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ABSTRACT Two scaffolding proteins orchestrate ¢$X174 morphogenesis. The inter-
nal scaffolding protein B mediates the formation of pentameric assembly intermedi-
ates, whereas the external scaffolding protein D organizes 12 of these intermediates
into procapsids. Aromatic amino acid side chains mediate most coat-internal scaf-
folding protein interactions. One residue in the internal scaffolding protein and
three in the coat protein constitute the core of the B protein binding cleft. The
three coat gene codons were randomized separately to ascertain the chemical re-
quirements of the encoded amino acids and the morphogenetic consequences of
mutation. The resulting mutants exhibited a wide range of recessive phenotypes,
which could generally be explained within a structural context. Mutants with phe-
nylalanine, tyrosine, and methionine substitutions were phenotypically indistinguish-
able from the wild type. However, tryptophan substitutions were detrimental at two
sites. Charged residues were poorly tolerated, conferring extreme temperature-
sensitive and lethal phenotypes. Eighteen lethal and conditional lethal mutants were
genetically and biochemically characterized. The primary defect associated with the
missense substitutions ranged from inefficient internal scaffolding protein B binding
to faulty procapsid elongation reactions mediated by external scaffolding protein D.
Elevating B protein concentrations above wild-type levels via exogenous, cloned-
gene expression compensated for inefficient B protein binding, as did suppressing
mutations within gene B. Similarly, elevating D protein concentrations above wild-
type levels or compensatory mutations within gene D suppressed faulty elongation.
Some of the parental mutations were pleiotropic, affecting multiple morphogenetic
reactions. This progressively reduced the flux of intermediates through the pathway.
Accordingly, multiple mechanisms, which may be unrelated, could restore viability.

IMPORTANCE Genetic analyses have been instrumental in deciphering the temporal
events of many biochemical pathways. However, pleiotropic effects can complicate
analyses. Vis-a-vis virion morphogenesis, an improper protein-protein interaction
within an early assembly intermediate can influence the efficiency of all subsequent
reactions. Consequently, the flux of assembly intermediates cumulatively decreases
as the pathway progresses. During morphogenesis, ¢X174 coat protein participates
in at least four well-defined reactions, each one characterized by an interaction with
a scaffolding or structural protein. In this study, genetic analyses, biochemical char-
acterizations, and physiological assays, i.e., elevating the protein levels with which
the coat protein interacts, were used to elucidate pleiotropic effects that may alter
the flux of intermediates through a morphogenetic pathway.
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caffolding protein-induced conformational switches mediate capsid morphogene-

sis in many viral systems. These switches typically occur in the coat protein,
lowering the thermodynamic barriers needed for productive assembly relative to those
that promote off-pathway reactions (1-3). In systems requiring a single internal scaf-
folding protein capsid, morphogenesis can be broadly divided into three stages:
coat-scaffolding protein binding followed by procapsid nucleation and elongation
(1-3). However, proper morphogenesis can also include the incorporation of minor
structural proteins, such as those composing portals (4, 5).

Genetic analyses have been instrumental in defining the temporal events of mor-
phogenetic pathways (6-8). When combined with biochemical and structural studies,
they can also define functional domains within coat and scaffolding proteins (4, 5,
9-23). However, the fluid nature of assembly and/or the products of defective mor-
phogenesis can still complicate analyses. For example, a mutation that eliminates
$X174 coat-internal scaffolding interactions moves coat protein pentamers into the
insoluble fraction. As seen in other systems (24), but not rigorously documented with
$X174, improperly folded coat proteins are often insoluble. Moreover, improper elon-
gation reactions could theoretically produce insoluble products.

Unlike most assembly systems, ¢X174 morphogenesis is mediated by two scaffold-
ing proteins, an internal and an external species. External scaffolding proteins are
unique to the ¢X174-like viruses. During early morphogenesis, pentameric intermedi-
ates are built. Five copies of the internal scaffolding protein B bind to the underside of
the 9S coat protein F pentamer forming the 9S* particle (20). This induces the
conformational changes that (i) inhibit 9S particle aggregation, (i) facilitate DNA pilot
protein H incorporation, and (iii) stimulate coat-spike protein interactions (20, 25-28).
The last result in the formation of the 12S* particle, which is the early assembly
endpoint. Late morphogenesis resembles capsid assembly in single internal scaffolding
protein systems: coat-scaffolding protein binding followed by procapsid nucleation and
elongation (19, 29). Accordingly, this reaction, which contains coat proteins in penta-
meric subassemblies and an external scaffolding protein, displays in vitro similar
kinetics to those observed in single scaffolding protein systems (30).

In the P22, P2, ¢29, and herpes simplex virus (HSV) assembly systems (31-35), which
utilize only an internal scaffolding protein, the scaffolding protein’s C terminus medi-
ates most coat protein contacts (36-38). This is also observed in the two-scaffolding
protein ¢$X174 system. In the procapsid crystal structure (37, 38), six aromatic amino
acids mediate approximately 85% of the coat-internal scaffolding B contacts (Fig. 1B).
At the core of the B-protein binding cleft, phenylalanine residue 120 (F120) participates
in ring-ring contacts, m-stacking, with three strongly conserved coat protein F aromatic
side chains: F67, Y134, and F135. In a previous study (16), we demonstrated that
nonaromatic substitutions for F120 in B protein abolish coat protein binding, whereas
substitutions for the other scaffolding protein residues kinetically trap early assembly
intermediates. In the current study, we extended this analysis to single mutations in the
coat protein at residues F67, Y134, and F135. Unlike in the previous analysis conducted
with F120 of B protein, a wide variety of molecular defects were observed, ranging from
inefficient internal scaffolding protein B binding to faulty procapsid elongation reac-
tions with the external scaffolding protein D. Some mutations were pleiotropic, affect-
ing multiple morphogenetic reactions, which may progressively reduce the flux of
intermediates through the pathway.

RESULTS

Isolation and characterization of F67, Y134, and F135 missense mutants. Two
strategies were employed to generate conditional lethal and silent missense mutations
at the F67, Y134, or F135 site: (i) amber mutation reversion and (ii) codon randomization
with amber codon-containing DNA templates. To recover the broadest spectrum of
possible phenotypes, mutagenized progeny were plated at 24°C, 33°C, and 42°C on a
sup® host, which selected against the parental amber mutant. To isolate absolute lethal
mutants, the target codon within wild-type DNA was mutagenized using randomizing
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Altered Flux through the ¢$X174 Assembly Pathway
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FIG 1 The ¢X174 procapsid assembly pathway and coat-internal scaffolding protein interactions. (A) The
morphogenetic pathway is dependent on two scaffolding proteins. The internal scaffolding protein B
mediates early morphogenesis and is found in the 95* and 12S* assembly intermediates. Late assembly
is orchestrated by the external scaffolding protein D. Two hundred forty D proteins organize 12 125*
particles into procapsids. (B) Structure of the coat-internal scaffolding protein binding cleft in the $X174
procapsid crystal structure (PDB code 1CD3). Labels depict the protein (F, coat; B, internal scaffolding),
amino acid (letter), and position (number) in the primary structure. The three F protein aromatic amino
acid residues—F67, Y134, and F135—that participate in ring-ring contacts with internal scaffolding
protein residue F120 are highlighted in lavender. (C) Structure of the coat-internal scaffolding protein
binding cleft in the ¢pX174 procapsid crystal structure to emphasize the position of residue B-V114F. (D)
Phenotypes conferred by amino acid substitutions for coat protein residues F67, Y134, and F135. The
color of the letter conveys the general phenotype; green X, no severe growth restrictions between 24°C
and 42°C; red X, temperature sensitive; and black X, lethal at all temperatures. Asterisks are used to
convey further phenotypic details as defined within the figure.

primers or primers designed to introduce specific mutations. Mutagenized progeny
were recovered on cells expressing a cloned, wild-type coat F gene.

