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The øX174 DNA pilot protein H forms an oligomeric DNA-translocating tube during penetration. However, monomers are in-
corporated into 12 pentameric assembly intermediates, which become the capsid’s icosahedral vertices. The protein’s N termi-
nus, a predicted transmembrane helix, is not represented in the crystal structure. To investigate its functions, a series of absolute
and conditional lethal mutations were generated. The absolute lethal proteins, a deletion and a triple substitution, were effi-
ciently incorporated into virus-like particles lacking infectivity. The conditional lethal mutants, bearing cold-sensitive (cs) and
temperature-sensitive (ts) point mutations, were more amenable to further analyses. Viable particles containing the mutant pro-
tein can be generated at the permissive temperature and subsequently analyzed at the restrictive temperature. The characterized
cs defect directly affected host cell attachment. In contrast, ts defects were manifested during morphogenesis. Particles synthe-
sized at permissive temperature were indistinguishable from wild-type particles in their ability to recognize host cells and deliver
DNA. One mutation conferred an atypical ts synthesis phenotype. Although the mutant protein was efficiently incorporated into
virus-like particles at elevated temperature, the progeny appeared to be kinetically trapped in a temperature-independent, unin-
fectious state. Thus, substitutions in the N terminus can lead to H protein misincorporation, albeit at wild-type levels, and sub-
sequently affect particle function. All mutants exhibited recessive phenotypes, i.e., rescued by the presence of the wild-type H
protein. Thus, mixed H protein oligomers are functional during DNA delivery. Recessive and dominant phenotypes may tempo-
rally approximate H protein functions, occurring before or after oligomerization has gone to completion.

Prokaryotic viruses must transport their genomes across bacte-
rial cell walls to gain access to the host cell cytoplasm. Many

double-stranded DNA (dsDNA) bacteriophages utilize a tail to
perform this function, whereas tailless phages generally rely on
host-encoded channels or organelles, e.g., plasmid-encoded re-
ceptor complexes or pili (1–4). The øX174 capsid displays strict
icosahedral symmetry (5); however, 10 H proteins form a 170-Å-
long �-helical barrel (H-tube) with dimensions and physical
properties ideal for genome translocation (6). Although the X-ray
model is an oligomeric tube, the H proteins are stowed as mono-
mers during procapsid assembly, a reaction that has been recon-
stituted in vitro (7). Upon cell contact, H proteins interact and a
fully formed tube emerges from the capsid. After DNA delivery,
the conduit appears to dissociate within the cell wall (6). Thus, the
newly discovered øX174 phage tail is very ephemeral. The struc-
ture of the first 145 and last 50 amino acids are not represented in
the crystal structure. Presumably, regions of the protein will need
to traverse membranes, and protein H is known to interact with
host cell lipopolysaccharide (LPS) (8, 9).

Previous biochemical and genetic analyses have focused on the
�-helical barrel (10, 11), which resides in the C terminus. The
overexpression of the modified gene encoding this region inhibits
øX174 penetration. Presumably, the truncated H proteins inter-
fere with the DNA-piloting function of the wild-type proteins
within the infecting virion. Both ends of the H protein contain
potential transmembrane domains, which could anchor the as-
sembled structure into the inner and outer cell membranes. In this
model, the tubes could span the periplasmic space or cell wall
adhesion sites to transport the viral genome into the host’s cyto-
plasm. The helical transmembrane prediction for the first 18 to 20
N-terminal amino acids is particularly strong (12). To elucidate
the functions of the N terminus, a series of deletion and missense
mutations were generated and the resulting mutants were charac-

terized. All mutant proteins were assembled into virus-like parti-
cles at seemingly wild-type levels. While some defects directly af-
fected host cell recognition, others appeared to kinetically trap
particles during assembly or in a fully assembled noninfectious
conformation. Thus, protein H can be misincorporated, albeit at
wild-type levels, in conformations affecting other functions.

