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ABSTRACT

Although the $X174 H protein is monomeric during procapsid morphogenesis, 10 proteins oligomerize to form a DNA translo-
cating conduit (H-tube) for penetration. However, the timing and location of H-tube formation are unknown. The H-tube’s
highly repetitive primary and quaternary structures made it amenable to a genetic analysis using in-frame insertions and dele-
tions. Length-altered proteins were characterized for the ability to perform the protein’s three known functions: participation in
particle assembly, genome translocation, and stimulation of viral protein synthesis. Insertion mutants were viable. Theoreti-
cally, these proteins would produce an assembled tube exceeding the capsid’s internal diameter, suggesting that virions do not
contain a fully assembled tube. Lengthened proteins were also used to test the biological significance of the crystal structure. Par-
ticles containing H proteins of two different lengths were significantly less infectious than both parents, indicating an inability to
pilot DNA. Shortened H proteins were not fully functional. Although they could still stimulate viral protein synthesis, they ei-
ther were not incorporated into virions or, if incorporated, failed to pilot the genome. Mutant proteins that failed to incorporate
contained deletions within an 85-amino-acid segment, suggesting the existence of an incorporation domain. The revertants of
shortened H protein mutants fell into two classes. The first class duplicated sequences neighboring the deletion, restoring wild-
type length but not wild-type sequence. The second class suppressed an incorporation defect, allowing the use of the shortened
protein.

IMPORTANCE

The H-tube crystal structure represents the first high-resolution structure of a virally encoded DNA-translocating conduit. It has
similarities with other viral proteins through which DNA must travel, such as the a-helical barrel domains of P22 portal pro-
teins and T7 proteins that form tail tube extensions during infection. Thus, the H protein serves as a paradigm for the assembly
and function of long a-helical supramolecular structures and nanotubes. Highly repetitive in primary and quaternary structure,

they are amenable to structure-function analyses using in-frame insertions and deletions as presented herein.

acteriophages have evolved several mechanisms to transport

hydrophilic genomes through cell walls containing hydro-
phobic membranes and peptidoglycan. Myoviruses and podovi-
ruses carry tails that, respectively, utilize contractile sheaths (1)
and form extensions within the membrane (2). In contrast, sipho-
viruses, filamentous phage, and other tail-less viruses co-opt host
cell membrane channels for penetration (3-5). However, the tail-
less microvirus $X174 does not require a host-provided conduit
for genome transport. Instead, genome translocation is mediated
by 10 to 12 copies of the DNA-piloting protein H found inside the
virion (6-8).

The X-ray structure of H protein’s coiled-coil domain (8, 9)
shows 10 parallel proteins oligomerized into a tube (Fig. 1) The
tube is wide enough for passage of the single-stranded DNA
(ssDNA) genome and has been visualized spanning the cell
wall. It represents the first high-resolution structure of a virally
encoded DNA-translocating conduit, sharing structural simi-
larities with other viral proteins involved in DNA transport.
For example, the H structure is entirely a-helical, similar to the
a-helical barrel domain seen in the P22 portal protein (10, 11).
Furthermore, it shares sequence similarities with T7 DNA-pi-
loting proteins that form tail tube extensions during infection
(2, 8). Thus, H protein serves as a paradigm for the assembly
and function of long a-helical supramolecular structures and
nanotubes (12, 13).

Protein H likely assumes multiple conformations during the
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&X174 life cycle. For DNA translocation, 10 proteins form a 170-
A-long o-helical tube that is separated into two domains. The
N-terminal domain is composed of 3 11-amino-acid repeating
units (hendecads), whereas the C-terminal domain is composed
of 11 7-amino-acid units (heptads). Each repeating unit is directly
aligned with the equivalent units of neighboring H proteins. Al-
though an oligomer is required for DNA translocation, H proteins
are monomeric in early assembly intermediates (14, 15). Tubes
have not been visualized in procapsids or virions, but structure
determination assumed icosahedral symmetry. Therefore, the
timing and location of H-tube assembly have yet to be deter-
mined. The H-tube could exist as a fully assembled tube within the
capsid or a partially assembled core, or it ¢may only assemble
externally at the infection site. Lastly, H protein likely assumes a
third conformation, one required to stimulate viral protein syn-
thesis (16).

Received 17 May 2016 Accepted 16 June 2016
Accepted manuscript posted online 29 June 2016

Citation Roznowski AP, Fane BA. 2016. Structure-function analysis of the ¢pX174
DNA-piloting protein using length-altering mutations. J Virol 90:7956 -7966.
doi:10.1128/JV1.00914-16.

Editor: R. M. Sandri-Goldin, University of California, Irvine
Address correspondence to Bentley A. Fane, bfane@email.arizona.edu.
Copyright © 2016, American Society for Microbiology. All Rights Reserved.

September 2016 Volume 90 Number 17

A"YHEIT VNOZIHY 40 ALISHIAINN Ad 9102 ‘81 JequionoN uo /Bio wse IAl/:dny woly papeojumoq



A B
Wild-type primary structure
H Position
e
n and sequence Name
d —
N 151 QKELTKMQLDN Hendecad 1
¢ 162 QKEIAEMONET Hendecad 2
Z 173 QKEIAGIQSAT Hendecad 3
8 184 SRONTKDQVYA Transition
195 QNEMLAY Heptad 1
202 QQKESTA Heptad 2
H 209 RVASIME Heptad 3
€ 216 NTNLSKQ Heptad 4
p _ 223 QQVSEIM Heptad 5
t 230 RQMLTOQA Heptad 6
a 237 QTAGQYF Heptad 7
d 244 TNDQIKE Heptad 8
s 251 MTRKVSA Heptad 9
258 EVDLVHQ Heptad 10
265 QTQNQRY Heptad 11
C H+14 sequence:
Heptad 10 Inserted heptads Heptad 11
EVDLVHA NTARTHV ETDRSKQ QTONQRY
[ 1] |
IHY L
Suppressors of cs phenotype
D H+11 Sequence:
Inserted
Hendecad 1 Hendecad 2 Hendecad Hendecad 3

