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Abstract

Evidence is presented here that in vivo bacteriophage T3 DNA packaging includes capsid hyper-
expansion that is triggered by lengthening of incompletely packaged DNA (ipDNA). This evidence
includes observation that some of the longer ipDNAs in T3-infected cells are packaged in ipDNA-
containing capsids with hyper-expanded outer shells (HE ipDNA-capsids). In addition, artificially
induced hyper-expansion is observed for the outer shell of a DNA-free capsid. Detection and
characterization of HE ipDNA-capsids is based on non-denaturing two-dimensional agarose gel
electrophoresis, followed by structure determination with electron microscopy and protein
identification with SDSPAGE/mass spectrometry. After expulsion from HE ipDNA-capsids, ipDNA
forms sharp bands during gel electrophoresis. The hypotheses are presented that (1) T3 has evolved
feedback-initiated, ATP-driven capsid contraction/hyper-expansion cycles that accelerate DNA
packaging when packaging is slowed by increase in the packaging-resisting force of the ipDNA and
(2) each gel electrophoretic ipDNA band reflects a contraction/hyper-expansion cycle.
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Introduction

Bacteriophage double-stranded DNA packaging motors produce ATP-fueled DNA motion and
are studied because they are comparatively accessible to investigation, among the various
nucleoside triphosphate fueled biological motors. A DNA packaging motor drives a double-
stranded DNA molecule into a protective protein shell (capsid). The source of energy is ATP
cleavage thought to be catalyzed entirely by a DNA packaging ATPase that has been identified
for all studied double-stranded DNA bacteriophages.! Several copies of the ATPase are
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attached to a ring-shaped oligomer called the connector or portal. The ATPase/connector
structure has a central channel through which the DNA molecule enters the capsid. Most entry
occurs after the initially assembled capsid (procapsid; also called capsid | for the related
bacteriophages, T3 and T7) converts to a more mature capsid, also called capsid Il for T3 and
T7 (illustrated in Figure 1).2:3 The DNA packaging ATPase is gp19 in the case of T3 and T7
(proteins are labeled by gp, followed by gene number 2:3).

To understand mechanisms of a biological motor, the most direct strategy is to characterize
the motor as it progresses through its various states. Visible light-based single-molecule
procedures have recently been used for this purpose in the case of several motors, including
F1-ATPase 4 and bacteriophage DNA packaging 6:7:8:9 motors. These single-molecule
procedures have the advantage that information about the dynamics is not lost via motor
asynchrony during analysis. Much of this information is lost via motor asynchrony during use
of most (not all) ensemble averaging procedures of analysis. However, thus far, visible light-
based single-molecule procedures have the disadvantage that they cannot be used simply and
directly (without probes) for analysis of structure and structural dynamics (reference 6, for
example, in the case of bacteriophage DNA packaging).

Alternatively, the needed dynamics of motor structure can be obtained by use of a fractionation
procedure that retains information about the temporal order of structural transitions. The final
analysis is multidimensional in character, in that the contents of each fraction are subsequently
either again fractionated or structurally analyzed. Optimally, the first fractionation is based on
a motor characteristic that is a measure of the progression of the motor; the second dimension
is based on structure-based characteristics of the motor.10 This analysis works comparatively
well with bacteriophage DNA packaging motors because fractionation for the first dimension
can be based on the length of incompletely packaged DNA (ipDNA).10 To facilitate
comparisons, the ratio (F) of ipDNA length to mature DNA length is used here. In practice,
buoyant density centrifugation fractionates bacteriophage T3 ipDNA-containing capsids
(called ipDNA-capsids) by F. Ininitial studies, the progression of ipDNA conformations during
packaging in capsid Il was determined vs. F (F < 0.58) by use of cryo-electron microscopy of
particles in fractions of a cesium chloride density gradient.11

To initially detect and characterize ipDNA-capsids after buoyant density centrifugation, the
following high-throughput second dimension can be used: one dimensional, non-denaturing
agarose gel electrophoresis (1d-AGE) of each fraction of a density gradient. In the past, all T3
ipDNA-capsids detected by 1d-AGE had a capsid indistinguishable from capsid 11.11 As
recently reviewed1, the assumption has usually been made that the radius of the capsid does
not change after a procapsid expands to a bacteriophage-like capsid, e.g., the capsid I to capsid
Il transition in Figure 1 (constant capsid assumption). The constant capsid assumption is made
in most models of DNA packaging motors.! It is also a fundamental aspect of both analytical
12:13:14 and molecular dynamics simulations 1%:16:17 of the conformation and energetics of
ipDNA during packaging.

However, the constant capsid assumption is problematic because slowing of packaging near
the end is a consequence unless the capsid ruptures.” Capsid rupture is the explanation that
was used for a dramatic, unexpected decrease in the in vitro nanometry determined packaging
force when F reached 0.9-1.0 in the case of bacteriophage lambda.” However, an alternative
explanation is that this decrease in force was caused by capsid hyper-expansion; hyper-
expansion would better account for the observed preservation of motor activity after the
decrease of packaging force.2:18 In addition, capsid hyper-expansion in vivo would increase
the chance that packaging is completed before an infected cell either lyses or becomes
incompatible with packaging for other reasons, including decrease in ATP concentration. In
the case of T3, ATP binding to gp10 (major outer shell protein of the capsid; Figure 1) has
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been observed 19 and this binding potentially drives changes in capsid size via cleavage of the
gp10-bound ATP.

In the present study, the constant capsid hypothesis has been tested by probing for hyper-
expanded (HE) ipDNA-capsids in lysates of bacteriophage T3-infected cells. To conduct this
study, a procedure was needed for rapidly and sensitively detecting HE ipDNA-capsids. Thus,
the present study adds use of a capsid radius detecting, two-dimensional, non-denaturing
agarose gel electrophoresis (2d-AGE) and also a more sensitive dye for in-gel detection. The
results provide an alternative perspective for understanding data obtained to understand the
biochemistry, biophysics and evolution of bacteriophage DNA packaging motors.

Initial fractionation of ipDNA-capsids

To probe for HE ipDNA-capsids in a T3-infected cell lysate, we began by concentrating and
enriching all ipDNA-capsids via centrifugation in a cesium chloride step gradient, followed
by buoyant density centrifugation in a cesium chloride density gradient of the entire ipDNA-
capsid region of the step gradient.}1Figure 2a has a representative example of the profile of
the light scattering from particles fractionated by the buoyant density centrifugation. Zones of
light scattering were formed by the following: bacteriophage particles (¢), DNA-free capsid |
(CI), DNA-free capsid Il (CII), an ipDNA-capsid Il with an ipDNA length of 10.6 kb (10.6
kb), two capsid-bacteriophage dimers (bracket 1 at the left) and cellular debris (bracket 2 at
the left), as previously found.1! Density (g/ml) is indicated at the right in Figure 2a. The length
of ipDNA in kb will sometimes be used to label ipDNA-capsids, as done for the 10.6 kb ipDNA
in Figure 2a.