MATERIALS AND METHODS
Phage plating, media, buffers, stock preparation, attachment assays,
eclipse assays, infected cell extracts, rate zonal sedimentation analyses,
and SDS-PAGE. Media, buffers, plating and liquid culture stock prepara-
tions (13), and protocols for attachments and eclipse assays (14) have
been previously described. The protocols for generating infected cell ex-
tracts, rate zonal sedimentation analyses, and SDS-PAGE are identical to
those described in a previous publication (15). To isolate particles from
multistep growth infections, 2 liters of early exponential cells were in-
fected at a multiplicity of infection (MOI) of 10�4 input phage/cell at
37°C. After lysis, assembled capsids (virions, degraded procapsids, prod-
ucts assembled off pathways) are removed by incubating lysates at 4°C for
12 h. Assembled capsids, regardless of infectivity and DNA content, attach
to cellular debris (13), which is concentrated by centrifugation. To elute
particles from membranes, pellets were resuspended in 8.0 ml 50 mM
Na2B407–3.0 mM EDTA and shaken for 18 h at 4°C. Cellular debris was
removed by centrifugation, and the supernatant was placed atop CsCl step
gradients as previously described (13). Material with a density between
1.45 and 1.35 g/cm3, which would contain both virions and empty cap-
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sids, is concentrated and analyzed by rate zonal sucrose gradient sedimen-
tation.

Bacterial strains and plasmids. The Escherichia coli C strains C122,
BAF5 (supE), BAF8 (supF), and BAF30 and the plasmid used to express
the wild-type H gene (pøXH) have been described previously (10, 13). The
C900 strain contains the host slyD mutation, which confers resistance to E
protein-mediated lysis (16).

The clone containing the three A or I¡D substitutions at residues 6A,
9I, and 12A within the putative transmembrane domain was generated as
previously described (10), with the exception that a mutagenic 5= primer
was used to amplify the gene by PCR. This primer also introduces an NcoI
site, which contains an ATG start codon. The resulting fragment was
digested with NcoI and XhoI, the site introduced by the 3= primer, and
ligated into pSE420 digested with the same enzymes. The DNA lacking the
first 18 codons was generated in an identical manner with the exception
that the 5= primer introduced an NcoI site spanning codons 17 to 19.

øX174 mutants and second-site reversion analyses. All am(H) mu-
tants were generated by site-directed mutagenesis following previously
published protocols (13, 17). All in vitro DNA synthesis reaction products
were transfected into a host expressing a cloned wild-type H gene. Phages
from the resulting plaques were screened by stabbing them into lawns
seeded with C122 and BAF30 pøXH. Putative amber mutants were iden-
tified by a complementation-dependent phenotype. Second-site rever-
tants were obtained by plating am(H) mutants on restrictive Su� hosts.
Phages from the resulting plaques were stabbed into lawns seeded with
Su� and Su� hosts. Second-site revertants were distinguished from am�

revertants by the retention of the amber phenotype and confirmed by a
direct DNA sequence analysis.

The missense ts(H)G3Q and cs(H)G24Q mutants and the H-charged
mutant, which contains D codons in place of alanine codons 6 and 12 and
isoleucine codon 9, were generated by site-directed mutagenesis. Phage
from the resulting plaques were screened by stabbing them into lawns
seeded with C122 incubated 28°C, 37°C, and 42°C and with BAF30 pøXH
incubated at 33°C. Putative mutants were identified by temperature-re-
stricted growth or a complementation-dependent phenotype. Only one
defective phenotype was recovered per mutagenesis, cold sensitive (cs) or
temperature sensitive (ts). The sp(H)G24Y mutant was recovered by re-
verting the am phenotype at 33°C and screening for small-plaque pheno-
types.

Multiple rounds of site-directed mutagenesis were conducted to gen-
erate the deletion mutation directly in the viral genome. In the first round
of mutagenesis, an NcoI site at the 3= end of the deletion was introduced
along with an amber mutation, which served as the marker for the screen.
Afterwards, the amber mutation was reverted. This genome then served as
the template for the second round of mutagenesis, which introduced an
NcoI at the 5= end of the deletion. Again, an amber mutation, which
resided between the two NcoI sites, was introduced for screening the
mutagenized progeny. After reverting the amber mutation, replicative-
form DNA was generated as previously described (18). The DNA was
digested with NcoI, ligated, and transfected in cells expressing a cloned
wild-type H gene. Mutants were identified by a complementation-depen-
dent phenotype and verified by a direct sequence analysis.

