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Introduction

T4, a double stranded DNA bacteriophage belonging to the fam-
ily Myoviridae, infects the bacteria E. coli. It was one of the first 
viruses visualized by electron microscopy1 and its head and tail 
design first described by Luria and Anderson.2 It is the most thor-
oughly characterized bacteriophage and among the most com-
plex, having a prolate icosahedral head (capsid), a contractile tail 
apparatus for introduction of nucleic acid into the host, tail fibers 
for cell surface recognition and attachment, and a molecular 
motor for encapsidating its genome. T4 is among the largest bac-
teriophages; from electron microscopy, its overall length being 
about 200 nm.3-5

Although T4 has been the subject of innumerable genetic 
experiments and structural investigations using a host of tech-
niques,4 it still holds considerable interest to molecular biolo-
gists. The detailed structure of its icosahedral head has recently 
been delineated,6 its molecular motor is the object of intense 
study,7,8 and it is providing a platform for ingenious experiments 
regarding DNA packaging and release.9 The various biologi-
cal and structural aspects of T4 have been thoroughly reviewed  
in reference 4, and it would not be possible to recount all of  
them here.

Virtually all of the structural proteins in the virion have been 
characterized, as were their genes. The major capsid protein, 

Bacteriophage T4 was visualized using atomic force microscopy (aFM). The images were consistent with, and 
complementary to electron microscopy images. head heights of dried particles containing DNa were about 75 nm in 
length and 60 nm in width, or about 100 nm and 85 nm respectively when scanned in fluid. The diameter of hydrated 
tail assemblies was 28 nm and their lengths about 130 nm. seven to eight pronounced, right-handed helical turns with a 
pitch of 15 nm were evident on the tail assemblies. at the distal end of the tail was a knob shaped mass, presumably the 
baseplate. The opposite end, where the tail assembly joins the head, was tapered and connected to the portal complex, 
which was also visible. phage that had ejected their DNa revealed the internal injection tube of the tail assembly. heads 
disrupted by osmotic shock yielded boluses of closely packed DNa that unraveled slowly to expose threads composed 
of multiple twisted strands of nucleic acid. assembly errors resulted in the appearance of several percent of the phage 
exhibiting two rather than one tail assemblies that were consistently oriented at about 72° to one another. No pattern 
of capsomeres was visible on native T4 heads. a mutant that is negative for the surface proteins hoc and soc, however, 
clearly revealed the icosahedral arrangement of ring shaped capsomeres on the surface. The hexameric rings have an 
outside diameter of about 14 nm, a pronounced central depression, and a center-to-center distance of 15 nm. phage 
collapsed on cell surfaces appeared to be dissolving, possibly into the cell membrane.
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which forms the icosahedral lattice, is designated gp23, but there 
is a second protein, gp24 which caps each of the 5-fold vertexes. 
The tail sheath is composed principally of a protein gp18 and 
the internal injection tube of gp19. The base plate, to which 
both tail spikes and long sensory fibers are attached, is the most 
complicated structure in most ways, being composed of about 
fifteen proteins. It is through short tail spikes (made from gp 
10 and gp11) on the underside of the base plate that cell surface 
attachment occurs. The long tail fibers, which detect receptor 
molecules on the host cell are also complex and formed from 
at least four different proteins.10 The major capsid proteins are 
not exposed directly to the exterior, but are associated with two 
smaller proteins of about 10 kD to 13 kD called hoc and soc.11,12 
Presentation of these proteins defines the exposed surface of T4 
and they come into closest approach to the AFM cantilever tip 
when the capsid is scanned.

A technique that has not been applied to the study of T4 
in detail and at high magnification is atomic force microscopy 
(AFM). AFM has some advantages with respect to other tech-
niques, sometimes providing information not easily obtained by 
either electron microscopy or even X-ray crystallography. AFM 
is a single particle technique that is not dependent on properties 
that are common to a population. It frequently reveals individual 
eccentricities that otherwise go unnoticed. Its resolution is in the 
range of a nanometer in the best of cases, and it may be applied 
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Results

morphological features and dimensions: comparison with elec-
tron microscopy results. In figure 1a is a mass of T4 virus hav-
ing the characteristic polyhedral heads that contain 172 kbp of 
genomic DNA6 uncomplexed with protein,9,17 and the contractile 
tail assemblies for the introduction of the genomic DNA into a 
host cell. Virus particles interacting with the surfaces of E. coli 
cells were also visualized as in figure 2b. Single particles, like 
that in figure 1c, attached to the mica substrate were common as 
well and permitted measurement of particle dimensions in both 
the dry and fully hydrated state.