The F genes from all temperature-sensitive (ts) and lethal mutants were sequenced.
No cold-sensitive mutants were recovered. To ascertain which substitutions were well
tolerated at each site, genomes from at least 30 phage with wild-type or near-wild-type
phenotypes were also analyzed. The substitutions and phenotypes are summarized in
Fig. 1D and Table 1. Table S1 in the supplemental material provides a more detailed
description of the frequency of codon isolation, recovery conditions, and phenotypes.
Codon usage had no obvious effect on phenotype. Different codons for the same
amino acid were observed 18 times. All such mutants at any given location exhibited
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TABLE 1 Plating efficiency of temperature-sensitive and lethal mutants

Efficiency under restrictive

Efficiency at indicated type of condition¢ with exogenous

temp (°C) gene expression (temp, °C)
Mutant? Permissive Restrictive F gene B gene
ts(F)F67N 1.0(33) 107° (42) 1.1 (42) 0.3 (42)
ts(F)F67W 1.0 (33) <10-4 (42) 1.0 (42) <104 (42)
I(F)F67D 1074 (37) 1.0 (37) 1.0 (37)
I(F)F67E 104 (37) 1.0 (37) 1074 (37)
I(F)F67K 10-4 (37) 1.0(37) 10-4 (37)
I(F)F67R 1074 (37) 1.0 (37) 1074 (37)
ts(F)Y134D 1.0 (33) 1073 (42) 0.9 (42) 0.1 (42)
ts(F)Y134E 1.0 (28) <107° (37) 0.5 (37) <1076 (37)
ts(F)Y134L 1.0 (33) ~ (42) 1.0 (42) 0.6 (42)
ts(F)Y134Q 1.0 (33) 107> (42) 0.9 (42) 0.9 (42)
ts(F)Y134T 1.0 (33) 107> (42) 0 7 (42) 0.7 (42)
ts(F)Y134V 1.0 (33) 10-° (42) 1(42) 1.0 (42)
ts(F)Y134R 1.0(33) 1073 (37) 1 O (37) 0.9 (37)
ts(F)F135C 1.0 (33) <10-4 (42) 1(42) 0.6 (42)
ts(F)F135H 1.0(33) <1075 (37) 1 0 (37) 10> (37)
ts(F)F1351 1.0 (33) <107° (42) 1.0 (42) 0.7 (42)
ts(F)F135W 1.0 (28) 104 (33) 1.0(33) <1073 (33)
I(F)F135K 1074 (37) 1.0 (37) 1074 (37)

aMutant names reflect the phenotype (ts, temperature sensitive; /, lethal) and conferred substitution. The
letters in parentheses indicate the genes. Thus, the designation ts(F)F67N means that an F—N at position 67
within gene F confers a temperature-sensitive phenotype.

bFor ts mutants, the restrictive and permissive temperatures are given in parentheses. For lethal mutants, all
experiments were conducted at 37°C. The permissive condition includes the exogenous expression of a
cloned F gene.

<For ts mutants, experiments involving the exogenous expression of either the cloned B or F gene were
conducted at the restrictive temperature.

the same phenotype (see Table S1). Similarly, 16 mutants were independently isolated
by two or more methods. Again, no phenotypic disparities were observed.

The randomization technique did exhibit isolation bias: many codons were dispro-
portionally represented (see Table S1). Moreover, several mutants that were not
recovered by randomization were readily generated when the primers specifically
introduced the requisite codons (see Materials and Methods). Thus, in this study and in
other studies utilizing randomizing protocols, no conclusions should be drawn by the
absence of a specific mutation within a mutagenized pool.

The missense and lethal substitutions are both necessary and sufficient to
confer the defective phenotype. The exogenous expression of a cloned F gene
rescued all lethal and ts mutants at their restrictive temperatures (Table 1), indicating
that the identified mutations were both necessary and sufficient to confer phenotype.
Moreover, in subsequent reversion analyses, temperature sensitivity was lost via same-
site reversion events. Nonetheless, the entire genomes of six mutants—ts(F)F67N,
ts(F)F67W, ts(F)Y134Q, ts(F)F135C, ts(F)F1351, and ts(F)F135W—were sequenced. No ad-
ditional changes were detected.

The phenotypes can be interpreted within a structural context. In general, smaller
polar and aliphatic amino acids conferred less severe ts phenotypes than larger polar
and aliphatic substitutions. The introduction of charged amino acids (D, E, K, and R)
appeared to have more detrimental effects, producing more dramatic ts or lethal
phenotypes. The geometry of the binding pocket may explain phenotypic differences
conferred by the same amino acid, such as tryptophan, at the three different positions
(see Discussion).

The lethal and ts mutations have recessive phenotypes. The exogenous expres-
sion of the cloned F gene efficiently complemented the ts(F) and lethal(F) mutants.
However, the molecular basis of rescue is dependent on the relative contribution of the
plasmid- and genome-borne F genes to the intracellular coat protein level. For exam-
ple, if cloned-gene expression resulted in a wild-type protein level that greatly ex-

December 2017 Volume 91 Issue 24 e01384-17

Journal of Virology

jviasm.org 4

A"YHEIT VNOZIHY 40 ALISHIAINN Ad 2102 ‘G Jequiadaq uo /Bio wse IAl/:dny wolj papeojumoq



Altered Flux through the ¢$X174 Assembly Pathway
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FIG 2 The relative contribution of the cloned and genome encoded coat F genes to coat protein levels
during infections. Cells harboring the cloned F gene were infected with (+) and without (—) cloned gene
induction at an MOI of 3. The cloned gene was induced at the time of infection (0 min) or 20 min before
infection (—20 min). (A) The digitally unadjusted, Coomassie blue-stained, SDS-PAGE gel of whole-cell
lysates. The marker lane contained purified virions. (B) The digitally modified gel used for more accurate
densitometry measurements using the ImageJ (NIH) program. Coat/external scaffolding protein ratios
were determined and are shown.