RESULTS
Deletion and disruption of the putative transmembrane helix
result in the production of noninfectious virus-like particles. To
investigate the requirement of the putative transmembrane do-
main during infection, two altered genes were cloned. The result-
ing protein sequences are given in Fig. 1. One protein contains a
deletion of the first 18 amino acids (�18), whereas the second
protein contains three A or I¡D substitutions at residues 6A, 9I,
and 12A (H-charged). A typical �-helix contains seven residues
per two helical turns. Thus, the placement of aspartic acid residues
at positions 1, 4, and 7 within a heptad sequence is likely to create
steric hindrances as well as alter the charge. Bioinformatic predic-

tions (12) supported these assertions. Expression of the cloned
genes was assayed for the ability to complement a øX174 am(H)
mutant. The genes neither complemented the amber mutant nor
inhibited wild-type plaque formation, suggesting a recessive lethal
phenotype. Thus, the mutations were engineered directly into the
øX174 genome. Mutants were recovered in cells expressing a wild-
type H gene, which was essential for plaque formation at all as-
sayed temperatures (28 to 42°C).

To determine the molecular nature of the recessive lethal phe-
notype, extracts were prepared from mutant infected cells and
analyzed for the presence of virus-like particles. As can be seen in
Fig. 2A, material sedimenting at 114S was readily detected in all
extracts. The protein composition was investigated by SDS-PAGE
(Fig. 2C). Gels were silver stained to enhance the H protein band.
The mutant proteins were readily detected in virus-like particles
isolated from �18 and H-charged infected cells at levels compara-
ble to those of the wild-type control. The specific infectivity (PFU/
A280) of the mutant particles was calculated (Table 1). Mutant
particles exhibited a specific infectivity approximately 2 orders of
magnitude below that of the wild-type control. Wild-type rever-
tants constitute the background signal in these specific infectivity
assays and serve as a valuable internal S value marker. However,
specific infectivity is strictly defined as PFU/A280, regardless of the
genotype of the plaque-forming particle. Thus, the actual specific
infectivity of the mutant particles is most likely lower than the
assay suggests.

Initial characterization of nonsense and missense mutations
in the 5= end of the H gene. Unlike nonviable deletion mutants,
missense mutants with conditional lethal phenotypes can be more
amenable to further analyses. Viable particles containing the mu-
tant protein can be generated at the permissive temperature and
subsequently analyzed at the restrictive temperature. To isolate a
suitable set of conditional lethal mutants, amber mutations were
first generated in glycine codons 3, 7, 8, 15, 16, 23, and 24. Mutants
were screened for growth defects on informational suppressing
strains (Su�) that insert either glutamine or tyrosine. For those
amber mutants that displayed a tight lethal or conditional lethal
phenotype on a Su� host, the amber codons were replaced with
either tyrosine or glutamine codons. The missense mutants used
in further studies are listed in Table 2.

FIG 1 N-terminal amino acid sequences of the wild-type and H protein
mutants.
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To characterize the missense strains, mutants were grown in
the absence of the exogenously expressed, wild-type H gene. Thus,
mutant particles contain only the missense protein. The exoge-
nous expression of a wild-type H gene rescued the temperature-
sensitive (ts) phenotype of the ts(H)G3Q and ts(H)G8Y mutants
on the level of plaque formation. Both plates and cells were pre-
warmed to the restrictive temperature, 42°C. As the particles in the
plaque assay initially contain only the mutant H proteins, rescue at
elevated temperatures indicates that mutant genomes were able to
penetrate cells and that the temperature-sensitive defect most
likely affects an aspect of protein folding and/or particle morpho-
genesis. This hypothesis was tested by examining particles synthe-
sized at 42°C.

A temperature-sensitive missense mutation that kinetically
traps particles in a noninfectious conformation. Extracts were
prepared from lysis-resistant cells infected with the wild type or
the ts(H)G3Q mutant at 33°C and 42°C. After the removal of
cellular debris, the soluble extracts were analyzed by rate zonal
sedimentation. As can be seen in Fig. 2B, particles sedimenting at
114S, the S value of the mature virion, were recovered from all
infections. Mutant particle yields were roughly equivalent to wild-
type yields, suggesting no gross changes in assembled particle sol-
ubility. The specific infectivity (PFU/A280) was determined. For
these experiments, the titers of virions were determined at the
permissive temperature. When synthesized at 33°C, the specific
infectivity of the ts(H)G3Q 114S material was comparable to that

FIG 2 Particle isolation and H protein content of wild-type, �18, H-charged,
and ts(H)G3Q infections. Gradients were fractionated from the bottom of the
tube. Thus, S value decreases with higher fraction numbers. Particles, regard-
less of infectivity, were detected by UV spectroscopy. (A) Wild-type (black)
particles and H-charged (blue) and �18 (red) mutants. (B) Wild type (black)
and ts(H)G3Q (magenta) synthesized at 33°C (open circles) and 42°C (filled
circles). (C) Silver-stained gels of the peak fractions.