phage heads. The lengths and widths of the heads, measured 
from air-dried samples, were approximately 75 nm and 60 nm 
respectively. From hydrated samples we obtained dimensions 
of about 100 nm and 85 nm respectively. The latter compare 
well with measures obtained from electron microscopy18,19 and as 
measured by X-ray diffraction of solution samples.20 The smaller 
dimensions of the dried samples, about 25% to 30% less, are due 
not only to loss of water, but also to some flattening of the speci-
mens upon drying on the substrate. The percentage difference 
noted here for the hydrated and dried heads was similar to that 
seen for other components of the virus and seems to be a consis-
tent feature of the AFM analysis. The length of the tail sheaths of 
hydrated samples was about 130 nm, again consistent with values 
from electron microscopy21 and solution X-ray scattering.20 The 
junction between the tail sheath and the head is unadorned in 
AFM images and displays no collar or neck fibers as were seen 
using electron microscopy.

the baseplate. The distal end of the tail assembly flares to 
exhibit a knob-like structure. A higher magnification AFM 
image is shown in figure 2a. Presumably this is the base plate 
and connection points for both short and long tail fibers.10,22,23 
Although we rarely saw intact tail fibers on the T4 virus, we often 
saw fragments of them on the substrate, and fully attached on 
other tailed phages prepared by different procedures.24 Likely 
the fibers were simply broken and lost during the preparation of 
the phage. The hexagonal baseplate of T4 is always oriented on 
edge to the AFM probe, which is the worst possible situation for 
AFM imaging. Convolution of the cantilever tip shape with a 
plate standing on edge can do no better than yield the ambiguous 
form in figure 2a.

the tail assembly: helical features. The tail assemblies 
or sheaths exhibit helical architecture at high magnification, 
as seen in the AFM image of figure 2b, although they are, in 

to specimens that have been dried in air, or to subjects in liquids, 
including physiological fluids and biological buffers.13-16

We describe here a high resolution investigation of T4 bacte-
riophage with two objectives. The first is to make a qualitative and 
quantitative comparison of particle properties and dimensions 
deduced from AFM images with the same features derived from 
other methods, particularly electron microscopy. The second is 
to present several novel observations made possible by AFM that 
have not been previously reported but that may reshape thinking 
regarding some aspects of the virus structure.

Figure 1. T4 phage, upon drying on the 
aFM substrate, generally aggregate into 
clusters as seen in (a), but their distinctive 
features remain evident. In (b) are phage 
heads on the surface of an E. coli cell. In 
(c) is a high magnification aFM image of a 
single T4 phage. The scan sizes and height 
ranges are respectively (a) 220 nm x 220 
nm, 1 mm, (b) 2 mm x 2 mm, 400 nm and (d) 
250 nm x 250 nm, 150 nm.

Figure 2. structural elements of a T4 phage particle. In (a) is an aFM 
image of the base plate. It assumes an ambiguous, knob shape, likely 
due to the convolution of the aFM cantilever tip with base plate that 
rises precipitously above the substrate. In (b) the helical turns charac-
teristic of the T4 phage tail assembly can be seen. The assembly tapers 
at one end to join with the head through the portal complex and flares 
at the other end into the base plate seen in (a). In (c) a phage particle 
that has already injected its DNa has collapsed on the aFM substrate. 
The compressed tail sheath (s) and the internal injection tube (I) are 
evident. In (d) a tail assembly has pulled free of a phage head. at the 
proximal end of the assembly is a is a distinctive structure (p) the portal 
complex, that couples the tail assembly to the phage head. The scan 
sizes and height ranges are respectively (a) 110 nm x 110 nm, 50 nm, (b) 
150 nm x 150 nm, 120 nm, (c) 250 nm x 250 nm, 60 nm and (d) 200 nm x 
200 nm, 70 nm.
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From the AFM images, the capsomeres are ring shaped and 
protrude somewhat from the virus surface. They have a distinc-
tive depression at their centers. It has been shown that the hoc 
protein binds at the centers of the hexagonal capsomeres, pre-
sumably within the depressions. The center to center distances 
of the capsomeres in AFM images of fully hydrated particles is 
15 nm, and that part of the capsomere that rises up significantly 
above the basal level of the head has an outside ring diameter 
of about 14 nm. The gp 23 molecule in the mature head has a 
molecular weight of 48,000 Daltons,11 which appears consistent 
with the sizes of the protein subunits making up the capsomeres.