ceeded the mutant protein level, rescue was driven by concentration disparities
between the two coat protein species. All mutations would appear to have a recessive
phenotype; dominant phenotypes would be obscured. Consequently, mechanistic
insights underlying a recessive phenotype would be limited. In contrast, if the plasmid-
and genome-borne genes contributed equally to the coat protein level, rescue would
indicate that the mutations are indeed recessive. Therefore, the relative contribution of
mutant and wild-type protein levels was determined. Lysis-resistant cells harboring the
inducible F gene were infected with wild-type ¢X174 with and without induction (Fig.
2A). Whole-cell lysates were analyzed by SDS-PAGE and the coat/external scaffolding
protein ratio was determined (Fig. 2B). Cloned-gene induction approximately doubled
coat/external scaffolding protein ratios. Thus, the plasmid- and genome-borne genes
equally contributed to the coat protein pool. Induction time, 20 min preinfection or
concurrent with infection, did not significantly alter the results. By this assay, the
mutations appeared to be recessive. To further test this hypothesis, the lethal muta-
tions were placed into the clone gene and assayed for the ability to affect wild-type
plaque formation and morphology; no inhibition was observed (data not shown). At
least three mechanisms may underlie the recessive phenotype. (i) Unfolded mutant
proteins were not incorporated into pentamers. (ii) Cotranslational subunit assembly
produced only homogeneous pentamers; consequently, only wild-type pentamers
entered the assembly pathway. (iii) Heterogeneous pentamers were assembly compe-
tent.

Extragenic rescue mechanisms can distinguish between folding and assembly
defects. The wild-type coat protein residues at the mutated sites directly contact the
internal scaffolding protein (37, 38). If the mutations weaken coat-internal scaffolding
protein interactions, increasing intracellular B protein concentrations, via exogenous
expression of cloned B gene, may drive inefficient reactions forward and rescue
mutants. In contrast, coat protein folding defects are less likely to be suppressed by this
extragenic mechanism. Exogenous B gene expression efficiently rescued 10 out of the
18 mutants (Table 1). These data indicate that the primary defect associated with those
mutants rescued via this mechanism is inefficient B protein binding, not coat protein
folding. However, the converse may not be true. Other defects besides protein folding
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could prevent rescue. Indeed, the results of the second-site genetic analyses (see
below) indicate that most mutants used in these studies could be suppressed by at
least one extragenic mechanism.

The coat protein interacts with three other proteins after protein B: in temporal
order, the spike G, the external scaffolding D and the DNA binding J proteins. If the coat
mutations result in structurally altered assembly intermediates, interactions with the
proteins G, D, and J may be compromised. Increasing the intracellular concentration of
these proteins may drive assembly forward. No mutants were rescued by the exoge-
nous gene G or J expression. However, exogenous, external scaffolding D gene expres-
sion rescued ts(F)Y134Q. Plating efficiency increased 4 orders of magnitude, from 10>
to 0.1 at 42°C, but plaques displayed a pinprick morphology. Rescue by exogenous D
gene expression was weaker than rescue by cloned B gene expression. These data
indicate that the Y134Q mutation confers pleiotropic effects that reduce the flux
through the assembly pathway at least two steps (see Discussion).

In vivo characterization of mutant assembly pathways. The assembly pathway
was characterized for all 18 mutants listed in Table 1. For the temperature-sensitive
mutants, phage were preattached to lysis-resistant cells by incubation at 16°C for 30
min. The infections were then split between two medium-containing flasks prewarmed
to the permissive and restrictive assay temperatures. For the lethal mutants, lysis-
resistant cells carrying a complementing clone of gene F were infected at 37°C;
immediately after infection, the cultures were split and the cloned F gene was induced
in only one culture. Cell extracts were analyzed by rate zonal sedimentation. After
centrifugation, gradients were separated into approximately 40 fractions by removing
125-pl aliquots from the bottom of the tube. Thus, lower fraction numbers would
contain particles with larger S values. The presence of assembled particles—virions
(114S), procapsids (108S), and degraded procapsids (70S)—was determined by UV
spectroscopy.

Figure 3 presents the sedimentation profiles generated with four ts (Fig. 3A and B)
and three lethal mutants (Fig. 3C and D). In extracts produced from permissive
infections (Fig. 3A and C), particles sedimenting in the region from 108S to 114S were
detected in all samples. No significant differences in specific infectivity (PFU/optical
density at 260 nm [OD,,]) were observed between the mutant and wild-type particles,
indicating that the peaks primarily contained virions, as opposed to procapsids (data
not shown). Rigorous conclusions cannot by drawn by comparing the magnitudes of
the peaks, which could result from variations between infections, such as multiplicities
of infection (MOI). In contrast, permissive and restrictive infections for individual
mutants were generated in pairs: a common cell culture was infected and subsequently
split between assays conditions. Therefore, each permissive mutant infection serves as
an internal control for the restrictive assay. Under restrictive conditions, virions were
detected only in wild-type and ts(F)Y134Q extracts. However, ts(F)Y134Q particle yield
was greatly reduced compared to that in the permissive infection. Nonetheless, the
specific infectivity was comparable to that of the wild type (data not shown). These data
indicate that the coat protein mutations block particle assembly before procapsid
formation. Similar results were obtained for the remaining 10 mutants not depicted in
Fig. 3.

Using SDS-PAGE, gradient fractions were examined for the presence of soluble, early
assembly intermediates: 6S, 9S*, and 12S* particles (Fig. 4). Fourteen mutants yielded
results similar to those presented in Fig. 4A and B (data not shown). Although the coat
protein was detected in whole-cell lysates (data not shown) and soluble 6S G protein
spikes are readily apparent with the 6S region of the gel, soluble coat protein was not
detected in gradient fractions. Thus, the mutant coat proteins were most likely insol-
uble, which can arise by at least two documented mechanisms: blocking coat interac-
tions with either protein B (16) or protein G (39). As seen in other systems, but not
rigorously documented with ¢pX174, improperly folded coat protein monomers may
also result in aggregation (40, 41).
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Altered Flux through the ¢$X174 Assembly Pathway
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FIG 3 Assembled particles produced in mutant infected cells under permissive and restrictive conditions.
The curves represent 280-nm absorbance profiles of infected cell extracts analyzed by rate zonal
sedimentation. Gradient parameters were designed to detect assembled particles sedimenting between
132S and 70S, which would contain infectious provirions (132S), virions (114S), procapsids (108S), and
degraded procapsids (70S). Fraction 1 represents the gradient bottom and the profiles. (A and B)
sedimentation profiles from extracts of ts(F) mutant-infected cells at permissive (A) and restrictive (B)
temperatures. (C and D) Sedimentation profiles from extracts of lethal(F) mutant-infected cells with (C)
and without (D) the induction of cloned F gene.