QKELTKMQLDN QKELAEMONET QKDLAEMONET QKDIAGIQSAT

E A11-1+11 sequence:

Duplicated hendecads Hendecad 3
QKETIAEMONET QKEIAEMONET QKEIAGIQSAT

FIG 1 H protein structure and sequence. (A) Crystal structure of the H pro-
tein coiled-coil domain (PDB code 4JPP). A single monomer is shown in cyan.
(B) Sequence of the H protein’s structured region. Hendecad and heptad start
positions, sequences, and numerical designations are listed. (C) Sequence and
position of the 14 inserted amino acids found in the H + 14 mutant. Mutant
residues are underlined. Arrows indicate mutated residues found in cs rever-
tants. (D) Sequence and position of the inserted hendecad found in the H + 11
mutant. (E) Sequence and position of the hendecad duplication found in the
A1I-1 revertant.

Taking advantage of the tube’s repetitive structure, we con-
ducted a genetic analysis: altering the protein’s length by the ad-
dition or deletion of heptad and hendecad motifs. These muta-
tions were used to determine whether larger H proteins could be
accommodated within the volumetrically constrained capsid or if
smaller H proteins could span the cell wall for DNA delivery.
Length-altered proteins were also assayed for function during the
intracellular stages of the $X174 life cycle: incorporation during
assembly and the ability to stimulate the synthesis of other viral
proteins.
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MATERIALS AND METHODS

Phage plating, media, buffers, and stock preparation. Plating, media,
buffers, and stock preparation have been previously described (17).

Bacterial strains, phage strains, and plasmids. The Escherichia coli C
strains C 122 (Su’), BAF5 (supE), and BAF30 (recA) have been previously
described (17, 18). RY7211 contains a mutation in the mraY gene, confer-
ring resistance to viral E protein-mediated lysis (19).

The $X174 H gene was cloned by PCR amplification. DNA between
nucleotides 2931 and 3917 in the published sequence (20) was amplified
with primers that introduced an Xbal site upstream of the gene’s start
codon and a downstream Xhol site. The PCR product was digested with
Xbal and Xhol and ligated into pSE420 DNA (Invitrogen) digested with
the same enzymes.

Cloned A1l H genes were constructed by first PCR amplifying the
gene’s 5’ region up to the hendecad to be deleted. The upstream primer
introduced an Xbal site as described above. The introduced downstream
restriction sites were Sacll for the A11-1 gene, Nael for the A11-2 gene,
and Spel for the A11-3 gene. The PCR product and pSE420 were digested
with the desired enzymes and ligated. The remaining 3" H gene codons
were then PCR amplified with primers introducing restriction sites at each
end of the product. The downstream primer introduced an Xhol site,
while the upstream primers introduced the matching restriction site
downstream of the 5" cloned fragment. The PCR products and the respec-
tive cloned 5" genes were digested and ligated.

Clones of all A7 and A14 H genes were constructed by directly mu-
tagenizing the cloned $X174 H gene. Primers were designed to flank the
heptad(s) to be deleted. The entire plasmid was then PCR amplified using
Q5 DNA polymerase (New England BioLabs [NEB]) and the requisite
primers. The PCR product’s 5" hydroxyl termini were phosphorylated
and ends ligated using T4 polynucleotide kinase and ligase (New England
BioLabs), respectively. The nucleotide sequence of all clones was verified
by a direct DNA sequencing analysis.

The H + 14 clone was generated by first PCR amplifying nucleotides
2931 to 3719 of the $X174 sequence, which includes the 5" region of gene
H up to the insertion site for the additional 14 codons. The upstream
primer introduced an Xbal site as described above. The downstream
primer introduced seven codons of the inserted sequence and a BmgBI
restriction site. The PCR product was digested with Xbal and BmgBI and
ligated into pSE420 digested with the same enzymes. $X174 nucleotides
3720 to 3917 were then PCR amplified. The upstream primer introduced
a BmgBI restriction site along with the remaining seven codons of the
inserted sequence. The downstream primer introduced an Xhol site. The
PCR product and the previously constructed clone were digested with
BmgBI and Xhol. The digestion products were ligated, resulting in the
cloned H + 14 gene.

$X174 H + 14 was generated via recombination-rescue with a non-
expressing H + 14 clone. A mutant containing an amber mutation at
codon E265 in gene H, the am(H)E265 mutant, was plated on cells con-
taining the plasmid at 37°C. Plaques that developed at a frequency higher
than the am™ reversion frequency were isolated. The H genes were se-
quenced to confirm the presence of the inserted codons.

To generate the X174 AlI-Iam and Al1-2am amber mutants, ssDNA
was first mutated by site-directed mutagenesis as previously described (21).
For the Al1-1am mutant, Eco53KI and EcoRYV restriction sites were, re-
spectively, introduced into gene H codons 154 and 165 and 166 along with
an amber mutation in codon 151. For the A11-2am mutant, Eco53KI and
EcoRYV restriction sites were, respectively, introduced in codons 164 and
165 and 175 and 176 with an amber mutation in codon 158. The mutated
DNA was transfected into cells expressing the wild-type H gene. The re-
sulting amber mutants were isolated and their replicative-form (RF) DNA
was purified as previously described (22), digested with the requisite en-
zymes, and religated. The ligation product was transfected into cells ex-
pressing the H gene of phage a3, and the resulting A11-Iam and Al1-2am
mutants were isolated and sequenced to verify the genotype.