Collapsed phage capsids. We observed that common accompa-
niments to intact phage and their various components were the 
round objects indicated by arrows in figure 5a. These were what 
we might term sombrero in shape in that they had a dish-like 
profile, in general, with a rise at their centers. The objects are 
often associated with a recognizable tail assembly, as in figure 
5b, suggesting that they are derived from phage particles. In 
higher magnification images the objects were marked by distinc-
tive depressions, possibly perforations, that superficially appeared 
to exhibit some local spatial order, but in fact followed no strict 
geometrical pattern. The diameters of the objects vary consider-
ably between 150 nm and 250 nm, which are significantly larger 

fact, composed of stacked disks.18,25,26 The diameter of the tail 
assemblies is about 28 nm based upon height measurements of 
fully hydrated samples. This compares with a diameter of 22 
nm measured by electron microscopy.18,27,28 The tails have the 
appearance of right handed screws with boldly raised threads. 
We observe there to be 7 to 8 turns of the screw, which have 
a pitch of about 15 nm. The chirality of the helix, number of 
turns observed by AFM, and their pitch are also the same as 
deduced by electron microscopy.18 The tails are not strictly 
cylindrical, but like a screw have a taper. The tapered end cou-
ples through a portal complex to a specific 5-fold vertex of the 
polyhedral head.

Although most of the tail assemblies were observed in 
extended, non-contracted states, we occasionally recorded 
phage particles which did exhibit contracted sheaths. 
Contraction of tail assemblies is known to occur under some 
conditions in the absence of cells or their receptors, for example 
1 M NaCl. We suspect that contraction may have been pro-
moted in these cases by the freezing and thawing of virions. 
The empty heads of these particles collapsed into disorganized 
shells as a result of drying. Heads containing DNA did not col-
lapse under the same stress, which allowed ready identification 
of full and vacant capsids.

Phage that had contracted tail sheaths showed that the con-
traction process reduced the length of the tail sheath to 64 nm, 
or about a 50% reduction from its extended state. This is again 
consistent with previous electron microscopy measurements.18 
Exhausted particles also allowed visualization of the injection 
tube inside, as seen in figure 2c, and a measure of its width of 
18 nm. Among the free tail assemblies were some that had been 
pulled and separated from an associated head, and one is shown 
in figure 2d. At the proximal, tapered end of the assembly is 
a discrete structure, which corresponds to the junction with 
the phage head. We presume this to be the portal complex and 
motor by which the genomic DNA is drawn into the head.

additional observations based on the afm analysis. The ico-
sahedral heads: hoc and soc Proteins. We did not observe any regu-
lar lattice of protein units, or capsomeres on the polyhedral heads 
of the particles, as evidenced by figures 1, 3a and b, although a 
regular lattice based on icosahedral architecture exists below the 
external surface.6,18,29-31 It is known, however, that the icosahedral 
network is coated with hoc and soc, two small, external proteins of 
obscure function.12,29,32,33 These two proteins potentially extend 
flexible domains that protrude from the surfaces of the heads. 
Their shielding of the icosahedrally disposed major capsid pro-
teins, and their mobility and potential movement in response to 
AFM tip pressure likely explains why a periodic network cannot 
be seen on native capsids.

To test this hypothesis, a mutant of T4 that fails to produce 
the hoc and soc proteins was grown in a suppressor strain of E. 
coli and examined by AFM in the same manner as was the native 
phage. As is evident in figure 3c and d, in the absence of the two 
surface proteins the icosahedral net exhibited by the coat proteins 
gp23 and gp24 becomes visible. In some AFM images (fig. 3c 
and d) capsomeres are obvious and even the MCP units of which 
they are composed are beginning to emerge in figure 4.