TABLE 1 Specific infectivitya of wild-type and mutant H particles

Strain
Corresponding
figure(s)b

Temp of
synthesis
(°C)c PFU/A280

Specific
infectivity
normalized
to WT
control

Wild type 2A 33° 1.0 � 1012 1.0
�H18 2A 33 1.0 � 1010 1.0 � 10�2

H-charged 2A 33 1.8 � 1010 1.8 � 10�2

Wild type 4C 28 8.0 � 1011 1.0
2B and 3A 33 1.9 � 1012 1.0
4C 37 8.2 � 1011 1.0
3B 37 5.0 � 1011 1.0
2B and 3A 42 7.7 � 1011 1.0

ts(H)G3Q mutant 2B 33 1.7 � 1012 0.8
2B 42 3.5 � 109 4.5 � 10�3

ts(H)G8Y mutant
114S 3A 33 1.4 � 1012 0.7
114S 3B 37 1.2 � 1012 2.2
60-70S 3B 37 7.5 � 109 1.5 � 10�2

cs(H)G24Q mutant 4C 28 2.7 � 1011 0.4
4C 37 7.0 � 1011 0.9

a Specific infectivity was determined by determining the titer of the peak fraction and
dividing it by the A280 value depicted in the sedimentation profile. Values were
normalized to the wild-type control, which was purified at the same temperature and
the same time as the mutant being investigated. As specific infectivity assays are
essentially plaque assays, the mutant and corresponding wild-type assays were
conducted at the same time and with the same cells.
b The figure contains the sedimentation profile from which the specific infectivity was
calculated.
c Temperature at which the particles were synthesized. Specific infectivity assays were
conducted at permissive temperatures.

TABLE 2 Plating efficiencya of missense mutants

Mutationb

Plating efficiency at indicated temp

No plasmid pøXH

28°C 33°C 42°C 28°C 42°C

ts(H)G3Q 1.0 1.0 10�4 1.0 1.0
ts(H)G8Y 10�1 1.0 10�6 1.0 1.0
cs(H)G24Q 10�6 1.0 1.0 10�6 1.0
a Plating efficiency is defined as titer on mutant with no exogenous H gene expression/
titer on host expressing a cloned wild-type H gene at 33°C.
b All mutant stocks were grown in the absence of exogenous H gene expression. Thus,
plaque formation assays the ability of the mutant protein to infect.
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of the wild-type control (Table 1). In contrast, the particles syn-
thesized at 42°C were 3 orders of magnitude less infectious. These
plaques did not arise from wild-type revertants, which was as-
sessed in a 42°C plaque assay. The ts� reversion frequency was 2
orders of magnitude lower than the specific infectivity determined
at 33°C.

The proteins within the peak fractions were examined by SDS-
PAGE. Again, gels were silver stained to enhance the protein H
bands. Protein H was detected in mutant particles at seemingly
wild-type levels (Fig. 2C), suggesting that the mutation does lead
to gross alterations in H protein solubility that would remove it
from the assembly pathway. The A260/A280 ratios for the wild-type
and mutant samples were 1.28 and 1.3, respectively, indicating
that the mutant fraction did not contain less nucleic acid. More-
over, empty capsids sediment at a considerably slower speed (70S)
and were not present in the gradient at levels greater than the
wild-type control. These data indicate that the mutation confers a
temperature-sensitive synthesis phenotype, which kinetically
traps particles in a noninfectious state.

A temperature-sensitive missense mutation that may confer
a DNA-packaging defect. Unlike the ts(H)G3Q mutant, the
ts(H)G8Y mutant did not produce assembled particles at the re-
strictive temperature. However, particles formed at 33°C dis-
played a specific infectivity comparable to that of the wild-type
control (Fig. 3A and Table 1). Although SDS-PAGE analysis of
mutant-infected whole-cell lysates indicated that viral protein lev-
els were equivalent to the wild-type control, particles composed of
viral proteins were sparse in gradients that typically detect them
within the 50S to 130S or the 4S to 50S ranges (data not shown).
This suggests the formation of off-pathway product that is either
insoluble or lost using the standard protocols to generate extracts.