Higher sensitivity detection

To improve upon past detection, isolation and characterization of ipDNA-capsids, we made
two changes to the previous post-centrifugation analysis by 1d-AGE.1! (1) We used a more
sensitive nucleic acid-specific stain, GelStar, instead of the previously used stain, ethidium, to
improve detection of ipDNA-capsids after fractionating them in agarose gels. (2) We
introduced 2d-AGE (in addition to 1d-AGE), the details of which are discussed below.

The increased fluorescence staining sensitivity revealed new particles, i.e., particles not
previously observed, although the highest fluorescence was, as expected, associated with
previously observed ipDNA-capsid Il. For the 1.262-1.377 g/ml fractions in Figure 2a, 1d-
AGE revealed that the ipDNA-capsid 11 particles formed two bands (CII at the left in Figure
2b); density (g/ml) is indicated at the top of a lane in Figure 2b. The more slowly migrating
ipDNA-capsid Il particles (slow ipDNA-capsid I1) have the bacteriophage tail; the more rapidly
migrating ipDNA-capsid 11 particles (rapid ipDNA-capsid 1) do not (see Figure 1).11 In Figure
2b, new particles were observed in the 1.309 g/ml and neighboring samples. The position in
the agarose gel of these 1.309 g/ml new particles is indicated by OMV at the left. Additional
new particles were observed at 1.345-1.417 g/ml. These latter new particles are seen in Figure
2b between the position of capsid I (indicated at the left by CI) and the position of capsid Il
(indicated at the left by CIl). HE at the left indicates the position of these new particles in the
agarose gel. Neither the OMV particles nor the HE particles were observed for the samples
from the same gradient fractions when ethidium was the agarose gel stain, because of the lower
detection sensitivity of ethidium.

Nucleic acid-free versions of both capsid I and capsid Il were also present in the agarose gel
of Figure 2b, but were not revealed by the nucleic acid-specific GelStar stain. These two
particles were observed via Coomassie staining (not shown) of the gel in Figure 2b, with a
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peak in the fractions marked CI and Cl|, respectively, at the top of Figure 2b. Cl and ClI|,
respectively, at the left in Figure 2b indicate the positions in the agarose gel.

Our preliminary conjecture was that OMV particles were outer membrane vesicles because the
OMYV particles formed a band at approximately the position in the agarose gel of previously
identified 29 host outer membrane vesicles. We knew that the OMV particles had protein
because they stained with Coomassie blue (not shown). The OMV particles were confirmed
to be host be outer membrane vesicles by mass spectral analysis of their proteins after trypsin
digestion. The most abundant proteins observed were chain A ompF porin, TolB translocation
protein, ompA and LppC lipoprotein. As previously described?1:22, the first three of these
proteins have all been observed in host outer membrane vesicles. Some OMVs are known to
have nucleic acid21, as do the OMVs indicated in Figure 2b. The presence of nucleic acid is
the likely explanation for a density higher in Figure 2b than the density of OMVs previously
observed.29 The OMVs were not further investigated in this study.

HE particles: Analysis by 2d-AGE

Potentially, HE particles were novel ipDNA-capsids and, therefore, we further characterized
the HE particles, beginning with 2d-AGE. As illustrated in the diagram of Figure 3a, the 2d-
AGE used here fractionates through a comparatively dilute gel in the first dimension (illustrated
by the rectangle with diagonal lines in Figure 3a). The primary, but not the only, source of
fractionation is electrostatic force that is proportional to the average electrical surface charge
density (o), assuming that particles are accurately modeled by fluid flow-impermeability (hard
particles).23:24 The first dimensional gel is dilute enough so that size-dependent sieving effects
are small, though not zero, for T3 capsid-sized particles. If particles cannot be modeled by fluid
flow impermeability (soft particles), then electrical charges beneath the surface are also a
source of electrostatic force during fractionation.23 Here, we use o to characterize the
electrostatic force-derived fractionation because, thus far, all ipDNA-capsids are hard particles,
based on independence of electrophoretic mobility from the amount of DNA packaged.11:25

In the second dimension, 2d-AGE fractionates by both size (i.e., effective radius, Rg) and o.
In the ideal condition of no sieving in the first dimension, the result is conceptualized as a series
of straight size lines (dashed, diagonal lines in the second dimension gel drawn in Figure 3a)
that extend from the origin of electrophoresis. Each size line connects all points on the gel that
have particles of equal Rg. The value of Rg is a decreasing function of the angle (6) between
a size line and the direction of the first dimension electrophoresis (illustrated in Figure 3a). In
the present study, we used a first dimension gel concentration (0.3%) that was high enough to
produce significant (about 22% for a particle with a Rg of 30 nm) dependence of mobility on
Rg inthe first dimension. The 0.3% gel was more concentrated than the most dilute gel possible
(0.075-0.2%) in order to both sharpen patterns and avoid gel breakage that sometimes occurs
with more dilute gels. Thus, the size lines are no longer straight and, although change in size
is still directly observed via 6 (independently of either ¢ or mass), quantification of Rg is
accurate only + 5%.

The use of both 2d-AGE and GelStar staining succeeded in providing additional
characterization of HE particles. When the1.345 g/ml fraction was the sample for 2d-AGE,
bands were observed at the positions of both slow ipDNA-capsid Il (tail-containing; labeled
slow CIlI in Figure 3c) and rapid ipDNA-capsid Il (without a tail; labeled rapid Cll in Figure
3c), as expected from Figure 2b. No band was seen either at or near the position of capsid |
(position indicated by CI in Figure 3c). The remaining stained particles in Figure 3c formed
an extension of the ipDNA-capsid Il bands. This extension continued in a straight, diagonal
line (an indication of no change in Rg) until a bend formed in the direction of an increase in
Rg, (single arrowhead in Figure 3c), thereby forming an arc. The linear extension and the arc-
forming particles are the only non-band-forming particles that migrate more rapidly than
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capsids Il in the second dimension and, therefore, are assumed to be the HE particles from the
1d-AGE. As expected from Figure 2b, the HE particles were not observed in a 1.276 g/ml (less
dense) fraction, although slow capsid Il was observed (Figure 3b).