Figure 3. In (a) is a moderate magnification aFM image of a native T4 
phage head, comparable to that seen in Figure 1c. In (b) is a higher 
magnification image of a native phage head. In neither (a) nor (b) are any 
structural details visible on the surface of the head, nor is it even obvious 
that the head exhibits icosahedral geometry. In (c and d) are increasingly 
higher magnification aFM scans of a mutant T4 bacteriophage that fails 
to express the hoc and soc surface proteins. Unlike the capsids of native 
T4 seen in (a and b), the mutant capsids clearly display an icosahedral 
arrangement of capsomeres. The scan sizes and height ranges are respec-
tively (a) 200 nm x 200 nm, 200 nm, (b) 100 nm x 100 nm, 60 nm, (c) 250 
nm x 250 nm, 150 nm and (d) 90 nm x 90 nm, 150 nm.
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but jumbled array of capsomeres 
that maintain their integrity in spite 
of the overall disorder. It may be 
noteworthy, that were the hoc and 
soc proteins still attached to the col-
lapsed capsids, the observed depres-
sions would not be visible to the 
AFM tip, as they are invisible on 
native capsids. Thus it appears that 
those proteins have detached from 
the collapsed and disordered heads.

Capsid dissolution into host cell 
membranes. figure 6a and b con-
tain remnants of cells that have 
been decimated by phage infection 
and lysis. Such images are some-
what perplexing as they include 
two structural formations. Around 
the periphery of the cell remnants 
are many phage attached to the cell 
surface through their tails and seen 
in profile. These, for the most part, 
have contracted tail sheaths and col-
lapsed heads indicating that injec-
tion of DNA was triggered. On the 
planar surfaces of the cells, however, 
is a different scene. Here, as seen in 
figure 6, we observe clusters of cusp 
shaped depressions of exactly the 
size of phage heads. In many cases, 
a tail assembly can be seen attached 
or associated with the edge of a cusp 
and lying parallel with the cell sur-
face. The depressions present a vari-
ety of depths and detailed features. 
The most reasonable explanation is 
that the cusp shaped structures are 

empty phage heads that have collapsed and remain in direct 
contact with cell surfaces.

Phage DNA. We were able to promote emission of DNA from 
phage particles by osmotic shock while the virus was suspended 
in media, and in situ on the AFM substrate. We observed no 
virus with contracted sheaths having DNA emerging from the 
ends of tail assemblies. In figure 7 are AFM images of T4 DNA 
from particles osmotically shocked in their media and subse-
quently spread and dried on AFM substrates. In some images 
the DNA, though dispersed, is clearly still associated with indi-
vidual T4 particles. The appearance of the DNA exhibits fea-
tures in AFM images that we have come to associate with DNA 
that has no protein bound to it. Indeed, it has been reported 
that T4 DNA in the capsids is not associated with protein, but is 
closely packed and fills the entire head.9,17,35,36 The appearance of 
the DNA is quite different than that which escapes from some 
larger DNA viruses such as PBCV-1,37 vaccinia38 and mimivi-
rus39 in which cases the DNA is extensively associated with pro-
tein molecules.

but still comparable to the dimensions of intact capsids. The 
average heights of the objects were consistently about 8 nm with 
a standard deviation of 2.2 nm.

We believe the round objects seen in figure 5 to be empty 
phage capsids that have collapsed upon the substrate. They have 
not fractured as a result of osmotic shock, nor shattered upon 
drying, but spread like a deflated ball upon the substrate. The 
apparent perforations, or depressions are the centers of capso-
meres, and indeed, the widths of these and their center to center 
distances of about 9 nm are consistent with those expected from 
the images of the icosahedral capsid and its distribution of capso-
meres seen in figures 3a, b and 4.