In an effort to identify the off-pathway product, an alternate
protocol was devised. The protocol allowed for multiple rounds of
growth at a less-than-optimal temperature, but not at entirely
restrictive temperature. Briefly, 2 liters of early exponential lysis-
sensitive cells were infected at an MOI of 10�4 at 37°C. After lysis,
assembled capsids (virions, degraded procapsids, and assembled-
off-pathway products) were concentrated as described in Materi-

FIG 3 Particle isolation and protein and DNA content of ts(H)G8Y and wild-type infections. (A) Wild type (black) and ts(H)G8Y mutant (magenta) synthesized
at 33°C (open circles) and 42°C (filled circles). Gradients were fractionated from the bottom of the tube. Thus, S value decreases with higher fraction numbers.
Particles, regardless of infectivity, were detected by UV spectroscopy. (B) Particles isolated from multiround growth cultures of the wild type (black) and the
ts(H)G8Y mutant (magenta) at 37°C. (C) Protein content. Fractions 7, 9, 11, 13, 15, and 17 depicted, used to generate the sedimentation profile in panel B, were
analyzed by SDS-PAGE. Fraction 7 represents the virion peak, and later fractions contain slower-sedimenting material. (D) DNA content of particles pooled from
fractions 7 to 12 and 13 to 17. Abbreviations: RF, purified ds replicative-form DNA; ss, purified single-stranded genomic DNA.
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als and Methods. The capsids were then purified by buoyant den-
sity sedimentation (CsCl). Material with a density between 1.35
and 1.45 g/cm3, which would contain both virions and empty
capsids, was then further analyzed by rate zonal sedimentation.
The results of this experiment are depicted in Fig. 3B.

In the wild-type sedimentation profile, there is one prominent
peak, which may contain a shoulder. In contrast, the mutant sed-
imentation profile contains two distinct peaks. The proteins
within the fractions spanning the peaks were analyzed by SDS-
PAGE (Fig. 3C). The three viral structural proteins were present in
the slower-sedimenting material, along with some host cell pro-
teins. The identity of these host cell proteins is not known, nor is it
known if they are physically associated with capsids or are con-
tained in a host cell complex that shares a similar S value (�60S to
70S). Scaffolding proteins were not detected in the mutant parti-
cles; however, the internal scaffolding protein was detected in the
wild-type fractions in which degraded procapsids are often recov-
ered.

The A260/A280 ratios of the two mutant fraction peaks indicated
that the material sedimenting between 60S and 70S was associated
with more nucleic acids than 114S material. These values were 1.7
(60S to 70S) and 1.4 (114S). To investigate this more thoroughly,
fractions 6 to 11 and 12 to 17 were pooled and the DNA was
extracted. As can be seen in Fig. 3D, the DNA associated with the
particles in fractions 7 to 12 was primarily single-stranded DNA
(ssDNA) genomes, confirming that this material is primarily in-
fectious virions. The specific infectivity of the mutant particles was
comparable to that of the wild-type particles (Table 1). Two spe-
cies of DNAs were extracted from material in fractions 12 to 17
from the ts(H)G8Y gradient. One species migrates like ssDNA by
agarose gel electrophoresis. The other species migrates as relaxed
double-stranded replicative-form DNA. Although very little DNA
was detected in this region from the wild-type gradient, an over-
exposed image demonstrates that both species of DNAs are pres-
ent. Thus, the particles within this region of the gradient may be
off-pathway products formed during DNA packaging, which ap-
pear to be augmented in mutant infections. If this hypothesis is
correct, the host cell proteins, once identified, should be involved
in DNA metabolism, and electron microscopy should show par-
tially filled intact capsids with external double-stranded DNA.