HE particles were also found in higher density fractions of the same density gradient. The 1.385
g/ml and 1.404 g/ml fractions yielded arcs (1.385 g/ml, Figure 3d; 1.404 g/ml, Figure 3e) that
were continuations of the arc of the 1.345 g/ml fraction of Figure 3c. As density increased (and
DNA/protein ratio increased, assuming that the HE particles contain only DNA and protein),
the average Rg also increased. In addition, the arc of Figure 3d appeared to split to two, as
indicated by the oppositely pointing two arrowheads, and this splitting became more
pronounced in Figure 3e (oppositely pointing two arrowheads). In addition, a second arc, that
was comparatively faint in Figure 3d, was clearly observed in Figure 3e. The most intense arc
(seen in Figures 3c—3e) will be called the primary arc (indicated by 1° in Figure 3e). The second
arc, clearly seen in only Figure 3e, will be called the secondary arc (2° in Figure 3e). The
following observation indicates that neither of the two arcs derives curvature from change in
electrophoretic mobility with time. When the 2d-AGE was repeated with 1.8% agarose gels
used for both the first and the second dimensions, all particles migrating more rapidly than
rapid ipDNA-capsid Il were on the same straight (diagonal) line, as though the separation was
a 1d-AGE (not shown; to be called the 2d-AGE control).

To complete the description of the 2d-AGE patterns, we note that bands (without arcs) were
observed for particles larger than capsid I1, in both Figure 3d and Figure 3e (arrows). The
density gradient fractions that produced these agarose gel bands were centered on the fractions
with the light scattering bands indicated by bracket 1 in Figure 2a. Electron microscopy of
gradient fractions from another experiment (not shown) has revealed that the positions of the
light scattering bands of Figure 2a correspond to the positions of bacteriophage-capsid dimers
in the density gradient. These dimers are assumed to form the agarose gel bands marked with
arrows in Figures 3d and 3e. The band marked by an arrow in Figure 3d was formed by a capsid
I-bacteriophage dimer; the band marked by an arrow in Figure 3e was formed by a capsid I1-
bacteriophage dimer. These two dimers were not further investigated.

The secondary arc had a shape that has been observed before. Specifically, in the first
dimension, the mobility of secondary arc-forming particles monotonically increased and
approached a limit, as 6 increased. An arc of this shape is expected of particles that all have
the same o, but vary in Rg and sometimes have Rg large enough to be significantly sieved in
the first dimension (i.e., particles with the smaller values of 6).26 The curved arrow in Figure

3aillustrates an arc of this type; examples of this behavior have been previously described.
26,27

For the following reasons, the above results indicate that the secondary arc-forming particles
were molecules of DNA that were not packaged in either a protein or any other container. The
limiting mobility at high 6 (low Rg) revealed a o that was ~ 4.5% the o of slow capsid I, in
agreement with previous observations for unpackaged nucleic acid.2> The GelStar-staining
molecule was DNA for both primary and secondary arcs, based on sensitivity to DNase, and
not RNase, as described below. Although proteins may have been bound to the DNA molecules
of the secondary arc, the ¢ of the DNA molecules was retained and, therefore, the DNA
molecules were not packaged. The source of the secondary arc-associated DNA is likely to be
aggregated bacteriophage particles that expelled DNA that was later partially digested by
environmental nucleases. In support, bacteriophage-capsid aggregates became more numerous
as density increased.1! Although some particles of the secondary arc migrated in the HE region
during 1d-AGE (Figure 2b), these particles were not considered to be HE particles and were
not investigated further.
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The primary arc-forming particles are new and have not previously been reported; we consider
them to be unique, in part because of the shape of the primary arc. Specifically, the distance
migrated in the first dimension decreased as 0 increased in the large-6 range for particles that
formed the primary arc. This pattern of migration indicates that the dominant molecule on the
surface of the primary arc-forming particles is not DNA because (1) the distance migrated in
the first dimension gel is determined primarily by ¢ and the ¢ of DNA is invariant in any given
solution?8 and (2) the o of DNA is higher (over 1.5x)25 in magnitude than the apparent o of
particles in the primary arc. The comparatively high magnitude of the ¢ of DNA is illustrated
by the position of secondary arc in the high 6 region of the gel. Thus, the DNA of primary arc-
forming particles is at least partially packaged.

Additional observations from the 1d-AGE and 2d-AGE

Proteins

The most plausible interpretation of the primary arc in Figures 3c—e is that the primary arc-
forming particles are ipDNA-capsids that are conversion products of ipDNA-capsid Il and that
have not previously been detected because of limitations of methods. Precursor/product
relationship of ipDNA-capsid Il to primary arc-forming particles is suggested by the fact that
the linear extension of the primary arc merges precisely with the bands of ipDNA-capsid Il
after 2d-AGE (Figure 3c). At the point of merger, the linear extension-forming particles have
the Rg of capsid Il (= 5%) and the o of rapid capsid Il (x 5%). The ipDNA-capsid Il would be
the precursor because it is the only ipDNA-capsid observed when packaging begins, i.e., at the
lower F values (and densities) in Figure 2a,b. If, as this observation suggests, the primary arc-
forming particles are ipDNA-capsids that are derived from a functional DNA packaging motor,
then their amount should not progressively increase as F increases to 1.0 because they
eventually become bacteriophage particles. Therefore, the primary arc-forming particles are
expected to have maximal staining intensity at densities lower than the density of bacteriophage
particles in Figure 2b. This pattern is, in fact, observed in Figure 2b.

The Rg (in nm) along the primary arc in Figure 3c is indicated for Rg = 45 and Rg = 42. The
approach used for determining these numbers is described in the Materials and Methods
Section. Most detected primary arc-forming particles are either larger than capsid Il or appear
larger than capsid I1, perhaps because they have a DNA segment protruding from a capsid. The
latter possibility also qualitatively explains the variation of ¢ and Rg if the protruding DNA
segment varies in length. However, electron microscopy, presented below, indicates that the
primary arc-forming particles are, in fact, larger than capsid II.

In summary, the above observations indicate that the primary arc-forming particles are larger
than capsid Il and have the potential to be HE ipDNA-capsids. Further tests of HE ipDNA-
capsid status are in subsequent sections.

To identify the proteins of primary arc-forming particles, segments of agarose gel were excised
after 2d-AGE and their contents were analyzed by SDSPAGE, followed by trypsin digestion
and analysis by HPLC/ESI-MS/MS. To reduce the potential for contamination with proteins
from ipDNA-capsid I, the source of the particles was a T3 mutant (described and discussed,
below) that, for reasons not known, produced a comparatively small amount of slow and rapid
ipDNA-capsid Il (Figure 2¢). The 2d-AGE shown in Figure 4a is for a 1.340 g/ml fraction.
The result from database searching of the tandem mass spectra indicated that the major T3
capsid protein, gpl10, was detected in all gel segments tested from the primary arc; no host
proteins (and, therefore, no OMVSs) were detected in any of these gel segments. The absence
of host OMVs from the primary arc is supported by the higher ¢ of the OMVs and the absence
of detected variation in o for OMVs (no sub-arcs).2% For each gel segment (positions indicated
by numbered circles in Figure 4b), a measure of the relative quantity of each protein was
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obtained by comparison of the number of mass spectra assigned with > 95% confidence (Figure
4c). In the segments with the highest protein content (gel segments 2 and 3), minor T3 capsid
proteins were also detected in addition to gp10, including gp8, gp15 and gp16 (see Figure 1
for other information about these proteins). The quantities of protein for primary arc-forming
particles were too low to detect T3 capsid proteins other than gp10. The primary arc-forming
particles were present in less than 1 per 10 T3-infected cells. The gp10 was concentrated in
the arc-containing region of the gel, as seen by analysis of gel segments from background (non-
arc) regions in Figure 4b (Figure 4c). Thus, the arc is formed by a capsid of some type.