The round objects appear to be a disordered lattice of the 
doughnut shaped capsomeres of T4 that have spread like a thick 
fabric on the underlying mica. This observation is not without 
precedent. A similar icosahedrally derived fabric was seen in the 
AFM study of mimivirus34 when its empty capsid collapsed. In 
that case the icosahedral arrangement of the capsomeres was rela-
tively preserved; here the collapse appears to result in a cohesive 

Figure 4. a high magnification aFM image of the head of a mutant T4 phage that fails to produce the 
hoc and soc proteins. The individual proteins that make up hexameric capsomeres are beginning to 
emerge. The depressions at the centers of the capsomeres that contain the binding sites for the surface 
proteins are clearly evident. The scan size is 50 nm x 50 nm and the height range is 100 nm.
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We also examined AFM images of DNA that had been 
cast onto the substrate by phage bound to the AFM sub-
strate and ruptured in situ by washing with distilled water. 
Examples are seen in figure 8. In most of these images the 
DNA is in the initial stages of spreading from the central 
bolus of nucleic acid. The DNA, as seen in the images of 
figure 8 is not present as separated, individual strands of 
double helical DNA as was seen for the most part in figure 
7, nor are the heights above the substrate, indicative of diam-
eter, consistent with duplex DNA. Instead, as is evident 
in figure 8c and d, threads composed of multiple duplex 
strands twisted about one another in complex arrangements 
are seen.

Assembly errors: Multiple tail assemblies. In figure 9 are 
examples of a rather common occurrence, phage particles 
having two complete tail assemblies. We would judge dual 
tailed phage make up two to three percent of the total virus 
present. The two tails always subtend an angle close to 72°, 
suggesting that they arise from two adjacent pentamers on 
the icosahedral head.

Discussion

comparison with earlier studies based on electron micros-
copy. Although this is not the first AFM investigation of 
T4,40,41 this is the first detailed, high-resolution AFM imag-
ing of bacteriophage T4 and its structural components. We 
have, in previous papers, presented AFM studies of a range 
of different viruses,42 but none exhibiting the asymmetry 
and level of architectural sophistication associated with 
tailed bacteriophage. Comparison of phage images obtained 
under fully hydrated conditions with those in air-dried 
samples indicate that shrinkage of larger moieties, such as 
the phage heads and tail assemblies, was 25% to 30%. This 
overall shrinkage is likely due not only to the loss of solvent, but 
also to compression as a result of drying forces. DNA, when 
dried, consistently exhibited heights above background of 1.5 
to 1.7 nm. Because the A form of DNA (the dehydrated confor-
mation) has a diameter of 2.5 nm, this implies a compression of 
roughly 30% at the molecular level as well.

Figure 5. In (a) is a low magnification aFM image of the contents of a typical 
phage preparation that has undergone storage for about two years. It is 
characterized not only by intact phage and free tail assemblies, but also by 
disk shaped objects that appear to be permeated with holes or depressions 
of uniform size but in a disordered arrangement. The disks are frequently 
associated with a tail assembly as in (b). In (c and d) are high magnification 
aFM images of the disk shaped objects that we interpret as empty, collapsed 
phage capsids. The scan sizes and height ranges are (a) 3 mm x 3 mm, 150 nm, 
(b) 250 nm x 250 nm, 70 nm, (c) 250 nm x 250 nm, 30 nm and (d) 150 nm x 150 
nm, 25 nm.

Figure 6. In (a) masses of phage particles are seen closely associated 
with a fragment of an E. coli cell. The particles are seen both in profile 
at the edges of the fragment and en face in the interior. In (b and c) are 
higher magnification images of the phage in direct contact with a cell 
surface, each particle appearing as a light rim (higher above the sub-
strate) surrounding a dark (closer to the substrate) center. These are 
apparently phage heads that have collapsed into hemispheres, like 
deflated balls. capsids are in direct contact with the membrane be-
low. In (d) are three such particles on the surface of a cell membrane. 
That at top is the youngest to arrive and still exhibits the bottom of 
the “cup.” That in the middle had arrived earlier and has seen its far 
side melt into the membrane or into the external media. The oldest 
arrival is at bottom and it has almost completely dissolved except for 
remnants of its rim. The scan areas and height ranges are respectively 
(a) 4 mm x 4 mm (b) 1 mm x 1 mm (c) 1 mm x 1 mm, 150 nm and (d) 500 
nm x 500 nm, 100 nm.
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by activities internal to the cell.23 AFM images also show that 
the DNA commonly exhibits acute turns and bends, occasionally 
forming almost hairpin structures. The contortions in the DNA 
backbone suggest that the flexibility and local variation in helix 
structure may be substantial. There have been earlier proposals 
based on solution X-ray diffraction, as well as electron micros-
copy, that DNA may be spooled within heads to form concentric 
shells.43 In the AFM images of figures 7 and 8, there is no order 
or regularity in the patterns of spilled DNA that lends support 
to that idea.