The cold-sensitive (cs) missense mutant exhibits defects in
host cell attachment. Unlike what was seen with the mutants with
ts phenotypes, exogenous expression of a cloned wild-type H gene
could not rescue the cs(H)G24Q mutant, which had been grown at
the permissive temperature without exogenous wild-type H gene
expression. This suggested that the mutant H protein affects an
early process in the infection life cycle, one that prevents the de-
livery of DNA. However, if first passed through cells expressing
the wild-type H gene at permissive temperature, it formed small
plaques at 28°C in cells expressing the wild-type gene. The plating
efficiency was 0.5 (Table 3). If the wild-type gene was expressed
neither during synthesis nor during plating, the efficiency of
plaque formation fell more than 2 orders of magnitude. Thus, the
wild-type H protein within the infecting virions along with its
subsequent production within the infected cells rescued plaque
formation. These data indicate that the G24Q substitution is both
necessary and sufficient to confer the defective phenotype.

The attachment kinetics of the mutant and wild-type particles
were investigated. Wild-type and mutant particles were first gen-
erated at the permissive 37°C temperatures and then assayed for

host cell attachment at both 37°C and 28°C. Lysis-resistant cells
were used to reduce background that could arise from the release
of progeny. At set time intervals after mixing, samples were cen-
trifuged to remove attached virions and the titers of supernatants
were determined for unattached phages (Fig. 4A). At both tem-
peratures, the titer of unattached wild-type particles falls several
orders of magnitude by the earliest assayed time point. In contrast,
the cs(H)G24Q mutant exhibited attachment defects at both per-
missive and restrictive temperatures. The defect was particularly
pronounced at 28°C. To determine whether attachment defects
were associated with other mutations at this site, a small-plaque
(sp)-forming revertant of am(H)G24 mutant was recovered,
sp(H)G24Y mutant. It also exhibited attachment defects, display-
ing attachment efficiencies similar to that of the cs(H)G24Q mu-
tant at 37°C (Fig. 4A). The sp(H)G24Y mutant was not analyzed
at 28°C.

Although host cell attachment was extremely inefficient at
28°C, relatively efficient attachment (�95%) could be obtained by
prolonged incubation at 16°C with 10� concentrated exponen-
tial-phase cells that had been resuspended in a starvation buffer,
which lacks a carbon source. Thus, it was possible to conduct
eclipse assays at the restrictive temperature. In these experiments,
the cells and preattached bacteriophage are transferred into me-
dium containing a carbon source at 28°C (t � 0). At set time
points, samples are diluted into a borate-EDTA buffer, which re-
leases uneclipsed viruses from cell membranes, and their titers are
determined for surviving particles. As can be seen in Fig. 4B, the
mutant particles were indistinguishable from those of the wild
type in this assay. To determine if particles delivered DNA and
produced progeny at the restrictive temperature, infections were
allowed to continue for an additional 3 h. Prepared extracts were
analyzed by rate-zonal sedimentation (Fig. 4C). Progeny was pro-
duced, and they exhibited a specific infectivity comparable to
that of the wild-type control (Table 1). The results of these
experiments suggest that the primary defect associated with the
cs(H)G24Q mutant appears to be attachment.

Second-site suppressors of the mutant phenotype are intra-
genic and near the original mutations. To determine whether
viruses could adapt to mutant DNA pilot protein defects, a sec-
ond-site genetic analysis was conducted. To facilitate the analysis,
amber mutants were used to mark the site of the original muta-

TABLE 3 Rescue of cs(H)G24Q mutant by permissive synthesis with
cloned wild-type gene expression

Wild-type cloned H gene
expression in:

Plaque assay
temp (°C)

Plating
efficiencycSynthesisa

Plaque
assayb

No No 37 1.0
No 28 	6.0 � 10�3

Yes 28 	6.0 � 10�3

Yes No 37 1.0
No 28 	1.0 � 10�2

Yes 28 0.5
a Indicates whether a cloned wild-type (WT) H gene was expressed during particle
synthesis at the permissive 37°C temperature.
b Indicates whether a cloned wild-type H gene was expressed for the plating assay.
c Plating efficiency was defined as the assay titer/permissive titer ratio. The permissive
titer of each lysates was assigned a value of 1.0.
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tion. The suppressors were selected by plating am(H)G3 and
am(H)G24 mutants on the supE host, which inserts glutamine at
amber codons during protein synthesis. The resulting plaques
were stabbed into Su� and Su� indicator lawns. Putative second-
site suppressors were identified by the retention of the amber phe-
notype. The suppressors were located in gene H and restored
viability in the Su� hosts at all temperatures. Although the sup-
pressors were isolated multiple times, only one stock of each mu-
tant was used in the selections; thus, these do represent indepen-
dent isolations. The suppressor of am(H)G24 conferred an A¡V
change at amino acid 17 in the H protein. Two genetically distinct
8-codon insertions were associated with the suppressors of
am(H)G3. The insertions were located after alanine codon 10. The
resulting 8-amino-acid insertions are depicted in Fig. 1. They are
very hydrophobic and appear to duplicate part of the local protein
sequence, suggesting that they may act by preserving the length of
the predicted transmembrane helix. A similar analysis was con-
ducted with the am(H)G8 mutant in the supF host, which inserts
tyrosine at the amber site. However, no second-site suppressors
were recovered.