The $pX174 A7-3, A7-10am, A11-3, A14-2&3, A14-3&4, A14-9&10,
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and AI4-10&I11am mutants were generated using the same method as
used to generate A7 and A14 H gene clones. Primers flanked the hendecad
or heptad(s) to be deleted and, if necessary, introduced amber codons.
The entire genome was then PCR amplified with Q5 DNA polymerase
(NEB) and the described primers. The product’s 5" hydroxyl termini were
phosphorylated and ends ligated using T4 polynucleotide kinase and li-
gase (NEB), respectively. The resulting viral genomes were transfected
into cells expressing the H gene of phage a3. Mutants were isolated as
described above and sequenced to verify their genotypes.

Generation of ssDNA and double-stranded RF DNA, rate zonal sed-
imentation, and protein electrophoresis. The protocols for ssDNA and
double-stranded RF DNA isolation and purification, rate zonal sedimen-
tation, and protein electrophoresis protocols have been previously de-
scribed (21-23).

Attachment, eclipse, and coat protein quantification. Attachment
and eclipse assays have been previously described (24, 25). Coat protein
quantification as a surrogate marker for genome piloting was performed
as follows. Phage were preattached to RY7211 cells infected at a multiplic-
ity of infection (MOI) of 1.0 in HFB buffer (17) at 15°C and incubated for
30 min. The infected cells were pelleted at 4°C and the supernatant was
removed. Infected cells were suspended in 1.0 ml of iced TKY medium
(1.0% tryptone, 0.5% KCI, 0.5% yeast extract) with 10 mM MgCl, and 5.0
mM CaCl,. The infected cells were added to 9.0 ml of TKY broth with 10
mM MgCl, and 5 mM CaCl, warmed to the experimental temperatures.
At the desired time points, 1.0-ml aliquots were pelleted and resuspended
in 0.1 ml of HFB buffer. Ten microliters of the concentrated sample was
diluted into 90 pl of BE buffer (17) containing 10 mg/ml of lysozyme.
Infected cells were allowed to lyse overnight at 4°C, and the titers of re-
leased virions were determined. The remainder of the concentrated sam-
ple was placed at —20°C immediately after collection. Thirty-microliter
volumes of the concentrated samples were run on SDS-PAGE gels as pre-
viously described (23). SDS-PAGE gels were stained with Coomassie bril-
liant blue and digitized with a LICOR scanner. Relative coat protein levels
were determined by densitometry analysis using Image] software (NIH).
Coat protein intensity was normalized to the intensity of a host protein
band indicated in Fig. 3.

RESULTS

Tube length can be increased beyond the internal diameter of
the capsid. Although the $X174 H-tube structure isa 170-A-long
decamer, H proteins are incorporated as monomers during as-
sembly (14, 15). Thus, it is unknown whether they exist within the
capsid as a fully formed tube, as a partially constructed core, or as
monomers ready to complete assembly at the infection site. The
related bacteriophage G4 encodes two extra heptad motifs within
its coiled-coil domain, yet the G4 capsid has the same internal
capsid diameter as X174, 172 A. The additional G4 heptads are
predicted to assume a helical structure (26) If the prediction is
correct, the additional heptads would lengthen the tube by ~18 A.
While this suggests that the tube is not fully assembled within the
mature virion, the internal diameter of the G4 capsid was derived
from a degraded procapsid, not a mature virion (26). To rigor-
ously test whether a fully assembled tube exists in the capsid, DNA
encoding the two additional G4 heptads was placed within the
$X174 H gene (H + 14). If a fully assembled tube is not encapsi-
dated, motif insertions should not inhibit tube assembly or ge-
nome piloting. In the structure, neighboring H proteins are bound
together via specific interhelical contacts between identical heptad
and hendecad motifs (Fig. 1A). If motif alignment is maintained,
additional units should not dramatically disrupt contacts or re-
duce tube integrity. Alternatively, if viability requires the internal
assembly of a complete tube, lengthened H proteins will result in
noninfectious particles.
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TABLE 1 Plating efficiencies of H + 14 and revertants

Plating efficiency” at:
Genotype of X174 24°C 33°C 42°C
Wild type 0.6 1.0 0.9
H+ 14 1x10°* 1.0 0.9
H+ 14 T3l 4%102 1.0 1.5
H + 14 R5H 0.3 1.0 0.6
H+ 14 H7Y 0.2 1.0 0.5
H+ 14RI2L 0.1 1.0 0.5

“ Plating efficiency is defined as assay titer/titer at 33°C.

b Revertant names reflect the amino acid substitution found within the inserted two
heptads. Thus, T3I indicates a T—1I substitution for amino acid 3 of the inserted
sequence (Fig. 1C).

The resulting H + 14 mutant was viable but exhibited a cold-
sensitive (cs) phenotype at 24°C. This defect was rescued by a
variety of point mutations within the inserted codons (Table 1;
Fig. 1C). To determine if the mutant virions were as infectious as
wild-type virions, permissively synthesized H + 14 particles as
well as a ¢s revertant (H + 14 RI2L) were purified by rate zonal
sedimentation and their specific infectivity (PFU/A,g,) was deter-
mined. As can be seen in Fig. 2A, both mutant viruses sediment
like the wild type: the A,g, peak coincides with the specific infec-
tivity peak at 114S. The protein composition was analyzed by SDS-
PAGE (Fig. 2C). Elongated proteins were observed in mutant par-
ticles at wild-type levels as determined by densitometry (data not
shown). The specific infectivity of the H + 14 mutant was reduced
compared to that of the wild type (Fig. 2B). However, reversion of
the c¢s phenotype (H + 14 RI2L) restored specific infectivity to
wild-type levels. The H + 14 R12L mutant’s wild-type phenotype
suggests that elongated proteins can be fully tolerated. Thus, it is
unlikely that virions contain a fully assembled H-tube. Similar
results were obtained with the H + 11 mutant, which contains a
duplication of a $X174 hendecad (Fig. 1D; see also below). Unlike
the aforementioned G4-derived heptads, this hendecad is known
to form a straight helix in the X-ray structure (8).