Further analysis supported the conclusion that the primary arc is formed by HE ipDNA-capsids.
The only known alternatives to ipDNA-capsids are (1) DNA-containing aberrant capsids, such
as the tubular polycapsids observed for T729 and (2) aggregates of either ipDNA-capsids or
bacteriophages and capsids. As shown above and in reference 11, bacteriophage-capsid
aggregates were present in the fractions analyzed by 2d-AGE; polycapsids were seen by
electron microscopy of these fractions (not shown). However, polycapsids have an outer shell
like that of capsid Il and are, therefore, expected to have an invariable ¢ equal to that the ¢ of
capsid 1. Thus, alternative-1 is contradicted by the data (Figure 3) that show a o that is both
higher in magnitude than that of capsid Il and variable. Capsid multimers (alternative-2) form
discrete bands®0, as illustrated by the dimer bands in Figures 3d,e (arrows), if they enter an
agarose gel. Thus, the primary arc, which is continuous, is not formed by capsid multimers.
Thus, among the known possibilities, we are left with the conclusion that the primary arc is
formed by HE ipDNA-capsids.

Structure-based evidence

Electron microscopy of the density gradient fractions (like those in Figure 2a) with HE intensity
after 1d-AGE (Figure 2b) confirmed the existence of “large” HE capsid-like particles that are
never observed in samples of purified DNA-free capsid I1. Negatively stained specimens taken
from a 1.394 g/ml fraction had collapsed particles, some of which were associated with a
bacteriophage particle to form a dimer. The collapsed particle of a dimer retained enough of
its original structure to see that it was larger than a bacteriophage particle (HE particles in
Figure 5a). Although the bacteriophage particle of the two dimers in Figure 5a had its tail
pointing toward the HE particle, the tail did not always point in this direction. Unlike capsid
I1, the subunits within the HE particles were separated by a space large enough to see the
subunits. The visible separation of subunits after negative staining is probably caused by the
process of particle disintegration and distinguishes the HE particles from OMVs, polycapsids
and, indeed, any other particle observed in T3 lysates. In addition, OMVs and polycapsids have
stain-penetrated central cavities not seen in the disintegrating HE particles.

Cryo-EM revealed large HE capsid-like particles in more intact form. HE capsid-like particles
were observed in a 1.340 g/ml fraction of the T3 mutant discussed below (marked HE in Figure
5b), together with particles of capsid 11 (identified by comparison with previous images of
purified capsid Il; marked Cll in Figure 5b) and smaller, apparent OMVs (marked OMV in
Figure 5b). The HE capsid-like particles sometimes had a DNA-like fiber next to the inner
surface of the outer shell (arrowhead in Figure 5b). This fiber is presumably the primary arc
DNA detected by GelStar staining after 2d-AGE and did not usually coat the entire inner surface
of the outer shell. The apparent OMV particles were assumed to be contaminating OMVs that
were not sufficiently stained with GelStar to be seen in Figure 2b.

To investigate the apparent HE ipDNA-capsids at higher levels of purity, cryo-EM was

performed of 1.395 g/ml particles eluted by multi-day soaking of agarose gel segments from
the HE region after 1d-AGE (Materials and Methods Section). Over 40 fields were imaged at
random and two particles were found (38 fields had no particles). Both particles observed by
cryo-EM were HE ipDNA-capsid-like spheres, larger than capsid Il (Figure 5c). The agarose
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gel fractionation had removed both the OMVs and the capsid |1 particles. The radii of the HE
ipDNA-capsids in Figures 5b and 5c are 1.2-1.4x% as large as the radius of capsid 1. More
detailed analysis of structure, including 3-D reconstruction, requires the production and
isolation of ipDNA-capsids in amount at least two orders of magnitude larger than the amounts
obtained here.

Artificial capsid hyper-expansion

IfipDNA-capsid Il particles undergo conversion to HE ipDNA-capsids in vivo, then one should
be able to mimic this conversion by artificially providing the energy for hyper-expansion of
capsid Il. Thiswas achieved with MLD (Metrizamide low density) capsid |1, a DNA-free capsid
Il isolated via its low density during fractionation by buoyant density centrifugation in a
Metrizamide density gradient. The low density is caused by impermeability to Metrizamide, a
characteristic that suggests the possibility of providing energy for capsid expansion by
transiently lowering capsid permeability and allowing entry of molecules that subsequently
generate expansion-promoting osmotic pressure. Both T3- and T7-infected cells produce MLD
capsid 11, a particle that has an outer shell that is uniform in size and structure.11: 31 When
negative staining was performed without dialyzing the Metrizamide present in a solution of
MLD capsid I1, the result was the apparent hyper-expansion of 20-50% of the MLD capsid II
particles in the case of both T3 (Figure 5d) and T7 (Figure 5e). Some apparent hyper-expanded
particles are indicated by the symbol, HE. The interior of these particles also had lowered
electron density (less negative stain) as though they had internal content that the other, smaller
particles did not have. The results for T7 were more dramatic in that the T7 hyper-expanded
MLD capsid Il was about 20% larger than the original, in contrast to about 10% larger for T3,
on average.

Based on the following evidence, the apparent hyper-expanded particles in Figure 5d and 5e
are true hyper-expanded MLD capsid Il particles that are not produced only by flattening during
specimen preparation. (1) At least in the case of T7, the smaller particles of Figure 5d are
already flattened to an extent that mathematically precludes enough further flattening to cause
the apparent increase in size without breaking the capsid’s outer shell32 and the outer shells
are not broken based on the retention of internal contents. (2) Apparent hyper-expanded MLD
capsid Il particles are intermixed with the smaller MLD capsid Il particles, all of which were
presumably exposed to the same surface tension during specimen drying. Surface tension is
the cause of the flattening. Furthermore, the apparent hyper-expanded MLD capsid Il also had
outer shells that generally appeared thinner than the outer shells of the more traditional MLD
capsid Il particles.