DISCUSSION

As described in the introduction, 10 H protein monomers
oligomerize to form an �-helical tube with dimensions long
enough to span either the periplasmic space or membrane adhe-
sion sites and wide enough to accommodate the genome (6). The
hydrophobic nature of the N terminus suggests that it may inter-
act with host cell membranes. More specifically, the first 20 amino
acids are predicted to form a transmembrane helix. Similar to
fusogenic peptides of animal viruses, this region is thought to be
sequestered within the virion to prevent absorbing to bacteria in
which øX174 cannot replicate. Upon some undefined signal, it
would become exposed to facilitate genome translocation.

Recessive lethal phenotypes and the requirement of N-termi-
nally mediated H-H protein interactions. The possible function
of the N terminus was investigated with a deletion mutation and a
multiple mutant containing three A¡D codons. The A¡D sub-

stitutions would theoretically disrupt hydrophobicity and helical
structure. When the mutant genes were expressed from the viral
genome, a clone of the wild-type H protein efficiently comple-
mented the lethal phenotypes. When expressed from a plasmid,
they did not inhibit wild-type plaque formation. These data indi-
cate that the mutant genes are recessive and suggest that a full
complement of the wild-type protein is not required for viability.
In the absence of the wild-type protein, the mutant proteins are
incorporated into virus-like particles that lack infectivity.

Kinetic traps: the consequences of H protein misincorpora-
tion. Unlike absolute lethal mutations, which must always be
complemented with a wild-type gene, conditional lethality allows
mutant particles to be generated at a permissive temperature.
Thus, subsequent assays directly examine the effects of the mis-
sense proteins. Both ts mutants characterized in this study were
rescued in cells expressing a cloned wild-type H gene at elevated
temperatures, indicating that the ts defect most likely affected a
postpenetration phenomenon. These data also demonstrate that
the ts mutations are recessive.

Particles synthesized at the restrictive temperature in the ab-
sence of the wild-type protein were isolated and characterized.
Compared to the wild-type control, an abundance of material
sedimenting at �60S was isolated from extracts of ts(H)G8Y mu-
tant-infected cells. The protein and DNA composition of this ma-
terial is consistent with an off-pathway product arising from a
DNA-packaging intermediate (19). Similar particles have been
observed in earlier studies with am(H) and ts(H) strains (20).
However, the locations of those mutations within the gene were
not known and the H protein content of the particles was not
characterized. These results could indicate that H protein plays a
direct role in the packaging reaction, but a particle with similar
characteristics was also isolated from wild-type-infected cells, al-
beit at a significantly smaller quantity. Thus, an indirect effect
seems more plausible. The mutant H proteins may be incorpo-
rated incorrectly, in a conformation that hinders packaging effi-
ciently and/or fidelity.

The mutant G3Q protein also appeared to kinetically trap par-

FIG 4 Attachment kinetics and eclipse kinetics of virion production of the wild type and mutants at the Q24 site. (A) Attachment kinetics of the wild type (black)
and cs(H)G24Q mutant (blue) at 37°C (open circle) and 28°C (filled circle) and of sp(H)G24Y mutant (magenta) kinetics at 37°C (this mutant was not analyzed
at 28°C). (B) Eclipse kinetics of preattached wild-type (black) and cs(H)G24Q (blue) particles at 28°C. (C) Virions isolated from wild-type (black)- and
cs(H)G24Q mutant (blue)-infected cells at 37°C (filled circles) and 28°C (open circles). Gradients were fractionated from the bottom of the tube. Thus, S value
decreases with higher fraction numbers. Particles, regardless of infectivity, were detected by UV spectroscopy.
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ticles, but after DNA packaging. Like the G8Y protein, it was in-
corporated, but into virion-like particles at levels comparable to
that of the wild-type control. However, the particles synthesized at
the restrictive temperature exhibited a significantly decreased spe-
cific infectivity when assayed at the permissive temperature.
Unlike experiments conducted with absolute lethal mutations,
specific infectivity values were not obfuscated by the presence of
wild-type revertants. Viable particles retained the mutant pheno-
type. Thus, some particles retained the ability to infect. Again,
these data indicate that mutant H proteins are misincorporated.
Bacteriophages are generally synthesized in a high-energy state,
the highly compacted DNA containing the potential energy to
deliver genome to the subsequently infected cell (5, 21, 22). How-
ever, the requisite conformational change required for genome
delivery most likely has a high activation energy, which confers
stability to the packaged particle in the absence of the appropriate
host. At restrictive temperatures, the G3Q protein may be incor-
porated in a conformation that elevates the activation energy, thus
locking particles in an inactive state.