The results obtained for the ts(F)F67W mutant were unique (Fig. 4C and D). A soluble
coat protein-containing intermediate was detected within the 12S region of the
gradient. However, the stoichiometry of this particle differs from that of the well-
characterized 12S5* assembly intermediate. In addition to containing the coat F, internal
scaffolding B, spike G, and DNA pilot H proteins, this particle also contained the external
scaffolding D protein (Fig. 4C). The relative intensities of the coat and external scaf-
folding protein bands do not remain constant. As can be seen in Fig. 4D, the external
scaffolding D/coat F protein ratios increase as S values increase. This suggests that after
capsid morphogenesis was nucleated, 125* particles were not incorporated during
elongation.

Reversion analyses: both intragenic and extragenic second-site suppressors
can restore viability. To further elucidate the defects conferred by the parental
mutations, a reversion analysis was conducted. Most likely due to recombination with
the cloned F gene required for absolute lethal mutant propagation, it was extremely
difficult to grow stocks of these strains with suitably low reversion frequencies. Thus,
they were excluded from the analysis. Although ts™ revertants were isolated for all 14
starting parental mutants, same-site reversion events predominated. Seven of the 14
parental mutants did not yield second-site suppressors. However, the selections were
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FIG 4 SDS-PAGE gels of early assembly intermediates (S value < 15) isolated from ts(F) mutant-infected
cells at restrictive temperatures. Gels depict gradient fractions. Faster-sedimenting fractions are on the
left. Approximate S values are given atop the gels. The marker (M) lane contained either purified virions
(A, C, and D) or a mix of virions and procapsids (B). The positions of the viral coat F, major spike G, minor
spike H, internal scaffolding B and external scaffolding D proteins are indicated. (A, B, and C) Small
assembly intermediates respectively isolated from ts(F)Y134Q mutant-, ts(F)F135W mutant-, and ts(F)F67W
mutant-infected cells at restrictive temperatures. (D) SDS-PAGE of fractions containing faster-
sedimenting particles (S value > 15) isolated from ts(F)F67W mutant-infected cells. The gels in panels C
and D are from the same gradient.

far from exhaustive. In many instances, only one stock was used. Therefore, one
revertant genotype could be highly overrepresented within a single ts* revertant pool
(42). To circumvent this problem, known second-site suppressors were crossed into
several backgrounds for which suppressors were not isolated by direct selection (see
below).
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Altered Flux through the ¢$X174 Assembly Pathway

TABLE 2 Isolation of second-site suppressors

Suppressor No. of Restrictivec
Starting frequency(ies)? Suppressor? independent  plating
mutant (no. of suppressors/total) isolated events efficiency
ts(F)F67N 2/12 su-F L236H 1 0.9
ts(F)F67W 6/6, 5/12 su-F Y199F 1 0.8
su-F H203R 1 1.0
su-F V318A 2 0.8
su-F Y353C 1 0.9
su-D E148K 1 1.0
SU-FrgsA991G/-F STF4 1 0.5
su-F S1F 0.2
SU-FrgsA991G 104
ts(F)Y134Q  6/6, 5/6, 2/8 su-F L49F 3 0.7
ts(F)Y134T 1/12 su-F L49F 1 1.0
ts(F)F135C  0/5, 5/18 su-F S62A 1 0.9
ts(F)F1351 12/12, 0/4 su-F L49F 1 0.4
ts(F)F135W  1/3, 3/10. 1/2 su-B V114F 3 1.0
I(F)F67D 0/8 NAe NA NA
ts(F)Y134D  0/12 NA NA NA
ts(F)Y134E 0/12 NA NA NA
ts(F)Y134L 0/12 NA NA NA
ts(F)Y134V 0/12 NA NA NA
ts(F)Y134R  0/10 NA NA NA
ts(F)F135H 0/12 NA NA NA

aTotal number of suppressors/total number of revertants sequenced. Multiple ratios represent the results
from independent selections.

bSuppressor nomenclature: the letter after “su” indicates the gene in which the suppressor resides. The letter
and numbers indicate the wild-type amino acid, the position within the primary structure, and the amino
acid change conferred by the suppressor. Thus, in the designation su-F L236H, the suppressor is in gene F
and confers an L—H substitution for amino acid 236.

cTiter at the parental mutant’s restrictive temperature/titer at the parental mutant’s permissive temperature.

dThe suppressor contained two mutations, one at the beginning of gene F and one directly upstream of the
gene A991G. The two putative suppressors were separated. Each one was then tested for the ability to
suppress the ts phenotype.

eNA, not applicable.

The suppressors and the parental background in which they were isolated are listed
in Table 2. The entire genome of each strain was sequenced. No other mutations were
detected, indicating that the su substitutions were both necessary and sufficient to
confer the ts™ phenotype. The suppressors are named to reflect the amino acid
changed within the protein in which they reside. For example, su-F L236H indicates that
the suppressor mutation is in gene F (su-F) and changes the leucine residue at position
236 to histidine (L236H). Two suppressors were extragenic, one conferring an amino
acid change in the external scaffolding protein D, su-D E148K, and the other conferring
an amino acid substitution in the internal scaffolding protein B, su-B V114F. As with
rescue by exogenous cloned B gene expression (Table 1), extragenic suppressors
indicate that the primary defect conferred by the parental mutations, F67W and F135W,
was not coat protein folding.

One suppressor, su-F L49F, was independently isolated in three different genetic
backgrounds. A non-allele-specific suppressor may indicate that the molecular defects
conferred by the parental mutations are related. One strain, su-FrzA991G/-F ST1F/
ts(F)F67W, contained two mutations. The A991G mutation confers a nucleotide change
in the gene F ribosome-binding site. These two mutations were separated and indi-
vidually assayed for the suppressing phenotype. Only su-F STF displayed activity on the
level of plaque formation (Table 2). Several other assays were performed with the
SU-FrgsA991G/-F STF/ts(F)F67W and su-FSTF/ts(F)F67W strains to determine whether
the A991G mutation contributed to suppression. Although the mutation did confer a
modest reduction in F protein levels (approximately 25%), no significant differences
were observed in plaque size, burst size, or the kinetics of virion production (data not
shown). Thus, if the A991G mutation contributed to suppression, its effects were too
subtle to detect with these assays.
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TABLE 3 Cross suppressor analyses