We propose the following to explain the MLD capsid Il hyper-expansion in Figures 5d and 5e.
(1) At the beginning of specimen preparation (Methods Section), adsorption of MLD capsid
Il particles to a carbon support film transiently opened a hole in MLD capsid Il and allowed
diffusion of Metrizamide (present in the specimen) into MLD capsid Il particles. (2) The hole
closed and trapped some Metrizamide in MLD capsid Il particles. (3) Next, washing during
specimen preparation removed the Metrizamide outside of the capsid, but left Metrizamide
inside of the capsid because of the hole closing. (4) The higher Metrizamide concentration
inside of the capsid produced an outward (expansionary) osmotic force on Metrizamide-loaded
capsids. (5) This force expanded the capsid’s outer shell. In support of this idea, the HE particles
of Figures 5d and 5e appear to have internal material, presumably Metrizamide, which is not
present in the other, smaller particles.

In contrast to the low permeability of MLD capsid I, the HE ipDNA-capsids of Figure 2—
Figure 4 have at least one hole that is not present in most ipDNA-capsid |1 particles. This
conclusion is based on the result of DNase | digesting HE-ipDNA-capsids in fractions with
densities of 1.353 — 1.396 g/ml, as described in the Methods Section. The result was the
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complete elimination of both the secondary arc (as expected) and the primary arc. The DNase
digestion did not alter the GelStar staining of ~70% of the ipDNA-capsid Il particles, although
the GelStar staining of the remaining ipDNA-capsid Il particles was lost (data not shown). No
change in the gel profile was caused by RNase A digestion (not shown).

The ipDNA of HE ipDNA-capsids

Surprisingly, most ipDNAs from fractions with T3 HE ipDNA-capsids had quantized lengths,
based on the results of expelling ipDNAs from their capsids and then gel electrophoretically
separating the ipDNAs. The gel electrophoretic conditions were optimized for resolution of
linear DNA molecules with lengths between 1 and 40 kb.11 The first result was the finding, as
expected, that the length of the ipDNA increased (distance from the origin decreased) as the
density of the fraction increased [Figure 6a; density (g/ml) is indicated at the top of each lane].
With one exception, the ipDNAs at the lower densities (density < 1.340 g/ml; F < 0.28) had a
distribution of lengths that was continuous, i.e., without formation of bands any sharper than
what is expected from the density fractionation that had been performed before analysis of
ipDNA. The exception was ipDNA from a fraction with a density of 1.283-1.286 g/ ml, which
formed a dominant, sharp band at 2.3 kb, indicating that production of an ipDNA-capsid was
more efficient at this ipDNA length than it was for either shorter or longer ipDNAs (arrowhead
1 in Figure 6a). A second dominant, sharp ipDNA band occurred at a density of 1.340 g/ml
and an ipDNA length of 10.6 kb (arrowhead 2 in Figure 6). The value of F is indicated at the
rightin Figure 6a, as determined from co-fractionated DNA length standards that are not shown.

As sample density increased beyond 1.340 g/ml, additional sharp ipDNA bands were visible
in Figure 6a, although with intensity lower than the intensity of the 10.6 kb band. The spacing
between ipDNA bands was ~1.100 kb for densities between 1.335 and 1.396 g/ml, and
progressively increased to 3.1 kb as the density increased to 1.419 g/ml. Mature length T3
DNA (F = 1.0), derived from bacteriophage-capsid aggregates, was present in some fractions
and increased in quantity as density increased. The 1.340 g/ml fraction (F = 0.28) was the low-
density border for the presence of both HE ipDNA-capsids and, within experimental error, all
sharp bands formed by ipDNA longer than 2.3 kb. This joint border suggests the possibility
that the longer-than-2.3 kb, sharp band-forming ipDNAs were expelled from HE ipDNA-
capsids, not from ipDNA-capsid I1.

This conclusion was supported by the results of repeating the experiment of Figure 2a, 2b and
Figure 6a with T3 deletion mutant LG114 (Materials and Methods). We found that, in relation
to the staining intensity of HE ipDNA-capsids, the staining intensity of ipDNA-capsid Il was
reduced by over 90% (Figure 2c). As expected, the amount of ipDNA between 2.3 and 10.6
kb Figure 6a was reduced by over 90% relative to the amount of the band-forming ipDNAs
with length either equal to or greater than 10.6 kb (F = 0.28; not shown). Besides the HE
ipDNA-capsids, ipDNA-capsid Il is the only other detected possible source of the longer-
than-2.3 kb, sharp band-forming ipDNAs. However, the deficiency of ipDNA-capsid Il in the
T3-LG114 lysate means that ipDNA-capsid Il cannot be the primary source. The HE ipDNA-
capsids are the only known possible source for most of the longer-than-2.3 kb, sharp band-
forming ipDNAs in the case of the T3-LG114 lysate.

A test of the relationship between the wild type and mutant band-forming ipDNAS can be seen
in Figure 6b where ipDNA lengths in the F > 0.28 region of a cesium chloride density gradient
are compared. Sample density (g/ml) and source [either wild type (WT) or LG114 (LG)] are
shown above each lane in Figure 6b. The ipDNAs for T3-WT and T3-LG-114 are the same
length (1 %), based on band alignment when a LG lane is compared to a WT lane of
comparable density in Figure 6b. As expected, the mature length T3-LG114 DNA migrates
more rapidly than the mature T3-LG114 DNA in Figure 6b. The alignment of the T3-WT and
T3-LG-114 sharp band-forming ipDNAs indicates that the mechanism for producing these
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ipDNA s is the same for the wild type lysate as it is for the mutant lysate. A hypothesis for the
biochemistry of sharp band-forming ipDNA production is presented below.

Discussion

The research presented here was based on leads provided by both 1d-AGE and 2d-AGE. These
leads were followed by rigorous characterization by both mass spectrometry and cryo-EM.
However, we have not yet explained the split in some regions of the primary arc (oppositely
pointing two arrowheads in Figure 3d, e). A possible explanation arises from the conclusion
drawn here that particles of ipDNA-capsid |1 are likely to convert to HE ipDNA-capsids in
vivo. Since some of the ipDNA-capsid Il particles have a tail (slow ipDNA-capsid I1) and others
do not (rapid ipDNA-capsid I1), some hyper-expanded ipDNA-capsids should have a tail and
others should not. Thus, a possible explanation of the split in the primary arc is that HE ipDNA-
capsids of the more origin-distal primary arc branch do not have a tail and HE ipDNA-capsids
of the more origin-proximal primary arc branch do have a tail. Testing of this explanation
requires the isolation of HE ipDNA-capsids in greater amount.

The unusual shape of the primary arc has additional points of interest. At the higher values of
0 along the arc and its linear extension in Figure 3,c-e, the variation of ¢ has two possible
explanations. (1) The particles involved are hard and have an outer shell that increases its
surface exposure of negatively charged amino acids as Rg increases. This change can be caused
by movement of peptide segments to and from the capsid surface, a phenomenon already
described for the procapsid-to-mature capsid transition of bacteriophage T4.33 Similarly, T3
and T7 capsid | each has a negative o value higher in magnitude than that of the corresponding
capsid 11, even though the surface protein of both capsid I and capsid Il is gp10.3! (2) An
alternative possible explanation is that the primary arc-forming particles become soft particles
during expansion and, therefore, the packaged, internalized DNA contributes progressively
more to the electrophoretic mobility. Either explanation can be correct, according to current
data.

