites (PDB 2BPA). The J protein is depicted

in dark blue with the W30, Y31, and F37 residues highlighted with space-filled rendering. The body of the coat protein is depicted in gray. The coat protein

residues that contact J protein residues W30, Y31, and F37 are depicted with space-filled rendering. The location of the second-site suppressors is highlighted

in light blue, space-filled rendering. They are labeled to reflect the wild-type residue, before the number, and the change, after the number. The residues

constituting the DNA binding pocket are depicted in magenta, space-filled rendering. Icosahedrally ordered DNA is depicted in cyan ball-and-stick rendering.

packaging and in the final product. However, four suppressors, L236F (leucine—phe-
nylalanine at amino acid 236), D65G, L235I, and D209H, are adjacent to other J-coat
protein contact sites (Fig. 6). These suppressors cluster near the binding site of the very
C-terminus of the J protein and may allow mutant J proteins to be positioned in a
manner more similar to the wild-type positioning.

The function(s) of protein A*

When bound to dsDNA, protein A* impedes DNA synthesis by inhibiting host cell
helicase function (28). Slowing genome biosynthesis likely prevents synthesis from
outpacing packaging and, consequently, the detrimental accumulation of genomic
ssDNA outside the capsid (see Introduction). Increasing the number of times ssDNA
biosynthesis is slowed or paused, via protein A* binding to dsDNA, may be sufficient
to rescue some packaging mutants, such as @XG4J (20). This retardation may allow the
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already encapsidated ssDNA to obtain a more optimal confirmation, one which is more
amenable to continuing the reaction.

Although the mutants in this study were not rescued by protein A* over-expres-
sion, the sequences of particle-associated small DNAs suggest that protein A* was
active during these non-productive infections. One mutant, /(J)Y31V produced aber-
rant particles at high enough levels to be characterized. These particles appear to
contain small DNAs with a variety of internal deletions (Fig. 5). Some of the junctures
are surrounded by DNA sequences known to be protein A* interaction sites (Fig. 5),
including both the origin of replication and the strongest site located in an intercistronic
region. However, some of the juncture sequences were generated from sequences not
previously identified as protein A* target sites. This may reflect differences between in
vivo and in vitro approaches as well as protein A*'s very relaxed substrate specificity (see
below)

Only deletions that gave unambiguous sequence results are given in Fig. 5. However,
many sequenced fragments could define only one of the sites that contributed to a
juncture but afterward, the chromatograms suggested that fragments were heterogene-
ous. Two factors may explain this phenomenon: (i) fragments of very similar length
but containing different deletions could be present in the band isolated by agarose
gel electrophoresis and (ii) enzymatically, protein A* function lacks high specificity.
For example, protein A requires two stringent motifs: CAACTTG and GATATT for DNA
recognition, whereas protein A* only requires one of these sequences and they exhibit
considerable variation (27). Moreover, protein A requires a fairly stringent hepta-nucleo-
tide TTCTGGT motif for cleavage and ligation. By contrast, the cleavage requirement for
protein A* may be as simple as PyPyTGPuT (27).

Broad substrate specificity and differences between in vitro and in vivo approaches
may explain why some junctures were derived from previously unidentified sequences
of protein A* target sites. In the in vitro approach (27), naked ssDNA was used. How-
ever, naked ssDNA can form both extensive short- and long-range secondary structures
(33), which could explain why some sites were not previously identified as targets. For
example, the juncture at nucleotide 4405 (Fig. 5) contains a perfect GATATT motif but
was not previously identified. Similarly, a nearly perfect TTCTGGT motif (TTCTGCT) occurs
in the juncture starting at nucleotide 2961. Moreover in vitro, the binding of protein A*
to a strong substrate could sterically hinder the protein’s recognition of weaker sites,
especially if it involves an uncharacterized motif. The juncture sequences starting at
nucleotides 3356 and 2379/2382 were each independently identified twice, contributing
to the 5" ends of junctures. Each contains the sequence AGGAGT. Relaxed specificity may
also explain the addition of 1-3 nucleotides found at some junctures. With ~30 known
substrates; several A*-mediated events may occur within one packaging complex. The
excess nucleotides could have arisen from an A* substrate used in a previous reaction.

Any model explaining the evolutionary conservation of gene A* must address the
advantage of maintaining a protein that appears to target the integrity of the viral
genome. When bound to ssDNA, protein A* may conduct a salvage operation (Fig.
7), by hastening the termination of a failing packaging reactions to liberate reusable
components such as DNA templates and replication enzymes. Numerous unpackaged
single-stranded A* target sites may signal that a packaging reaction will not produce
a viable virion. Thus, it would be advantageous to hasten termination, which could
be accomplished by generating internal deletions in the non-encapsidated ssDNA. An
enzyme with very relaxed substrate specificity could more aggressively perform this
function.