Journal of Virology

EOP at parental restrictive temp with suppressors in the indicated

genetic background®

su-B su-F su-F su-D
Parental mutant B gene rescue and expression condition® No suppressor V114F L49F H203R E148K
ts(F)F67N Yes <10-% <10—> 0.8 0.5 0.1
With cloned G gene expression <10-5 0.1
ts(F)Y134Q Yes 10> <10-% 0.7 <104 <104
With cloned G gene expression 10> 0.05 <10~4 <104
ts(F)Y134T Yes 10-° 10-4 1.0 10-4 10-°
With cloned G gene expression 10-° 0.07 104 10—°
ts(F)Y134V Yes 10—5 104 0.9 10—3 104
With cloned G gene expression 10—> 104 10> 1074
ts(F)F1351 Yes <10-¢ 0.9 0.4 10> 10-°
With cloned G gene expression <10-° 10> 10-°
ts(F)F67W No <104 1.0 <10-% 1.0 1.0
With cloned B gene expression <10~4 1073
With cloned G gene expression <10~4 <10-5
ts(F)Y134E No <10-¢ <1072 104 0.9 1074
With cloned B gene expression <10-° <102 1.2 <1072
With cloned G gene expression <10—% <1072 <1072 <1072
ts(F)F135H No <105 <104 0.5pP 104 104
With cloned B gene expression <10-% 0.4 0.7 0.2 0.6
With cloned G gene expression <10—> 0.06
ts(F)F135W No <104 1.0 0.8 <104
With cloned B gene expression <10~4 <10~4
With cloned G gene expression <10~4 <104

aPlating experiments were conducted at the restrictive and permissive temperatures of the parental mutant. Plating efficiency equals titer at elevated temperature/

titer at lower temperature. EOP, efficiency of plating; pp, pinprick plaque morphology.

bIndicates whether the parental mutant is rescued by the exogenous expression of a cloned B gene. No parental mutants were rescued by the exogenous expression

of a cloned G gene.

The broad allele specificity of the second-site suppressors and its functional
implications. To determine whether parental defects were related, suppressors were
moved into backgrounds in which they were not isolated. Three criteria were used to
select the parental mutants for this study. The first criterion was rescue by exogenous
B gene expression; both rescued [ts(F)F67N, ts(F)Y134, ts(F)F135l, ts(F)Y134V, and
ts(F)Y134Q] and nonrescued [ts(F)F67W, ts(F)Y134E, ts(F)F135H, and ts(F)F135W] mutants
were used. The second criterion was the inability to isolate second-site suppressors in
direct genetic selections, e.g., ts(F)Y134E, ts(F)F135H and ts(F)Y134V. The third criterion
was whether soluble coat protein-containing intermediates were detected at restrictive
temperatures: ts(F)F67W versus all other mutants.

Two intragenic suppressors and the two extragenic suppressors were placed in the
aforementioned genetic backgrounds. The extragenic suppressors were chosen to
distinguish between assembly and protein folding defects as previously discussed. The
intragenic su-F L49F was isolated in several backgrounds and might display the most
relaxed allele specificity. The su-F H203R mutation, which was isolated in the F67W
background, resides in a large a-helix at the 3-fold axis of symmetry (43, 44). Mutations
in this helix are known to suppress defects in external scaffolding protein D function
(17, 18, 20, 45, 46).

To ascertain whether the suppressor was both necessary and sufficient to restore
viability, the newly constructed su/ts(F) strains were assayed for plaque formation at
their restrictive temperatures (Table 3). Each suppressor exhibited activity in at least
one additional background. However, there was no apparent correlation between
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Altered Flux through the ¢$X174 Assembly Pathway

su/ts(F) viability at restrictive temperatures and (i) parental mutant rescue by exogenous
B gene expression or (ii) the solubility of coat protein-containing intermediates. For
example, the su-F H203R suppressor was active in the ts(F)F67W, ts(F)F67N, and
ts(F)Y134E backgrounds. Restrictive ts(F)F67W infections produced soluble intermedi-
ates, whereas ts(F)Y134E and ts(F)F67N infections did not. Exogenous expression of
cloned B gene rescued ts(F)F67N but not ts(F)F67W or ts(F)Y134E. Similarly, the su-B
V114F and su-F L49F mutations suppress parental defects that were both rescued and
not rescued by exogenous B gene expression.

If no rescue was observed in the above-described assay or in previous experiments
utilizing exogenous cloned-gene expression, a second assay was performed. Restrictive
su/ts(F) plaque formation was examined in cells expressing cloned B, D, G, or J genes.
For example, the ts(F)F67W, ts(F)Y134E, ts(F)F135H, and ts(F)F135W mutants were not
rescued by exogenous expression of cloned B gene, and eight of their correspond-
ing su/tsF strains were not viable or plated very weakly at restrictive temperatures:
SUF-L49F/ts(F)F67W, suF-L49F/ts(F)Y134E, suB-B114V/ts(F)Y134E, suF-L49F/ts(F)F135H,
suB-V114F/ts(F)F135H, suF-H203R/ts(F)F135H, suD-E148K/ts(F)F135H, and suF-H203R/
ts(F)F135W. Thus, it was possible to determine whether the combination of the
suppressor and exogenous B gene expression could restore high-temperature viability.
Rescue was observed for six out of the eight su/ts(F) strains, indicating that the
suppressors exhibited some level of activity (Table 3). Thus, the suppressor and
exogenous B gene expression are necessary, but neither alone is sufficient for rescue.
If a parental mutant was rescued by exogenous B gene expression, the su/ts(F) strain
was also rescued.

Similar experiments were conducted with cells expressing cloned external scaffold-
ing protein D, major spike protein G, or DNA binding protein J genes with all nonviable
su/ts(F) strains. Four of the su/ts(F) mutants were weakly rescued by the overexpression
of the cloned major spike G gene: su-B V114F/ts(F)F67N, su-B V114F/ts(F)Y134T, su-B
V114F/ts(F)F135H, and su-B V114F/ts(F)Y134Q. The corresponding parental mutants did
not form plaques under these conditions. Thus, the combination of the su-B V114F
mutation and elevated spike protein levels in some genetic backgrounds can act
synergistically. Increasing the intracellular levels of the external scaffolding protein D
and DNA binding protein J did not restore viability to any nonviable su/ts(F) mutants.

The su-F L49F mutation appears to have the most relaxed allele specificity, exhibiting
some degree of activity in all backgrounds. In some instances, it was both necessary
and sufficient to suppress the ts phenotype, raising plating efficiencies to near 1.0 [e.g.,
ts(F)F67N, ts(F)Y134Q, ts(F)Y134T, ts(F)Y134V, ts(F)F135H, and ts(F)F135W]. However, in
two backgrounds, ts(F)F67W and ts(F)Y134E, the suppressor required exogenous B gene
expression to restore viability. Exogenous B gene expression did not rescue the last two
parental mutants. No suppressor displayed strict allele specificity. Considering the
various phenotypes of the parental mutants, this suggests that the suppressor and/or
parental mutations confer pleiotropic effects, affecting more than one assembly step or
interaction (see Discussion).