The $X174 H + 14 cs phenotype reflects a kinetic assembly
defect. H protein is involved in multiple aspects of the viral life
cycle, from host attachment to intracellular assembly. Previously
characterized mutants exhibited both attachment and assembly
defects (27, 28). Therefore, all aspects of the $X174 H + 14 life
cycle were analyzed. In both attachment and eclipse assays con-
ducted at 24°C, the mutant performed like the wild type (data not
shown). Thus, the kinetics of attachment and the initiation of
DNA transport (eclipse) did not appear to be affected.

Eclipse assays detect the loss of infectivity, which occurs at the
initiation of DNA piloting. However, they do not determine
whether DNA was transported into the cytoplasm. Mutations
could prevent tube assembly, stall DNA mid-transit, or lower tube
integrity but not affect eclipse kinetics. In a wild-type infection, a
portion of the (+) ssDNA genome enters the cytoplasm. Host
polymerases then complete genome translocation by synthesizing
the complementary (—) strand (29), a prerequisite to viral tran-
scription and translation. Thus, the kinetics of coat protein syn-
thesis can serve as a surrogate marker for genome piloting. Lysis-
resistant cells were infected at 24°C with wild-type $X174 or the
H + 14 or H + 14 RI2L mutant. At designated time points, ali-
quots were removed and whole-cell lysates analyzed by SDS-
PAGE (Fig. 3A). Coat protein band intensity was quantified rela-
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FIG 2 Assembled particles produced in cells infected with the wild type (black) and H + 14 (red), and H + 14 R12L (blue), and wild-type X H + 14 RI2L (green)
mutants. (A) A,g, profiles of infected-cell extracts analyzed by rate zonal sedimentation. Fraction 1 represents the gradient bottom. The fraction was the highest
specific infectivity is indicated with an arrow and marked 1148S. (B) Specific infectivity (PFU/A,,) of fractions. (C) SDS-PAGE analysis of 114S peaks. The white
space between lanes 3 and 4 indicates the removal of irrelevant bands from the gel.

tive to a host protein band (Fig. 3B). The appearance and
accumulation of coat protein in H + 14 mutant-infected cells
closely matched those in cells infected with the wild type, suggest-
ing that genome piloting is not dramatically affected at the restric-
tive temperature.

During the same experiment, the kinetics of virion production
were also monitored; at each time point, samples of infected cells were
chemically lysed, and titers of infectious particles were determined.
The kinetics of H + 14 progeny production were significantly re-
duced (Fig. 3C). Wild-type titers exceeded the input value at 100 min
postinfection, whereas H + 14 mutant titers did not reach that level
until 150 min postinfection. Slow assembly likely prevents H + 14
mutant plaque formation on lysis-sensitive cells. Lysis is pro-
grammed to occur during host division (30). Progeny must be pro-
duced prior to this event, which occurred at approximately 110 min
during these experiments. The R—L substitution in the H + 14 R12L
cs revertant partially alleviated this kinetic defect. However, kinetics
were not restored to wild-type levels (see Discussion).

The reduced infectivity of virions containing two species of
piloting protein further validate the X-ray structure. In the H-
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tube, monomers are bound together through a set of specific in-
terhelical contacts. As seen in other coiled-coil structures (31),
these contacts keep monomers parallel and in register, aligning
equivalent heptad and hendecad motifs. This arrangement likely
confers stability during tube assembly and/or DNA piloting. A
virion containing H proteins of differing lengths could not achieve
this arrangement and may not assemble into a functional tube.
Since H proteins are incorporated as monomers during assembly,
it is possible to assemble particles containing a heterogeneous
complement of H proteins. However, these particles should ex-
hibit reduced infectivity. To test this hypothesis, lysis-resistant
cells were coinfected with the wild type and the equally infectious
H + 14 RI2L mutant at 37°C. Particles were purified and assayed
for protein content and specific infectivity. As shown in Fig. 2C,
the wild-type and H + 14 R12L H proteins were found in particles
at approximately equal levels. The specific infectivity of the heter-
ogeneous particles was reduced compared to those of homoge-
neous wild-type and H + 14 RI12L populations (Fig. 2B). Similar
results were obtained for wild-type-infected cells expressing the
cloned H + 14 RI2L gene (data not shown).
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FIG 3 Characterization of the H + 14 mutant. (A) SDS-PAGE analysis of cells infected with either the wild type or the H + 14 or H + 14 RI2L mutant. (B)
Quantification of coat/host protein ratios seen in panel A. Black circles, wild type; white circles, H + 14 mutant; white squares, H + 14 R12L mutant. The host
protein used in this analysis is indicated in panel A. (C) Titers of progeny produced in cells infected with the wild type (black circles), H + 14 mutant (white

circles), or H + 14 R12L mutant (white squares).

Proteins with deleted hendecad and heptad motifs fail to
transport DNA or are not incorporated into virions. During ge-
nome piloting, the coiled-coil domain spans the periplasmic space
or a membrane adhesion zone (8, 32). A minimal length is likely
required to bridge this gap. Although characterizing the pheno-
types associated with length-shortened tubes could directly ad-
dress this question, internal deletions could also affect H protein
incorporation or oligomerization. To explore these possibilities,
nine cloned H genes with internal deletions were constructed. The
mutant genes lacked DNA encoding a single hendecad (A11), a
single heptad (A7), or two sequential heptads (A14). Cloned-gene
expression was assayed for the ability to complement an am(H)
mutant or inhibit wild-type plaque formation. Unlike the cloned
wild-type gene, the mutant genes were unable to complement
(Table 2). Although wild-type plating efficiency was not signifi-
cantly lowered, the expression of the A11-1 and A11-2 genes re-
duced wild-type plaque size. Expression of the remaining genes,
the A11-3,A7-3,A7-10, A14-2&3, A14-3&4, A14-9&10, and A14-
10&11 genes, did not affect wild-type plating efficiency or plaque
size.