At the lower values of 6 along the primary arc in Figure 3, c—e, the magnitude of ¢ appears to
decrease as 0 decreases, as most dramatically seen in Figure 3e. However, sieving in the first
dimension is so large for these comparatively large particles that the apparent decrease in the
magnitude of ¢ might, in fact, be primarily the result of an increase in sieving in the first
dimension. Discriminating effects of ¢ from effects of Rg at these low 6’s (high Rg’s) is not
possible with the current experiments.

Role and significance of HE ipDNA-capsids

The data presented here are best interpreted by the assumptions that the HE ipDNA-capsids
were produced (1) during DNA packaging that would have produced an infective bacteriophage
if packaging had not been interrupted and (2) by a DNA packaging motor that was in a hyper-
expanded state during packaging. The alternative to (1) is that the HE ipDNA-capsids were
generated during packaging that had become abortive before the infection was terminated by
lysis. The alternative to (2) is that HE ipDNA-capsids were generated not during DNA
packaging, but after either productive or abortive packaging, during cellular lysis, for example.
In the case of either alternative, the hyper-expansion would probably not be informative for
understanding DNA packaging. However, hyper-expansion while maintaining capsid integrity
is so complicated that the most reasonable assumption is that hyper-expansion is evolutionarily
selected. That is to say, the HE ipDNA-capsids represent states of the DNA packaging motor
during productive DNA packaging. This conclusion is supported by the observation that the
HE ipDNA-capsids do not accumulate at the highest F values (less than one).
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The following are implications of both a hyper-expanded capsid state during T3 DNA
packaging and a quantization of T3 DNA packaging, the latter as observed via sharp ipDNA
bands in Figure 6. First of all, in the case of at least T3, the constant capsid assumption can be
strictly made only for F values between 0.0 and 0.28; the accuracy of this assumption decreases
as F increases. Accounting for changes in capsid size would produce more useful analytical
and computer simulation-based prediction of packaged ipDNA conformations and energetics.
Second, a single DNA packaging event is the product of motors of more than one type, given
that hyper-expansion occurs only for the higher F values. Furthermore, we speculate that the
bands marked by arrows 1 and 2 in Figure 2b are comparatively intense because a transition
occurred from one motor type to another. That is to say, such transitions are accompanied by
increased probability of DNA cleavage during packaging. A more detailed hypothesis is
presented in the next section.

If packaging motors of more than one type function during a single DNA packaging event, one
questions whether the ATP cleaved per base pair packaged is constant throughout packaging.
Assumption of constant ATP utilization per base pair packaged (constant ATP assumption) is
implicit in almost all models for bacteriophage DNA packaging motors (recently reviewed in
reference 1). Nanometry has detected progression of in vitro bacteriophage $29 DNA
packaging in equal, quantized steps34, an observation that can be interpreted by making the
constant ATP assumption, although ATP consumption was not monitored during nanometry.
However, packaging in equal, quantized steps can also occur if the constant ATP assumption
is incorrect, for example, via ATP cleavage-derived potential energy stored within the
connector. In addition, in vitro packaging used for nanometry may, in some cases, occur
without the feedback, discussed below, necessary for capsid hyper-expansion. Empirically,
one ATP molecule has been found cleaved, on average, per two base pairs packaged in purified
in vitro systems for $293% and T3.36 This number is about 6x higher for .37 However, these
numbers were obtained in experiments that average ATP usage for all F values. No data exist,
to the authors’ knowledge, that measure the dependence of the ATP usage on F. Given the
highly evolved character of bacteriophage DNA packaging motors and a very high dependence
of force-of-packaging on F7: 8 9 the constant ATP assumption is questionable even without
the data presented here.

Details of the T3 DNA packaging motor

The existence of HE ipDNA-capsids implies that some energy transduction occurs via the outer
shell of the capsid. For example, if Rg increases from 30 nm to 43 nm at the end of packaging,
F decreases from 1.0 to 0.33 and the force-of-packaging decreases from ~110 pN to less than
7 pN, based on nanometry of in vitro $29 packaging.38 Thus, ATP cleavage-driven hyper-
expansion would transfer to the outer shell some, if not most, of the work that the gp19 DNA
packaging ATPase is usually assumed to do. The major T3 outer shell protein, gp10, does bind
ATP.19 packaging in a protein outer shell at DNA density below that of T3 is reasonably
assumed to have evolved before a complex DNA packaging motor and accompanying high
forces needed for packaging. Adaptation of the outer shell for ATP fueled energy transduction
is simpler than production of an entirely new protein and its assembly on the connector. Thus,
the use of only the outer shell for energy transduction may have predated the use of DNA
packaging ATPases and may not have been retained for all bacteriophages. If so, the time
involved is before the prokaryote/eukaryote splits, because Herpes viruses have DNA
packaging ATPases that have detectable similarity to those of double-stranded DNA
bacteriophages.3?

Capsid hyper-expansion as F increases implies a signal that triggers hyper-expansion.
Signaling during DNA packaging has previously been demonstrated for filling-of-the-capsid
(headful) triggering of the second of two DNA cleavages that are used by some bacteriophages
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to produce a mature genome from a concatemeric precursor4®: 41. In the case of bacteriophages
P2241 and SPP142, detailed cryo-EM analysis of the connector (homolog of gp8 in Figure 1)
indicates that the connector is part of the signaling pathway.

A previously presented hypothesis!® goes further in proposing that the DNA packaging motor
engages in signal-driven, multiple contraction/expansion (including contraction/hyper-
expansion) cycles in the later stages of DNA packaging. By this hypothesis, the contraction/
expansion cycles are coupled with cycles of permeability change that, together, cause non-
DNA molecules to be expelled from the capsid. In reference 18, the capsid of the contracted
state was proposed to be smaller than the mature capsid. In the present study, an ipDNA-capsid
smaller than ipDNA-capsid Il was not detected. No other direct evidence for cycling of hyper-
expansion was found.

However, several observations are best, but not uniquely, explained by the hypothesis that
some T3 HE ipDNA-capsids are produced during a contraction/expansion cycle that includes
terminase-derived premature DNA cleavage that produces the observed T3 ipDNAs. A key
observation is that slowing of in vitro T3 DNA packaging stimulates the terminase-induced
second cleavage associated with the packaging of T3 concatemers.*3 Slowing of packaging
after each contraction/expansion cycle might, therefore, with low probability, signal premature
terminase-induced DNA cleavage that produces the ipDNA bands of Figure 6.