The suppressing internal scaffolding protein is dominant, whereas the sup-
pressing external scaffolding protein is recessive. To further characterize the extra-
genic suppressors, su-B V114F and su-D E148K, dominance assays were conducted with
cells exogenously expressing cloned, wild-type internal or external scaffolding genes
(Table 4). Extragenic suppressors rescued the parental mutants used in these assays,
but exogenous wild-type B or D gene expression did not restore viability. Thus, these
assays determine whether the presence of wild-type scaffolding proteins interferes with
the activity of the suppressing proteins. The ability of the su-D E148K mutation to
suppress was recessive. The exogenous expression of the wild-type external scaffolding
protein D gene significantly lowered the plating efficiency of the su-D E148K/ts(F)F67N
and su-D E148K/ts(F)F67W mutants. This effect was specific to the expression of gene D.
No inhibition was observed when the su-D E148K/ts(F)F67W mutant was plated on cells
expressing the cloned B gene. In contrast, the su-B V114F mutation appeared to be
dominant. The plating efficiencies of the su-B V114F/ts(F)67W and su-B V114F/ts(F)F135W

December 2017 Volume 91 Issue 24 e01384-17

Journal of Virology

jviasm.org 11

A"YHEIT VNOZIHY 40 ALISHIAINN Ad 2102 ‘G Jequiadaq uo /Bio wse IAl/:dny wolj papeojumoq



Blackburn et al. Journal of Virology

TABLE 4 Effects of exogenous scaffolding gene expression on the plating efficiency of
extragenic second-site su/ts(F) strains®

Plating efficiency under
indicated condition of
exogenous scaffolding

gene expression?

Mutant Scaffolding gene Without With
ts(F)F67N External scaffolding D <10-5° <10-°
su-D E148K/ts(F)67N External scaffolding D 0.1 <10—°
ts(F)F67W External scaffolding D <10~4 <10~4
su-D E148K/ts(F)67W External scaffolding D 1.0 102
Internal scaffolding B 1.0

ts(F)F67W Internal scaffolding B <10~4 <10~4
su-B V114F/ts(F)67W Internal scaffolding B 1.0 0.8
ts(F)F135W Internal scaffolding B 104 <1073
su-B V114F/ts(F)F135W Internal scaffolding B 1.0 1.2
ts(F)F135H Internal scaffolding B <10—3> 10-5
su-B V114F/ts(F)F135H Internal scaffolding B <10-% 0.4

aPlating experiments were conducted at the restrictive and permissive temperatures of the parental mutant.

Plating efficiency equals titer at elevated temperature/titer at lower temperature. The su-B V114F mutation
resides in gene B, which encodes the internal scaffolding protein. The su-D E148K mutation resides in gene
D, which encodes the external scaffolding protein.

mutants were not affected by exogenous wild-type B gene expression. In one instance [su-B
V114F/ts(F)F135H], the combination of increased wild-type B protein levels and the su-B
V114F mutant appeared to act synergistically. In the absence of exogenous B gene
expression, this mutant formed pinprick plaques, whereas exogenous B gene expression
dramatically increased plaque size.

DISCUSSION

Aromatic amino acids mediate most ¢pX174 internal scaffolding-coat protein inter-
actions. The most extensive contacts occur between internal scaffolding protein F120
and coat F protein residues F67, Y134, and F135 (37, 38). These four amino acids
constitute the core of the B protein binding cleft (Fig. 1B). Nonaromatic substitutions for
B protein F120 greatly reduce or totally eliminate coat-internal scaffolding interactions
(16). In addition to F120, five other internal scaffolding aromatic residues are involved
in contacts. However, these residues are not located in the core and interact with
nonaromatic coat protein residues. Although mutationally altering these associations
kinetically traps early assembly intermediates, coat-scaffolding interactions are main-
tained. In this study, the chemical requirements of the three core coat protein residues
were determined. They appear to be less stringent than for F120 vis-a-vis aromaticity.
This may reflect an inherent functional redundancy: the coat protein contributes three
aromatic amino acids to the core, whereas the B protein contributes just one.

Phenotype and the geometry of the B protein-binding site. The substitutions
and the resulting phenotypes are summarized in Fig. 1D and Table 1 and in Table S1
in the supplemental material. Although every substitution was not recovered at all
three sites, some limited correlations can be made. For all three sites the most
conservative substitutions, Y—F or F—Y, resulted in wild-type phenotypes. In addition,
methionine substitutions were well tolerated. Although the molecular basis is poorly
understood, methionine residues are known to create stable interaction with aromatic
rings (47).

Substitutions involving tryptophan, the largest aromatic amino acid, and histidine,
a charged aromatic residue, at the three sites conferred different phenotypes. Y134—H
or W mutations did not dramatically impair viability. In contrast, H and W substitutions
at the other two locations produced more severe phenotypes. Within the context of the
core’s geometry, the orientation of the 134 side chain may more easily accommodate
the bulkier tryptophan side chain. Moreover, charged residues were better tolerated at
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position 134. Unlike Y134, both F67 and F135 reside near charged residues, R239 and
R290, respectively. Thus, the introduction of a partially protonated imidazole ring may
be more consequential. Lastly, the size of the substituted side chain may also affect
phenotype, at least at the Y134 site, for which the most mutations were isolated. For
example, Y—S was less detrimental than Y—T. Similarly, Y—=N was better tolerated than
Y—Q.

Molecular and evolutionary implications of recessive phenotypes. On the level
of plaque formation, both frequency and size, all mutants were efficiently rescued by
exogenous coat F gene expression. The plasmid- and genome-borne genes appeared
to contribute equally to coat protein levels during infection (Fig. 2). Moreover, the
expression of cloned lethal genes did affect wild-type plaque formation. Thus, the
mutations exhibited a recessive phenotype. As most of the mutations do not appear to
affect protein folding, two models may explain the recessive phenotypes. Heteroge-
neous pentamers, composed of mutant and wild-type coat proteins, may be productive
assembly intermediates. Alternatively, coat proteins could be cotranslationally assem-
bled into pentamers. Although cotranslational assembly of protein complexes has
recently garnered much attention (48-50), it is technically difficult to demonstrate.
Therefore, documented examples are sparse. If pentamer formation were a cotransla-
tional phenomenon, mutant complexes would not interfere with wild-type pentamers,
as they would not enter the assembly pathway. Evolutionarily this could promote
speciation, allowing mutants to be maintained in a high-MOI environment, assisted by
helper viruses, until compensatory mutations arise.

Unique versus pleiotropic defects, which reduce flux through the assembly
pathway during multiple reactions. Several ts(F) mutants were rescued by exogenous
B gene expression (Table 1), which suggests a reduced affinity for the internal scaf-
folding protein. Thus, elevating the intracellular level of protein B may drive this
reaction forward. In contrast, the lack of rescue is more difficult to interpret. Increasing
B protein concentrations may not restore binding and/or the primary defect occurs
after coat-internal scaffolding protein contact.