To determine whether the AH proteins failed to function in
DNA transport or were not incorporated during assembly, lysis-
resistant cells expressing the deletion constructs were infected
with an am(H) mutant. The resulting particles were purified (Fig.
4A and B), and their protein composition (Fig. 4D and E) and
specific infectivity (Table 3) were determined. In this assay, spe-
cific infectivity is strictly defined as PFU/A,g,, regardless of the
genotype of the plaque-forming particle. For particles generated
in cells expressing the mutant H genes, plaques were formed by
am™ revertants. Thus, the actual specific infectivity of the mutant
particles is lower than the assay suggested.

The sedimentation profiles of the am(H) infections are de-
picted in Fig. 4A and B. Particles containing mutant H proteins or
lacking H protein are known to sediment at 110S and/or 70S (33).
Therefore, naturally occurring am™ revertants were used to esti-
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mate particle S values. When the am(H) mutant was comple-
mented by the cloned wild-type gene, particle infectivity and ab-
sorbance peaks aligned. In contrast, particles from infections with
uncomplemented mutants or from cells expressing the A7 and
A14 H genes migrated in two distinct peaks. The material in the
faster peak migrated slightly slower than 114S. As previously doc-
umented for particles that sediment at 110S (33), these particles
exhibited a reduced specific infectivity (Table 3) and lacked scaf-
folding proteins (Fig. 4D and E). The A,4,/A,g, ratios, used to
estimate DNA content, did not significantly differ from that of the
wild type (data not shown). The rightmost peak is likely composed

TABLE 2 Wild-type and am(H) mutant plating efficiencies in cells
expressing A7, Al1, or A14 H genes at 33°C

Plating efficiency” of: Wild-type plaque
am(H) Wild size reduction of

Expressed gene mutant” type >50%

None 6.0 X 107° 1.0 No

Wild-type H 1.0 1.1 No

A7-3 1.5x 1074 1.1 No

A7-10 1.6 X107 * 1.0 No

A14-2&3 1.6 x10°* 1.1 No

A14-3&4 1.8 x 1074 1.1 No

A14-9&10 1.7xX10°* 0.8 No

A14-10&11 19X 10°* 0.9 No

All-1 <4.0 X 10°°¢ 0.5 Yes

A11-2 2.0 X 107" 1.2 Yes

A11-3 2.0 X 107" 1.5 No

“ For the am(H) mutant, plating efficiency is defined as assay titer/titer on cells
expressing the wild-type H gene. For the wild type, it is defined as assay titer/titer on
cells with no cloned gene expression.

b The am(H)G7 mutant was used in the experiments with A7 and A14 H genes, whereas
the am(H)Q158 mutant was used in experiments with A11 genes. The two amber
mutants exhibited the same am™* reversion frequency.

¢ Plaques were compared to those formed on cells expressing the wild-type H gene.
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FIG 4 Characterization of the A7 and A14 proteins in am(H) mutant- or wild-type-infected cells. A5, absorbance profiles of extracts of cells infected with either
am(H) (A and B) or the wild type (C), analyzed by rate zonal sedimentation. Particles were assembled in cells expressing cloned wild-type H and various AH genes
as indicated. Fraction 1 represents the gradient bottom. The fraction with the highest specific infectivity is indicated with an arrow and marked 114S. (D)
SDS-PAGE analysis of particles produced in am(H) mutant-infected cells expressing cloned wild-type H (WT H), A7-3, A7-10, A14-2&3, A14-3&4, A14-9&10,
and A14-10&1 genes or nonexpressing cells (NE). (E) SDS-PAGE analysis comparing wild-type and am(H) particles synthesized in cells expressing the A7-10,

A14-9&10, or A14-10&11 gene.

of 70S particles. Noninfectious, they arise from aborted genome
packaging attempts or premature eclipse (33).

Although all infections of A7- and A14 gene-expressing cells
produced assembled particles (Fig. 4A and B), H protein content
varied depending on which heptad(s) was deleted (Fig. 4D). Only
the proteins lacking just the 10th or both the 10th and 11th hep-
tads appeared to be incorporated efficiently. However, the expres-
sion of these cloned genes did not affect wild-type plating effi-
ciency or plaque size, as would be expected if virions contained H
proteins of two different lengths. This suggests that the shortened
proteins cannot compete with the wild-type protein for incorpo-
ration. To test this hypothesis, cells expressing the cloned A7-10 or
A14-10&11 genes were infected with either wild-type or am(H)
$X174. Cells expressing the cloned A14-9&10 gene were used as a
control for an unincorporated protein. Expression of the cloned

September 2016 Volume 90 Number 17

Journal of Virology

genes did not appear to affect wild-type progeny sedimentation
(Fig. 4D): infectivity and A,g, peaks coincided, and specific infec-
tivity was not significantly reduced (Table 3). Particles were ana-
lyzed by SDS-PAGE (Fig. 4E). For each exogenously expressed AH
gene, the particles synthesized in cells infected with either the wild
type or the am(H) mutant were analyzed adjacent to each other.
The wild-type H protein migrates more slowly than the AH pro-
teins. While the A7-10 or A14-10&11 proteins are present in the
particles produced in the am(H) mutant infections, only the larger
wild-type protein is present in the particles isolated from wild-
type-infected cells.