The following additional observations support the idea that the ipDNAS observed here are, in
fact, produced by premature terminase cleavage. (1) Some ipDNA-capsid Il has a tail, which
is not added until after a terminase cut is made.*# (2) The sharp ipDNA bands of Figure 6 are
not produced during in vitro T3 DNA packaging in unfractionated T3-infected cell extracts
that have all T3 gene products and are used for high efficiency (10-20%) packaging. Instead
a broad, more continuous distribution of ipDNAs was observed (P. Serwer and S. J. Hayes,
unpublished observation). The absence of the sharp bands of Figure 6 in vitro indicates that no
restriction endonuclease-like activity is present in the T3-infected cell extracts and suggests
that the presence of these bands depends on the influence on DNA packaging of cellular
conditions that are not mimicked in vitro. Terminase cleavage is the only known alternative
for producing the band-forming ipDNAs.

Future integration of genetics and ipDNA-capsid characterization

Greater production of the various known ipDNA-capsids is needed to have sufficient amounts
to determine structure with high-resolution 3-D reconstructions. One can presumably reach
this goal by either selecting or screening for T3 mutants that accumulate the known ipDNA-
capsids in amount higher than achieved here with wild type T3. The mutants obtained might
also help to reveal other aspects of the DNA packaging motor, possibly through accumulating
ipDNA-capsids that have not yet been detected because of low amount. Previous searches for
DNA packaging-altered mutants 37: 44=47 have been disadvantaged by the absence of such a
screenable, packaging-related phenotype. The work presented here suggests that non-
denaturing agarose gel electrophoresis can be used for screening for HE ipDNA-capsid
accumulation in lysates of cells infected with T3 mutants.

Materials and Methods

Production and initial fractionation of lysates of bacteriophage-infected cells

Bacteriophage-related particles were prepared and concentrated by the following procedure.
Lysates of bacteriophage-infected Escherichia coli BB/1 were prepared after infection at a
multiplicity of 0.01, by use of procedures previously described.1! The medium was 2xLB
broth: 20 g Bacto tryptone, 10 g yeast extract, 5 g NaCl in 1 liter of water. After addition of
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NaCl to a lysate (final concentration of 0.5 M), debris was immediately removed from the lysed
culture by pelleting in six 1.0 liter bottles at 4,000 rpm, for 15 min. ina Beckman J-6B centrifuge
(JS4.2 rotor). The lysate was then brought to 9% polyethylene glycol 8,000 by the addition of
solid polyethylene glycol 8,000. The capsids, ipDNA-capsids and bacteriophage particles were
precipitated by leaving this mixture at 4 °C for 2—4 days. These procedures were used for wild
type bacteriophages T3 and T7 and a T3 deletion mutant LG114 (received from Dr. lan
Molineux), a mutant that deleted parts of genes 0.3 (SAMase) and 0.7 (protein kinase) in the
left half of T3 DNA.4?

The concentrates were then prepared for buoyant density-based fractionation. The supernatant
of the polyethylene glycol precipitate was decanted and the precipitate was collected by
centrifugation at 4,000 rpm for 45 min in the Beckman JS4.2 rotor. Precipitated particles were
resuspended in 7 ml per liter of lysate of resuspension buffer: 0.5 M NaCl, 0.01 M Tris-Cl, pH
7.4,0.001 M MgCl,. The resuspended lysate was clarified by centrifugation for 10 min. at
10,000 rpm, 4 °C in a Beckman Avanti J-25 centrifuge (JLA16.250 rotor). The supernatant
and two resuspension buffer washes of the pellet were combined and brought to a volume of
160 ml in resuspension buffer. Then, the resuspended particles were again brought to 9%
polyethylene glycol 8,000 and precipitated at 4 °C, this time for ~ 16 hr. After resuspension
(final volume = ~17 ml) and clarification, concentrated particles were then digested with DNase
I (2.5 pg/ml) mg/ml, final concentration) for 60 min at 30 °C. This concentration of DNase
reduces the viscosity, but does not completely degrade DNA.

Density-based fractionation was then performed. First, the above mixture was fractionated by
centrifugation through a cesium chloride step density gradient (5.6 ml per gradient; 6
gradients).1! Particles in the entire ipDNA-capsid region of the step gradient were further
purified by clarification, followed by buoyant density centrifugation in a cesium chloride
density gradient, by use of procedures previously described.11 Identical fractions of three step
gradients were pooled for the buoyant density centrifugation. Light scattering from particles
in the density gradient was photographed and the gradient was collected by pipeting from the
top. To prepare MLD capsid Il from either T3 or T7, the particles in the Cll band (see Figure
2a) were subjected to buoyant density centrifugation in a Metrizamide density gradient.3!

Nondenaturing agarose gel electrophoresis

The ipDNA-capsids were initially detected by use of 1d-AGE. A sample of a density gradient
fraction was added to a 0.35x amount of the following buffer (electrophoresis buffer), without
dialysis: 0.09 M Tris-acetate, pH 8.4, 0.001 M MgClI2. A 0.11x amount of 50% sucrose in
electrophoresis buffer was then added. The fractions were then layered in the wells of a
horizontal, submerged agarose slab gel. The gel had been cast in and submerged under
electrophoresis buffer. The layered fractions were allowed to remain in place for 60 min pre-
electrophoresis in order to dialyze enough cesium chloride out of the sample so that increased
ionic strength at the origin did not interfere with the initial movement of particles during
electrophoresis. Electrophoresis was then conducted at 2.0 V/cm, 25 °C for 10 hr. After
electrophoresis, the gel was stained for DNA with either 1 pg/ml ethidium bromide (final
concentration) or 1/10,000 diluted GelStar (Lonza, catalogue #50535) in electrophoresis
buffer, visualized with an ultraviolet trans-illuminator and photographed. The gel was then
stained for protein with Coomassie blue.11

Some particles in density gradients were also characterized in more detail by use of 2d-AGE.
The sample preparation for 2d-AGE was the same as it was for 1d-AGE, except that time in
the sample well was increased for enzyme digestions (below) and 100 pg/ml bovine serum
albumen was added to reduce adherence to the gel origin. The first dimensional gel was 0.3%
agarose (Seakem LE, Lonza, Rockland Maine) that was embedded within a 1.8% second
dimensional Seakem LE agarose gel, submerged beneath electrophoresis buffer and cast in an
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apparatus in which the direction of electrophoresis is changed by 90° without manipulating the
gel.26:27 The first dimensional electrophoresis was performed at 2.0 V/cm for 4.0 hr. The
second dimensional electrophoresis was performed at 1.8 VV/cm for 10.0 hr, after changing the
direction of electrophoresis by 90°. Extrapolations by use of previously described
procedures50 were made to determine Rg values in Figure 3c. Tests of enzyme susceptibility
were performed by adding to the sample either (1) 200 pg/ml (final concentration) DNase |
(Worthington) or (2) 100 pg/ml (final concentration) boiled RNase A (Sigma). A control
without enzyme was also run. After layering in the sample well, the time of incubation before
starting the first dimensional electrophoresis was raised to 1.5 hr in order to promote digestion
by the added enzymes, after the in-sample well dialysis of the cesium chloride.