AFM images of DNA released from phage heads ruptured 
osmotically in situ are especially intriguing, as they show DNA 
as it is emerging from a packed form and beginning to spread. 
As seen in figure 8, initially there is a roughly spherical bolus of 
highly condensed DNA that is expelled as a unit from the bro-
ken protein shell. Near the bolus, as DNA unravels and spreads, 
individual DNA strands are not seen, but thick, twisted cables of 
multistranded nucleic acid. This is evidenced by the measured 
thicknesses of the threads, as well as by the presence of numerous 
branch points, forks, and other instances where the threads break 
down into thinner strands.

The DNA exhibits a pronounced tendency to aggregate, and 
overall it has the appearance of a complex network of closely asso-
ciated, possibly super coiled, multiple DNA strands. If the DNA 

One of our objectives in examining a bacteriophage by AFM 
whose detailed structure has been well established by other tech-
niques was to compare the qualitative and quantitative informa-
tion that could be obtained by a relatively rapid AFM analysis 
with that yielded by electron microscopy. The results presented 
here suggest that the two methods are at least comparable, and 
in some regards the AFM results provide information immedi-
ately, such as the chirality of helixes, that is accessible to other 
methods only with a significantly greater investment of effort 
and resources. In particular, as increasingly larger viruses come 
under investigation, such as mimivirus,39 the physical thickness 
of the virions becomes an obstacle to effective electron micros-
copy. Thickness, however, has no influence on AFM. Obviously 
AFM cannot reveal internal structure directly as can electron 
microscopy, but in terms of surface features and internal entities 
exposed as a consequence of specimen disruption, AFM provides 
images containing both unique and complementary information.

additional observations from afm. Phage DNA. T4 phage 
DNA, as illustrated by figures 7 and 8 is remarkably fluid with 
little perceptible segmental rigidity. The strands are often packed 
tightly against one another, suggesting that electrostatic repul-
sion is not severe. Evidence exists that when T4 infects an E. coli, 
the DNA may not spontaneously escape through the tail assem-
bly due to internal pressure alone, but may be drawn into the host 

Figure 7. In (a) through (c) are phage heads ruptured by osmotic 
shock in solution (white objects because of their height far above the 
substrate) that have released their DNa and this has been spread across 
the aFM substrate. The flow direction is a consequence of washing the 
substrate with a directional stream of buffer. In (d) is a single bundle of 
phage DNa that constitutes the genome of a virus. In all of these im-
ages the DNa has had opportunity to unravel and spread, as the phage 
were disrupted in bulk solution and then applied to the aFM substrate. 
The scan sizes and height ranges are (a) 2 mm x 2 mm, 5 nm, (b) 2 mm x 2 
mm, 5 nm, (c) 1 mm x 1 mm, 6 nm and (d) 1 mm x 1 mm, 10 nm.

Figure 8. When phage particles were fixed to a mica substrate coated 
with poly-l-lysine and then exposed to distilled water, osmotic shock 
causes them to burst and release their bolus of condensed DNa 
immediately adjacent to the broken head. The DNa then begins to 
spread rather slowly over the substrate. In (a) through (c) the burst 
phage heads, bolus of DNa, and the spreading of the peripheral DNa is 
evident. In (d) is a higher magnification image of the DNa immediately 
adjacent to a newly released bolus of nucleic acid. The scan sizes and 
height ranges are (a) 1.5 mm x 1.5 mm, 5 nm, (b) 1 mm x 1 mm, 8 nm, (c) 
500 nm x 500 nm, 30 nm and (d) 250 nm x 250 nm, 45 nm.
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however, that due to their conformational instability, native 
phage particles constantly present different surface structures to 
their environment.

It should be noted that there may be a second explanation, or 
contributing factor to the features introduced by the two surface 
proteins. The proteins themselves are, of course, asymmetric, 
but they bind at a symmetry point at the centers of capsomeres. 
Hence the proteins can bind with any one of six different ori-
entations at their binding sites. This means that there is 6-fold 
variability in the appearance of every capsomere with a hoc or soc 
protein bound. Presumably the orientation is random for each 
capsomere, hence the surface of virtually no phage particle is 
likely to be exactly the same as any other.