A similar analysis was conducted with A1l proteins. am(H)
progeny produced in cells expressing A11 H genes were character-
ized as described above. The resulting particles were not infectious
and migrated slower than 114S (Fig. 5A and Table 3). H protein
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TABLE 3 Specific infectivities of 110S-114S particles produced in am(H)G7 and wild-type infections in cells expressing A7, A11, or A14 genes

Specific infectivity (PFU/A,4,)"

b

Virus Expressed gene Raw! Normalized* H proteins incorporated” Corresponding figure

am(H)G7 mutant None 2.0 X 10%° 2.0 X 1072 None 4A, B,and D
WTH 9.0 X 10" 1.0 Yes 4A, B, and D
A7-3 9.0 X 10° 1.0 X 1072 None 4Aand D
A7-10 4.0 X 10° 5.0 %1077 Yes 4B,D,and E
A14-2&3 7.0 X 10° 8.0x 1077 Trace 4A and D
A14-3&4 2.0 X 10" 2.0 X 1072 Trace 4Aand D
A14-9&10 2.0 X 10® 20X 107 No 4B, D, and E
A14-10&11 2.0 X 10® 20X 1074 Yes 4B, D, and E

Wild type None 2.0 X 102 1.0 WT 4Cand E
A7-3 9.0 X 10" 0.5 Only WT Data not shown
A7-10 2.0 X 102 0.8 Only WT 4Cand E
A14-2&3 1.0 X 10" 0.6 Only WT Data not shown
A14-3&4 2.0 X 102 1.1 Only WT Data not shown
A14-9&10 2.0 X 10" 1.2 Only WT 4Cand E
A14-10&11 1.0 X 10'? 0.8 Only WT

am(H)G7 WT H 4.0 X 10" 1.0 Yes 5A and C
Al1-1 2.0 X 10® 50x 10" Yes 5Aand C
Al11-2 2.0 X 108 50x10* Yes 5A and C
Al11-3 4.0 X 107 9.0 X107 No 5Aand C

Wild type None 4.0 X 10" 1.0 WT 5Band C
Al1-1 2.0 X 10" 7.0 X 1072 Both proteins 5Band C
Al1-2 2.0 X 10" 40X 1072 Both proteins 5Band C
Al11-3 4.0 X 10" 1.1 Only WT 5Band C

“ In these assays specific infectivity is strictly defined as PFU/A,, regardless of the genotype of the plaque-forming particle (see the text for details).

b Raw data are PFU/A .

¢ For experiments conducted with am(H)G?7, data are normalized to the specific infectivity of particles generated in cells expressing the wild-type H gene. For experiments
conducted with wild-type $bX174, data are normalized to the specific infectivity of particles generated in cells without mutant cloned-gene expression.

“ For experiments conducted with the am(H)G7 mutant, “Yes” indicates that mutant H protein was found at levels comparable to the particles generated in cells expressing the
wild-type H gene, “No” indicates that H protein levels were below the sensitivity required for detection, and “Trace” indicates that a faint amount of protein could be detected by

SDS-PAGE.

content varied depending on which hendecad motif was deleted.
As can be seen in Fig. 5C, A11-1 and A11-2 proteins were incor-
porated into particles, whereas A11-3 proteins were not. As pre-
viously described, A11-1 and A11-2 gene expression reduced
wild-type plaque size. To investigate this dominant negative effect,
cells expressing A1l constructs were infected with the wild-type
virus (Fig. 5B). Particles synthesized in A11-1 and A11-2 gene-
expressing cells exhibited a reduced infectivity compared to those
assembled in A11-3 gene-expressing or -nonexpressing cells (Ta-
ble 3). The A11-1 and A11-2 proteins were incorporated at ap-
proximately equal levels alongside the wild-type protein (Fig. 5C).
Incorporation of the A11-1 and A11-2 proteins likely reduced
both infectivity and plaque size.

Irrespective of functional piloting and incorporation, all
mutant proteins retain some level of function. In addition to the
aforementioned functions, de novo H protein synthesis is required
for the efficient production of other viral proteins (16). To deter-
mineifthe A7, A11,and A14 H proteins retained the last function,
lysis-resistant cells expressing the AH gene constructs were in-
fected with an am(H) mutant. The resulting whole-cell lysates
were examined by SDS-PAGE 3 h postinfection. Without comple-
mentation, the amount of viral coat protein seen in lysates of cells
infected with the am(H) mutant is greatly diminished (Fig. 6, top,
rightmost lane). Complementation with the wild type or any of
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the AH genes restored coat protein levels to that observed in in-
fections with the wild type. This result demonstrates that once in
the cell, this additional function occurs independently of the pro-
tein’s ability to be incorporated into particles.

Reversion analysis of AH mutants. To determine if the virus
could adapt and utilize the AH proteins, a reversion analysis was
conducted. For this analysis, the AH genes were constructed di-
rectly within the $X174 genome instead of being expressed from a
plasmid. This allows selective pressure to be applied to all viral
genes. The resulting strains displayed a complementation-depen-
dent phenotype, growing only in cells expressing a cloned wild-
type gene (Table 4). A cloned H gene from the related a3 bacte-
riophage also complemented. Based on sequence similarities, the
overall architecture and length of the a3 and $X174 coiled-coil
domains are identical. To avoid recovering wild-type recombi-
nants when selecting for second-site revertants, AH mutants were
propagated in cells expressing the a3 H gene before the selection.
Although the A7-10, A11-1, A11-2, and A14-10¢11 mutants were
recovered, they could not be propagated in cells synthesizing the
a3 H protein, likely because the proteins could outcompete a3 H
for incorporation. To alleviate this problem, an amber mutation
was placed at a glutamine codon immediately upstream of the
deleted hendecad or heptad(s), resulting in the A7-10am, Al1-
lam, Al1-2am, and A14-10&11am mutants. Although this pre-
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FIG 5 Characterization of the A11 proteins in cells infected with the am(H)
mutant or the wild type. A, profiles of extracts of cells infected with either the
am(H) mutant (A) or the wild type (B) were analyzed by rate zonal sedimen-
tation. Particles were assembled in cells expressing cloned wild-type H and
various AH genes as indicated. (C) SDS-PAGE analysis comparing wild-type
(WT) and am(H) particles synthesized in cells expressing the A11-1, A11-2, or
A11-3 H gene. The white space between lanes 2 and 3 indicates the removal of
irrelevant bands from the gel.

vented the synthesis of the AH proteins during viral propagation,
AH-utilizing mutants could still be isolated on supE cells. The
supE informational suppressor inserts glutamine at amber codons
during translation.