While the length of this helix may be critical for spanning a
membrane, which typically requires 18 to 20 amino acids (23),
mutant particles, if synthesized at the permissive temperature, ex-
hibited near-wild-type attachment kinetics at elevated tempera-
ture. Thus, they are fully capable of delivering DNA under restric-
tive conditions. However, the particles produced at the restrictive
temperature displayed decreased infectivity. This suggests that the
length of the helix may be equally important during particle as-
sembly. The genetic nature of the second-site suppressors sup-
ports this hypothesis. The suppressors conferred small duplica-
tions in the 5= end of the gene, which results in the local insertions
of hydrophobic amino acids, which may be required to pack the H
proteins into virions to retain an infectious state.

A cold-sensitive missense mutation affects host cell attach-
ment. The only mutant that displayed a cs phenotype could not be
rescued in cells expressing a cloned wild-type H gene at the restric-
tive temperature. This suggested that the mutant protein failed to
mediate a requisite step for DNA delivery. Particles synthesized
under permissive conditions displayed host cell attachment de-
fects at both permissive and restrictive temperatures. The defect
was particularly pronounced at the lower temperature. However,
with prolonged incubation times, 95% attachment could be
achieved. The attached particles exhibited no defects in DNA
piloting or particle assembly at the restrictive temperature. The cs
mutation lies outside the region predicted to encode the trans-
membrane helix and may indicate that a region of the H protein is
exposed on the outer side of the virion or the conformation of the
packaged H protein indirectly affects the virions outer structure.

The atomic structure of the H protein demonstrates that 10
copies form a 170-Å-long �-helical barrel with an internal diam-
eter large enough to accommodate two antiparallel single-
stranded DNA strands. This tube structure is clearly visible by
tomography of infecting cells (6). The external surface of the
øX174 virion is strictly icosahedral, containing no visible unique
vertex. It is not known whether the H protein exits as a tube or
partially formed tube. This could form a core that predestines one
of the 12 vertices to be the site through which the tube must
emerge. During early morphogenesis, the protein is monomeric in
all assembly intermediates that contain a pentamer of the major
coat protein, and these intermediates can be used to assemble
capsids in vitro (7, 15, 24). During assembly, the external scaffold-

ing protein organizes 12 pentameric intermediates into procap-
sids. Thus, at some time during the viral life cycle, protein H must
transition from a monomeric, or vertex-associated, to an oligo-
meric state.

All of the mutations used in this study conferred a recessive
phenotype. This indicates that mutations do not affect the oligo-
meric functions of the protein. It may also suggest that the initial
infection stages are mediated by vertex-associated H protein
monomers. In a simple model, one in which there is no predes-
tined unique vertex from which the tube must emerge, each ver-
tex, or a subset of vertices, would be functionally equivalent until
interactions with the host cell select one of them for DNA delivery.
The ts(H)G3Q protein may kinetically trap only the vertex with
which it is most strongly associated. If wild-type protein is also
present in the virion, other vertices would remain functional.
A similar situation may occur with vertices containing the
cs(H)G24Q protein: these vertices would be unable to attach to
host cells, but vertices with the wild-type protein would retain
function. In a more complex model, one in which a predestined
unique vertex exists in the mature virion, the incorporation of the
wild-type protein at this vertex would preselect it during particle
maturation. The results presented here are consistent with either
of these models. They do not prove or eliminate other mecha-
nisms, which will require more-targeted and sophisticated bio-
physical and/or structural characterization.
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