A simple cleavage event on the excess unpackaged ssDNA would terminate the
reaction. However, it may not salvage the replication machinery, which would include
the essential protein needed for rolling circle replication, protein A. First, protein A would
remain covalently attached to the origin, its only substrate, and be associated with
the liberated partially filled procapsid. For release, protein A requires the generation
of a second origin after the entire genome is replicated (34)]. Second, once ssDNA
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FIG 7 A speculative model of protein A* functions during concurrent ssDNA synthesis and packaging. Protein A* binds to target sites on dsDNA, which

inhibits helicase function. Slowing genome biosynthesis ensures that it does not outpace packaging. (Bottom line) Packaged ssDNA assumes a confirmation that

supports full genome packaging. After one procapsid is filled, the RF DNA template and associated enzymes can be used to fill another procapsid. (Top line)

Protein A* inhibition is not sufficient to ensure synthesis-packaging synchrony. ssDNA accumulates outside the capsid. Protein A* binds ssDNA and generates

an internal deletion. Rolling circle replication continues until the origin is regenerated. Although this results in a particle without a full genome, the RF DNA

template and associated enzymes are salvaged.

commences,

the replicative form dsDNA becomes a poor transcription template (35, 36).

Thus, there is no efficient means to replenish protein A, but the show must go on.

MATERIALS AND METHODS

Phage plating, media, buffers, stock preparation, and bacterial and phage

strains

The plating protocol, media, buffers, stock preparation, and the wild-type Escherichia
coli C122 strain have been previously described (37). The RY7211 cell line contains a
mutation in the mraY gene, conferring resistance to viral E protein-mediated lysis (38).
BAF30, which was used to express cloned genes, is a recA derivative of C122 (39).

Cloned genes used in these studies

The cloning of the X174 J and A* genes has been previously described (20). The J gene
was cloned into pSE420 (Invitrogen). Gene expression was induced by the addition of
IPTG (isopropyl-3-D-thiogalactopyranoside) to a concentration of 0.1 mM. The A* gene
was cloned into pBAD33 (Thermo Fisher). Gene expression was induced by supplement-
ing media with 0.2% arabinose and then repressed by supplementing media with 0.2%

glucose.
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Site-directed mutagenesis of gene J

Wild-type DNA was mutagenized with randomizing primers in PCRs with Q5 DNA
polymerase (New England Biolabs), as previously described (40). To recover mutants,
BAF30 (recA) cells containing the cloned J gene were transfected and incubated at
37°C. The resulting plaques were then stabbed into C122 indicator lawns (no plasmid)
incubated at 24°C, 37°C, and 42°C; and BAF30 p@X174J lawns at 37°C. The results of this
assay were used to assign preliminary phenotypes: lethal, cs, ts, or resembling wild-
type, that is, no temperature-dependent or complementation-dependent phenotypes.
Preliminary phenotypes were verified in direct plating assays. In addition, each defective
mutant was assayed for protein A* rescue by plating on cells expressing the cloned A*
gene.

Second-site genetic analyses and allele specificity

Second-site suppressors were isolated by plating 10°-10° pfu (plaque-forming units)
under restrictive conditions. Single plaques were isolated after a 3- to 4-h incubation at
37 or 42°C. For isolating suppressors at 24°C, plates were incubated for 16 h. Plaques
were resuspended in 50-100 pL of H,O and PCRs were conducted with this liquid. To
examine allele specificity, the STF and D209H suppressors were placed into various gene
J" backgrounds by PCR reactions with Q5 DNA polymerase (New England Biolabs) as
previously described (40). Reactions were transfected in BAF30 p@X174J. Single plaques
were sequenced to verify genotypes. Afterward, phage was plated under the parental
mutants’ restrictive conditions to assay for suppressor activity.

ssDNA, replicative-form (RF) dsDNA, assembled particle-associated DNA
purification, sucrose gradient sedimentation, and SDS-PAGE

Wild-type ssDNA for site-directed mutagenesis was generated and purified with the OLT
(Our Little Trick) protocol (30). Briefly, 10 mL of infected lysis-resistant cells, incubated at
37°C for 3 h, was concentrated and resuspended in 1.0 mL of Wizard-plus SV miniprep
kit resuspension buffer (Promega). Our little trick: the room temperature incubation in
the Wizard-kit lysis buffer with the kit-provided alkaline protease was extended from 5
minutes to 1 h to allow for capsid digestion. To isolate DNA associated with assembled
particles, peak-containing gradient fractions were diluted fivefold in 10 mM Tris-HCI (pH
7.5)/10 mM NaCl/1.0 mM EDTA. Sodium dodecy! sulfate (SDS), pronase, and additional
EDTA were added to respective final concentrations of 0.5% (wt/vol), 0.5 mg/mL, and
10 mM. Samples were incubated at 37°C for 2.5 h before extraction as previously
described (20).

Sucrose gradient preparation, particle isolation, and infected cell extractions have
been previously described (41, 42). Briefly, 100 mL of lysis-resistant cells were infected at
a multiplicity of infection (MOI) of 3.0 and incubated for 3 h at 37°C for lethal mutants,
3 h at 42°C for temperature-sensitive mutants, or 6 h at 24°C for cold-sensitive mutants.
Infected cells were concentrated and resuspended in 3.0 mL sucrose gradient buffer
[SGB: 100 mM NaCl, 5.0 mM EDTA, 6.4 mM NayHPOy, 3.3 mM KH,PO4 (pH 7.0)], then lysed
by an overnight incubation with lysozyme (2.0 mg/mL). After removing cellular debris,
the supernatant was concentrated to 200 pL in a Corning Spin-X spin column (100 kDa
cutoff) and loaded atop a 5.0 mL, 5-30% sucrose gradient (wt/vol). Gradients were spun
at 192,000 x g for 1 h and then fractionated into 125 L fractions. Assembled particles
were detected by UV spectroscopy (Axgg and Azgo)-
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