Revertants were selected for the loss of the complementation-
dependent phenotype. Only two types of revertants were isolated,
one each from the All-Iam and A7-3 mutants. In the Al1-Iam
revertant, the hendecad immediately following the deletion was
duplicated. Thus, the revertant (AII-1am + 11) possessed a wild-
type number of hendecads but not a wild-type sequence. This
mutant was independently isolated from two stocks; in each in-
stance, it appeared at a frequency of 10~°. Amber reversion re-
sulted in the A11-1 + 11 strain (Fig. 1E), which displayed a wild-
type plating phenotype and specific infectivity (data not shown).

Expressed gene: WTH All-1 Al1-2

$X174 DNA-Piloting Protein Length-Altering Mutations

In addition, a more complex reversion event occurred during
strain construction. The resulting H + 11 mutant contained four
hendecads (Fig. 1D). Its phenotype and specific infectivity were
similar to those of the wild type. In coinfections, both the wild-
type and H + 11 proteins were incorporated into particles. These
particles also exhibited a reduced specific infectivity, 4.7 X 10"
PFU/A, g, compared to 1.7 X 10" PFU/A,q,and 9.7 X 10'! PFU/
A,g for the wild-type and H + 11 parents, respectively.

The A7-3 revertant contained a true deletion utilizer. It was
isolated from two independently grown stocks at a frequency of
10 % (Table 4). A single point mutation in gene H, causinga G—V
substitution at amino acid 80, restored plaque formation. Al-
though utilizers of the other AH proteins were not found above a
frequency of 10~?, recombination rescue experiments were per-
formed to determine if the G80V mutation was active in other
backgrounds. Two plasmids containing only a portion of the H
gene were used in these experiments. One plasmid contained the
G80V mutation, while the other contained only wild-type se-
quence. As these plasmids contain only the first 149 codons of the
complete 328 codon gene, AH or am(H) mutant plaque formation
requires recombination with the plasmid. These results are pre-
sented in Table 4. A mutant with an amber mutation at codon 26,
the am(H)Q26 mutant, served as a positive control. In the absence
of a complementing clone, it exhibited a reversion frequency of
4 X 10~° However, in the presence of the wild-type or G80V H
gene fragments, plating efficiency rose to 107> and 9.0 X 10~%
respectively. The higher plating efficiency on noncomplementing
cells resulted from recombination rescue. The A7-3 revertant pro-
duced viable recombinants in cells containing the G80V gene H
fragment at a frequency of 3 X 10, No viable recombinants were
obtained in cells containing the wild-type gene H fragment (fre-
quency < 5.0 X 10~7). The plating efficiencies of the remaining
mutants—the A7-10am, All-lam, Al1-2am, Al11-3, A14-2&3,
A14-3&4, A14-9&10, and A14-10&11am mutants—were several
orders of magnitude lower than the positive control, indicating
that the G80V mutation is not active in these backgrounds.

DISCUSSION

Fully assembled tubes are unlikely to exist in the capsid. The
inner diameter of the X174 capsid is 172 A, whereas the H-tube
is 170 A in length. The similar dimensions suggest that the assem-
bled tube is not stored in the capsid. To test this hypothesis, tubes
were theoretically lengthened by inserting either one hendecad or
two heptad motifs, increasing the tube length by 16 or 18 A, re-
spectively. However, the X-ray structures of the length-altered
proteins were not determined.

The H + 14 mutant displayed a cs phenotype and a reduced
specific infectivity, approximately one-half the wild-type value. At

Al11-3 No plasmid

Infecting virus: UI

WT am(H) Ul WT am(H) Ul WT am(H) ULl WT am(H) Ul WT am(H)

Coat protein

L e e —— !.-_ £ ot e

Expressed gene:

Infecting virus: UI

A14-2&3 A7-3 Al14-3&4 A14-9&10 A7-10 A14-10&11
WT am(H) Ul WT am@®H) Ul WT am(H) Ul WT am(H) Ul WT am(H) Ul WT am(H)
L. — — L —— . — — — e —

FIG 6 Viral protein levels in am(H) mutant-infected cells with and without AH gene expression. Viral coat protein levels in uninfected (UT), wild-type-infected

(WT), and am(H) mutant-infected cells expressing the AH gene constructs.
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TABLE 4 Plating efficiency and recombination rescue of A7, A11, and A14 mutant phage

Plating efficiency and recombination rescue”

Expressed cloned gene

Unexpressed clone of codons 1-149

Mutant None Wild-type H Without G80V With G80V
am(H)Q26 40X 10°° 1.0 1.0 x 1073 9.0 x 10~*
All-lam® 1.0X107° 1.0 <3X10°° <3x10°°
All-2am <3.0%x107° 1.0 <5X 1077 <5x 1077
All1-3 <2.0X107? 1.0 <1.0 X10~° <1.0X10°°
A7-3 1.0X10°8 1.0 <5.0X%X 1077 3.0x 107
A7-10 am <8.0X107° 1.0 <1.0X10°° <1.0X10°°
A14-2&3 <8.0X 101 1.0 <8.0X 10°° <8.0X10°°
A14-3&4 <3.0X10°'° 1.0 <2.0%X 1077 <2.0X%X1077
A14-9&10 <6.0 X 107 1° 1.0 <3.0X 1077 <3.0X%X1077
Al14-10&11am <1x107? 1.0 <1X10°° <1X10°°

7 Plating efficiency is defined as assay titer/titer on cells expressing the wild-type H gene. Bold text indicates recombination rescue.
b Plating efficiencies of deletion mutants containing amber mutations were calculated with titers obtained on supE cells containing the specified clone.