The sombrero shaped objects that we interpret as collapsed 
capsids appear to lack the hoc and soc proteins as well, though 
they are otherwise native. This is evident from the depressions 
visible at the centers of capsomeres, the usual binding sites for 
the surface proteins. It seems likely that the structural distortions 
imposed by capsid collapse disrupt the binding sites at the centers 
of the capsomeres and affect their release.

Materials and Methods

Bacteriophage T4 was prepared from infected E. coli cells as 
described in reference 6 and 45. AFM analyses13,46 were generally 
performed in air, though in some cases scanning was performed 

in T4 heads is indeed twisted about itself, or super coiled, then 
that conformation of the polymer represents stored energy 
generated by the expenditure of ATP upon DNA packaging. 
This energy, released upon unwinding and relaxation, might 
then be available to promote emission of DNA through the 
tail assembly at the time of infection.

Phage head dissolution. figure 6 contains AFM images of 
lysed E. coli cells exhibiting cusp shaped structures with dis-
tinctive depressions at their centers. The cusps consistently 
have exactly the diameters of T4 phage heads. Our interpreta-
tion of these images is that the cusp shaped features are phage 
particles that have lost their DNA and collapsed on the cell 
surface as a cup shaped shell. The collapsed phage heads sub-
sequently dissolve from the bottoms of the cups. This explains 
the contrasting appearance of phage seen at the periphery 
compared with the interior phage heads in direct contact with 
a cell surface, the association of tails with the cusps, and the 
variation in the internal appearance of the cusps. In particular, 
figure 5d shows three of these cusp structures closely posi-
tioned on a lysed cell surface. They represent three stages in 
the dissolution of capsid shells. The cusp at top is the newest 
collapsed phage particle to arrive, that in the middle an older 
associate, and the one at the bottom a particle that has nearly 
dissolved and exhibits only a gradually disappearing rim.

The explanation that we advance here implies that the major 
capsid proteins, and presumably the hoc and soc proteins, as 
well as other head associated proteins, either dissolve into the 
cell membrane remnants or, alternatively, are induced by con-
tact with the cell membrane to dissolve into the surrounding 
media. The former possibility is most interesting. It is known 
that phage assembly occurs in association with the inside of the 
cell plasma membrane, and indeed, the capsid proteins may even 
emerge during assembly from a membrane environment. Thus 
dissolution into a membrane would not be unexpected.

Assembly anomalies. Smith and Trousdale first reported multi-
tailed T4 phage particles in 1965 from electron micrographs.44 
Their work indicated that the multi-tailed phages could not be 
isolated as a pure strain and concluded, as do we, that they rep-
resent assembly errors and not genetic mutation. They further 
observed triple tailed T4 in much lower amounts, and even one 
particle that exhibited four tails.

While assembly errors of many sorts are probably not uncom-
mon, this one is curious. Initiation of the assembly of a phage 
head is known to occur at a duodecameric ring of gp 20 proteins, 
the portal complex, that is anchored to the inside of the inte-
rior plasma membrane. Furthermore, the DNA must be ejected 
through the phage tail. This raises the questions of how there 
can be multiple nucleation points for head assembly, and how is 
it determined which tail assembly, if either, will be used for DNA 
emission.

The hoc and soc proteins. As shown by visualization of the hoc 
and soc minus mutant phage, the hoc and soc proteins are indeed 
flexible and do obscure the underlying capsomeres from the AFM 
tip. When they are absent, hexameric capsomeres consistent with 
previous observations and models appear. Whether the flexibility 
has functional significance, we cannot say. It does seem apparent, 

Figure 9. a common observation in our T4 preparations were phage par-
ticles having two tail assemblies oriented at the pentagonal angle of 72° to 
one another. In (a) are several examples of the multi tailed phage, indicated 
by arrows, seen in one 500 nm x 500 nm aFM image. They accounted for 
about 2% to 3% of the phage particles in some preparations. In (c) through 
(d) are multi tailed phage seen at higher magnification. The scan areas are (a) 
2 mm x 2 mm, (b) 1 mm x 1 mm, (c) 500 nm x 500 nm and (d) 500 nm x 500 nm.
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