The results of the physiological, genetic, and second-site genetic analyses suggest
that a specific defect cannot be easily assigned to the various mutant proteins. Many
mutants could be rescued via (i) independently elevating the level of more than one
coat-interacting protein, (ii) extragenic and/or intragenic suppressors, or (iii) a combi-
nation of the two mechanisms. The mutant assembly pathways discussed herein are
diagrammed in Fig. 5. ts(F)Y134Q is rescued by increased intracellular levels of the
internal scaffolding protein B, indicating that one defect may be inefficient internal
scaffolding protein binding. In addition, increased intracellular levels of the external
scaffolding protein D rescued this mutant. This implies that during the course of a
normal infection (no exogenous gene expression), the mutant protein can form 125*
particles. However, the concentration of these particles may be too low and/or they
have a reduced affinity for the external scaffolding D protein. The latter barrier can be
overcome by increasing the intracellular D protein concentration. Thus, the parental
mutation appeared to have pleiotropic effects, reducing the flux through the pathway
at a minimum of two points. Rescue via increased intracellular D protein concentrations
was considerably weaker than rescue by increased B protein concentrations. This is
consistent with the temporal steps of the assembly pathway. The number of assembly
intermediates that can be driven through morphogenesis will decrease with each
successive step. Similarly, ts(F)F67N was efficiently rescued by cloned B gene expression,
suggesting a B protein binding defect. It is also rescued, albeit more weakly, by the su-D
E148K mutation, which resides in the external scaffolding protein and likely affected the
procapsid elongation reaction.

Interpreting results was more complex for the su/ts(F) double mutants. However, for
strains with extragenic suppressors, the data suggest that flux through the assembly
pathway was affected at multiple steps. For example, ts(F)F135H was rescued neither by
exogenous internal scaffolding B gene expression nor by the extragenic suppressor
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FIG 5 Mutant assembly pathways. The assembly pathways diagram the various ways ts(F) mutants can
be rescued via (i) elevating wild-type internal scaffolding, external scaffolding, and major spike protein
levels, (i) extragenic suppressors, or (iii) a combination of the two mechanisms. Multiple copies of
internal scaffolding, external scaffolding, and major spike proteins represent elevated protein levels,
which were achieved by the exogenous expression of a cloned gene. The smaller size of the depicted
assembly 9S* and 12S* assembly intermediates represents a hypothesized concentration decrease within
the reduced flux model described in the text. The size of procapsid conveys the efficiency of rescue. Small
procapsids represent weak rescue as described in Table 3. Su-B and Su-D, second-site suppressors in the
internal B and external D scaffolding proteins, respectively.

located in the external scaffolding protein, suD-E148K. The external scaffolding protein
enters the assembly pathway after the formation of the pentameric 125* assembly
intermediate. In contrast, su-D E148K/ts(F)F135H was efficiently rescued by exogenous
B gene expression. Interpreted within the reduced flux model, the ts(F)F135H protein
does not efficiently bind the B protein, the first defect. If the reaction is driven forward
by increasing B protein concentration, the resulting 125 particle cannot participate in
productive assembly, the second defect, unless the external scaffolding protein con-
tains the su-D E148K suppressor.

Lastly, the su-B V114F suppressor, in some mutant backgrounds, conferred the ability
to be rescued by the exogenous expression of the major spike G gene. In these
instances, the parental mutations were efficiently rescued by cloned B gene expression
[ts(F)F67N, ts(F)Y134Q, and ts(F)Y134T] or rescued required both the su-B V1714F mutation
and cloned B gene expression [ts(F)F135H] (Table 3). Rescue by exogenous G gene
expression was considerably less robust than rescue by exogenous B gene expression.
Again, this is consistent with the temporal steps of the assembly pathway and a
reduced flux model. Coat protein pentamers interact with the internal scaffolding
protein before interacting with the G protein spikes.

Possible mechanisms of suppression. When the suppressing mutations are
mapped onto the atomic structure of the procapsid, some, but not all, provide
mechanistic insights (Fig. 6). The suppressor in protein B may strengthen and/or correct
defective internal scaffolding protein interactions. Coat-internal scaffolding contacts
are primarily mediated by aromatic amino acids (15, 16). The internal scaffolding
suppressor confers a V—F substitution at position 114. The orientation of this side chain
could position an aromatic ring to interact with the other rings, including B protein
residue F120 (Fig. 1C), thereby stabilizing the association.

The suppressors located in the coat protein confer changes in the large insertions
loops or in the terminal amino acids of the B-strands that compose the protein’s
B-barrel core (Fig. 6A). Most assembly suppressors that correct defects associated with
mutant and/or foreign internal scaffolding B, external scaffolding D, spike G and host
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Exterior view Interior view

FIG 6 Locations of the second-site suppressors. (A) The viral coat protein is depicted gray, the internal scaffolding protein
in orange, and the D4 external scaffolding protein unit in cyan. There are four D protein subunits per asymmetric unit. Only
a portion of the scaffolding proteins are depicted. The residues in which the suppressors reside are depicted in red. The
color of the numerical labels indicates the affected protein and the suppressor’s location in the primary structure. The side
chains of residues F67, Y134, and F135 in F protein and F120 in B protein are included to identify the core of the binding
cleft. (B) The 3-fold axis of symmetry. The blue, red, and purple colors identify the locations of the suppressors. Red
indicates suppressors identified in this study. Blue indicates suppressors of defective external scaffolding protein function
isolated in previous studies. Purple indicates those suppressors identified in this study that were identical and indepen-
dently isolated in previous studies.

cell rep helicase proteins also reside in these regions (15-18, 20, 39, 45, 46, 51-57). This
suggests that loop regions provide the requisite flexibility for conformational switches
and protein-protein interactions during assembly. Thus, once folded, the contribution
of the B-barrel core to morphogenesis is minimal.

Many of the suppressors of ts(F)F67W mutation are located in a large a-helix at the
3-fold axis of symmetry (Fig. 6B). The suppressing substitutions are very similar or
identical to previously characterized mutations that correct defective external scaffold-
ing function (17, 18, 45). This is consistent with the biochemical characterization of the
mutant assembly pathway. After nucleation, 12S* particles did not appear to be
incorporated during the procapsid elongation reaction (Fig. 4C and D). Indeed, one of
the second-site suppressors mapped to the external scaffolding D gene. The altered
amino acid also resides at the 3-fold axis.
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Although trends were apparent when the allele specificity of the suppressors was
examined, no strict correlations emerged. The allele specificity of the su-F H203R and
su-D E148K mutations illustrates this point. As defined by rescue via exogenous B gene
expression, the parental mutations genetically fell into two classes. In general, these
suppressors did not display any activity when combined with parental mutations
rescued by elevating B protein levels (Table 3). However, they rescued ts(F)F67N.
Biochemically, at least on a supefficial level, the parental mutants displayed two
phenotypes vis-a-vis the solubility of coat protein containing intermediates. Yet some
suppressors were active in both types of parental backgrounds. If parental mutations
confer pleiotropic defects during assembly, then they may be rescued by multiple
mechanisms. Alternatively, the suppressors may be pleiotropic, able to suppress several
types of defects, and/or some parental mutations may confer related defects that
cannot be discerned by standard assays. The elongation defect associated with
ts(F)F67W was the easiest to discern; the assembly products remain soluble. Other
mutations may also confer elongation defects but the resulting products are insoluble.
Thus, the suppressors could act by inhibiting defective off-pathway elongation reac-
tions, regardless of the solubility of the off-pathway product.