the restrictive temperature, attachment, eclipse, and DNA piloting
appeared to be unaffected; however, mutant particles assembled
more slowly than the wild-type control. The underlying molecular
defect remains to be determined. The mutant H protein could be
incorporated into pentameric assembly intermediates more
slowly than the wild-type protein, or the resulting intermediates
may be less efficiently organized into procapsids. Nonetheless, a
single substitution within the inserted sequence (H + 14 RI2L)
suppressed the assembly defect and restored specific infectivity to
the wild-type level. The nearly wild-type phenotype of the H + 14
RI2L, as well as the wild-type phenotype of the H + 11 mutant,
demonstrates that the virus can tolerate these insertions. This re-
sult, along with the absence of an external tail-like structure,
strongly suggests that the H-tube is not fully assembled in the
capsid. The proteins may remain monomeric or could associate
into a semiassembled, core-like structure. A core could be located
in the virion’s center or situated under a single 5-fold axis of
symmetry, creating a unique vertex. Further structural studies
are necessary to investigate these possibilities. Previous X-ray
structures or electron microscopy (EM) reconstructions could
not determine the location of H proteins due to the imposition
of icosahedral averaging and/or noise created by the packaged
DNA (8, 34, 35).

Defective particles containing functional H proteins of dif-
fering lengths support the biological significance of the X-ray
structure. In the H-tube structure, equivalent heptad and hen-
decad motifs are aligned via specific interhelical contacts. This
arrangement likely keeps the parallel a-helices in register, possibly
guiding tube assembly and ensuring stability during genome pi-
loting. If functional H proteins of differing lengths were packaged
into the same particle, the length mismatch would place a-helices
out of register and likely prevent proper tube assembly. To test the
biological significance of this arrangement, cells were coinfected
with wild-type and the equally infectious H + 14 R—Lor H + 11
mutants. The two H proteins were found at equal levels in the
resulting 1148 particle population, but a significant portion of the
population was defective. The incorporation of both H protein
species likely explains the loss of specific infectivity. This reduc-
tion was not complete; approximately 10% of particles were still
infectious. Virions can carry 12 H proteins. However, only 10
compose an H-tube. Although some virions may contain 10 iden-
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tical H proteins, the probability of this randomly occurring is far
lower than 10% if each species of H protein is incorporated with
equal efficiency. Indeed, the elongated and wild-type H proteins
appear to be present in the progeny population at roughly equal
levels. This suggests that a functional tube can be constructed with
some heterogeneous protein combinations or that there is a cis-
acting mechanism that partially governs assembly: i.e., virions are
preferentially assembled from proteins translated from the same
message. Similar results were obtained with the A11-1 and A11-2
deletion proteins that could effectively compete with the wild-type
protein.

Deletions of hendecad and heptad motifs result in H protein
incorporation defects and/or infectivity loss. The AH proteins
can be divided into two groups: those that were incorporated into
virions and those that were not. H proteins containing deletions
within an 85-amino-acid segment, spanning the third hendecad to
the ninth heptad, were not efficiently incorporated into particles
(Fig. 4D). This region either contains an incorporation domain or
is essential for its proper folding. However, a single amino acid
substitution, G80V, in cis with the A7-3 mutation resulted in via-
ble virions. This suppressor is allele specific, rescuing only the
A7-3 mutant. This mutation resides 128 residues away from the
deletion, possibly indicating that multiple regions affect incorpo-
ration. Alternatively, the G80V substitution may suppress com-
peting off-pathway reactions favored by the A7-3 H protein. The
other deletions may more efficiently promote these competing
reactions, requiring multiple or stronger suppressors. Alterna-
tively, the G80V substitution could rescue the incorporation of
these proteins, but unlike A7-3 protein, they may be unable to
form functional tubes. Our assays were based on the formation
of viable progeny; thus, they do not distinguish between these
models.

Proteins with deletions of the first two hendecads or the last
two heptads were incorporated. However, these particles were un-
infectious, indicating a defect in tube formation or genome pilot-
ing. These proteins differed in the ability to compete with the
wild-type H protein. When the wild type was allowed to assemble
in the presence of A11-1 and A11-2 proteins, the two species were
incorporated at approximately equal levels. As before, the result-
ing hybrid particles exhibited reduced infectivity. In contrast, only
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the wild-type H protein was found in particles synthesized in the
presence of the A7-10 and A14-10&11 proteins.

Tube length requirements and its evolution. A minimum
tube length is likely required to span the cell wall. Compared to the
wild-type structure, deletions of two heptads, one hendecad, or a
single heptad would, respectively, shorten the 170-A tube by ap-
proximately 18 &, 16 A, or 9 A. The G80V mutation permitted
A7-3 mutant protein incorporation into viable progeny, which
reduces the minimum tube length to 161 A. The assays used in
these studies measure viability: AH proteins that fail to properly
oligomerize cannot be distinguished from those too short to span
the cell wall. Thus, the minimal tube length imposed by the host
has not been precisely determined. The tube length required for
infectivity could change throughout the course of evolution. If the
cell wall became thicker, the virus would need to adapt by dupli-
cating DNA encoding repeating motifs. Indeed, duplication
events occurred during our studies: the A11-1 mutant duplicated
aneighboring hendecad, restoring the protein to wild-type length.

Multiple functions likely require multiple structures. H pro-
tein must adopt at least two conformations during the viral life
cycle. It is incorporated as a monomer during procapsid assembly
and then oligomerizes into a tube during infection. As discussed
above, both conformations can be perturbed by deleting a hen-
decad or heptad. It was previously demonstrated that efficient
viral coat protein production requires de novo H protein synthesis
(16), indicating that H plays another intracellular role in the viral
life cycle independent of assembly. Thus, it is likely that H has a
third conformation. Regardless of the incorporation and tube as-
sembly defects, exogenous expression of each AH construct re-
stored am(H) coat protein synthesis to wild-type levels, indicating
that its ability to perform this third function has remained intact.
The region(s) of the protein associated with this function has yet
to be determined.
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