Pleiotropic mutations are quite common in viruses. However, they are usually
documented as tradeoffs, secondary phenotypes, or defects associated with suppress-
ing, adaptive, or resistance mutations that lower fitness when selective pressures are
removed (40, 58-60). Moreover, the molecular bases of the secondary defects are rarely
characterized. The mutations described herein appear to affect multiple steps within a
single pathway, thus affecting the overall morphogenetic flux. While this likely occur in
other viruses, the phenomenon may be more difficult to define without the extensive
biochemical and genetic tools available for the $X174 system.

MATERIALS AND METHODS

Phage plating, media, buffers, and stock preparation. Plating, media, buffers, and stock prepa-
ration have been described previously (51).

Bacterial strains and plasmids. The Escherichia coli C strains C122 and BAF30 (recA) have been
described previously (51, 61). RY7211 contains a mutation in the mraY gene, conferring resistance to
$X174-mediated lysis (62). The construction of the complementing plasmids for gene B (63), gene D (20),
and gene G (39) is reported in the literature. All three genes are induced by isopropyl B-o-1-
thiogalactopyranoside (IPTG). The rhamnose-induced complementing clone of gene F (64) was a gift
from D. Endy and P. Jaschke. To obtain a complementing clone of gene J, the J gene was amplified by
PCR with primers that introduce an upstream Ncol site and a downstream Hindlll site. After amplification,
the purified fragment was digested with Ncol and Hindlll and ligated into pSE420 (Invitrogen) digested
with the same enzymes. The gene is under IPTG induction.

ssDNA isolation and purification. Viral single-stranded DNA (ssDNA) was isolated by the OLT (Our
Little Trick) protocol. Twenty-five milliliters, or a multiple thereof, of lysis-resistant cells was grown to a
concentration of 1.0 X 108 cells/ml in TKY medium (1.0% tryptone, 0.5% KCl, 0.5% yeast extract). Medium
was supplemented with 10 mM MgCl, and 5.0 mM CaCl, at the time of infection. Cells were infected at
a multiplicity of infection (MOI) of 3. As ssDNA biosynthesis and packaging are concurrent processes (65),
infections must occur at a permissive temperature to ensure virion production and cells cannot contain
plasmid DNA. After a 3-h incubation at 37°C, 4-h incubation 33°C, or 6-h incubation at 24°C, cells were
concentrated by centrifugation. Each 25-ml volume is treated as one sample in a Wizard plus SV miniprep
kit (Promega) by following the manufacturer’s instructions but with one critical modification. The
incubation time with the alkaline protease is extended to 30 min. Typical ssSDNA yields are approximately
100 ng/ul. Copurification of replicative-form double-stranded DNA is negligible. However, the presence
of plasmid DNA considerably reduces ssDNA yield and purity.

Generation of mutations in the F67, Y134, and F135 codons of gene F. Amber mutants were
separately generated at the F67, Y134, and F135 codons by site-directed mutagenesis as previously
described (45). Two approaches were taken to generate missense mutants with temperature sensitive
(ts), cold-sensitive (cs), and silent phenotypes. In the first approach, amber revertants were directly
selected by plating on E. coli C122 (sup®). In the second approach, amber mutant DNA was mutagenized
with randomizing primers in PCRs with Q5 DNA polymerase (New England BiolLabs) as previously
described (66). For both protocols, wild-type cells (sup®) were used and progeny were recovered at a
variety of temperatures: 24°C, 33°C, and 42°C. The resulting plaques were then stabbed into indicator
lawns incubated at 24°C, 33°C, and 42°C and assigned preliminary phenotypes: cs, ts, or resembling the
wild type, i.e, no temperature restrictions. The isolation and the initial screening temperatures (24°C,
33°C, and 42°C) were chosen to span a broad range of growth conditions. These may differ from the
temperatures listed in Table 1, which were refined when phenotypes were further tested in plating
assays. To generate lethal mutants, wild-type DNA was mutagenized, as described above, using codon-
randomizing primers or primers designed to introduce codons for aspartic and glutamic acid (GAS/) or
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lysine and arginine (A%/,A). Mutagenized DNA was transfected into cells harboring a complementing F
clone at 37°C. Progeny were screened for complementation-dependent phenotypes by stabbing plaques
into indicator lawns seeded with the wild-type cells with and without the complementing F plasmid.

Isolation of second-site suppressors (su) and the construction of su/ts(F) mutants for the
cross-suppressor analysis. Second-site suppressors were selected by plating approximate 1.0 X 10°
particles on E. coli C122 at restrictive temperatures. DNA from revertant plaques was first sequenced in
gene F to distinguish between same-site and second-site events. The entire genomes of the su/ts(F)
strains were sequenced to verify the identity of the suppressing mutation and to ensure that it was both
necessary and sufficient to confer the suppressing phenotype. Suppressors were moved into ts(F)
backgrounds in which they were not isolated by Q5 DNA polymerase PCRs as previously described (66).
ts(F) mutant DNA served as the templates in these reactions, and the primers introduced the second-site
suppressors.

Rate zonal sedimentation and protein electrophoresis. The protocols for ssDNA, double-stranded
replicative form (RF) DNA isolation and purification, rate zonal sedimentation, and protein electropho-
resis protocols have been previously described (18, 52). To determine the relative ratio of viral proteins,
densitometry was performed on digitized gels using the ImageJ (NIH) program.

Propagation of mutants. Although it was possible to generate ts(F) mutant stocks with high enough
titers (>10"°) and low enough reversion frequencies (<10~4) by standard protocols (51) at permissive
temperatures, suitable stocks of the lethal mutants could not be generated by this technique, which
typically resulted in very low titers and/or very high reversion frequencies, ~10-2 to 10~'. Presumably,
high reversion frequencies arose from recombination with the F gene plasmid. To circumvent this
problem, lethal mutants were propagated by successive infections in lysis-resistant cells bearing the
complementing plasmid. To begin, small plaques were picked and resuspended in 100 ul of HFB buffer
(0.06 M NH,CI, 0.09 M NacCl, 0.1 M KCI, 0.1 M Tris-HCI [pH 7.4], 1.0 mM MgSO,, 1.0 mM CaCl,) and titers
were determined to ensure that the reversion frequency was below 10~4. Ten milliliters of plasmid-
containing cells was then grown to a concentration of 1 X 108 cells/ml in TKY medium. Ten minutes
before infection, medium was supplemented with 100 mM rhamnose, 10 mM MgCl,, and 5 mM CacCl,.
In the first round of infection, cells were typically infected at a multiplicity of infection of 10> and
incubated for 3 h at 37°C. Cells were concentrated by centrifugation, resuspended in 200 ul of HFB buffer,
and lysed overnight at 4°C by the addition of egg white lysozyme (1.0 mg/ml). The protocol was
repeated, typically two times at increasing MOI, until titers were over 10'° virions/ml, the concentration
required to characterize the assembly pathway in vivo. Reversion frequencies typically ranged between
1073 and 1072, a background level low enough for biochemical analyses but still too high for genetic
analyses.

SUPPLEMENTAL MATERIAL
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