Gel electrophoresis of DNA

The lengths of ipDNAs were measured by gel electrophoresis of DNA expelled from a capsid
in which the DNA had been packaged. To expel DNA from capsids, the following was
sequentially added to 20 pl of a fraction from a density gradient: 5 pl of 0.1 M NaCl, 0.01 M
Tris-Cl, pH 7.4, 0.001 M EDTA and then 5 pl of 30% sucrose, 0.6 M NaCl, 0.06 M Tris-Cl,
pH 7.4,0.06 M EDTA, 6% Sarkosyl. Next, the temperature was raised to 85 °C for 10 min.
The DNA was then subjected to electrophoresis through a 0.25 % horizontal agarose gel
(Seakem Gold agarose, Lonza) cast in and submerged under the following buffer: 0.05 M
sodium phosphate, pH 7.4, 0.001 M EDTA. The electrophoresis was conducted at 0.34 V/cm
for 26 hr at 20 °C. These conditions were chosen for high resolution in the 5-40 kb range.

SDS-PAGE and Mass spectrometry

To determine the proteins in GelStar-stained particles fractionated by 2d-AGE, we began by
removing segments of the agarose gel. The locations were selected by viewing the gel while
it was illuminated by an ultraviolet trans-illuminator. Proteins in each agarose gel segment
were prepared for SDS-PAGE by soaking in the following buffer (three changes) for 1.5 hr
and then boiling for 3min: 20.5% glycerol, 4.8% SDS, 0.23 M Tris-Cl, pH 6.8,0.008 M EDTA,
4.8% - mercaptoethanol. The boiled mixture was maintained at 70 °C to avoid re-gelation of
the agarose and was then loaded for SDS-PAGE with pipets pre-warmed to 37 °C. Proteins
were fractionated by SDS-PAGE (12%, Precast Criterion XT, Bio-Rad) for a time sufficient
to run the tracking dye (bromphenol blue) about 2.5 cm into the separating polyacrylamide gel.
The gels were stained with Coomassie blue and the protein-containing region of each lane was
sliced into four segments, each of which was digested in situ with trypsin (Promega modified)
in 40 mM NH4HCO3 overnight at 37 °C. The digests for each gel lane were combined and
analyzed by capillary HPLC-electrospray ionization-tandem mass spectrometry (HPLC-ESI-
MS/MS) on a Thermo Fisher LTQ mass spectrometer as previously described.! The
uninterpreted collision-induced dissociation spectra were searched against the NCBInr
database using Mascot (Matrix Science; London, UK). Methionine oxidation was considered
as a variable modification for all searches. Cross correlation of the Mascot results with X!
Tandem and determination of protein identity probabilities were accomplished by Scaffold
(Proteome Software).

Electron microscopy

Particle size and shape were characterized by electron microscopy. Negatively stained
specimens were made by (1) placing a drop of specimen on a specially prepared2> carbon film
and allowing particles to adhere to the film for 2-3 min, (2) washing the film with 3 drops of
water, (3) negative staining with 3 drops of 1.0 % sodium phosphotungstate, pH 7.6 and (4)
wicking dry with filter paper. The ipDNA-capsids examined were obtained from a fraction of
a cesium chloride density gradient, such as the gradient in Figure 2a; i.e., no dialysis was
performed. T7 MLD capsid Il was also not dialyzed after preparation by buoyant density
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centrifugation in a Metrizamide density gradient. Negatively stained specimens were observed
in either a Philips 208S or a JEOL100CX electron microscope in The Department of Pathology
at The University of Texas Health Science Center at San Antonio.

Cryo-EM was also performed to minimize specimen preparation-induced changes. The
procedures have been previously described.1! Samples were taken either directly from a cesium
chloride density gradient, such as the one in Figure 2b, or from a segment of an agarose gel,
such as the gels in Figures 2b and 2c. For extraction of particles from a segment of agarose
gel, the segment was placed in a roughly equal volume of saturated cesium chloride in 0.01 M
Tris-Cl, pH 7.4, 0.001 M MgCls. The contents of the gel were allowed to diffuse into solution
for at least 4 days at 4 °C. Cesium chloride solution was used for extraction because of the
previously demonstrated stabilizing effect of cesium chloride solutions on ipDNA-capsid 11
particles.11 After elution, the liquid phase was shipped at ambient temperature from San
Antonio to Purdue for cryo-EM.11
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Figure 1.

The DNA packaging pathway of the related bacteriophages, T3 and T7. The pathway indicated
by solid arrows is the deduced in vivo DNA packaging pathway. The pathways indicated by

the dashed arrows are proposed abortive branches that produce the various particles that have
been detected, isolated and characterized.!1 A legend for protein components and DNA is at

the top. The HE ipDNA-capsid component of the figure is the contribution of the current study.
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Figure 2.

Detection of new ipDNA-capsids. A lysate of wild type T3-infected E. coli was prepared,
concentrated and fractionated by centrifugation, as described in the Materials and Methods
Section. The same was done with a lysate of T3-LG114-infected E. coli. Then, each fraction
of the buoyant density centrifugation was subjected to 1d-AGE with GelStar staining. (a) The
light-scattering profile of the buoyant density centrifugation for wild type T3. (b) The profile
of the agarose gel electrophoresis for wild type T3. (c) The profile of the agarose gel
electrophoresis for T3-LG114. In (a), density (g/ml) of fractions is indicated at the right; in (b)
and (c), density (g/ml) is indicated above a lane. The arrowheads indicate the origins of
electrophoresis; the arrows indicate the direction of electrophoresis. The significance of other
markings is indicated in the text. The contrast of (c) was enhanced more than the contrast of
(b) to make more clearly visible the stained particles other than bacteriophages.
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Figure 3.

Two-dimensional, non-denaturing agarose gel electrophoresis (2d-AGE). (a) A diagram
illustrates 2d-AGE. Wild type samples with the following densities (g/ml) were subjected to
2d-AGE with staining by GelStar: (b) 1.276, (c) 1.345, (d) 1.385, (e) 1.404. The first and second
dimension gels were all embedded in one agarose slab. Thus, all four samples were co-
fractionated, thereby assuring the same field and temperature among them. The samples come
from the gradient in Figure 2a. The arrows indicate the directions of the first (1) and second
(1) electrophoresis. The unnumbered arrowheads indicate the origins of electrophoresis. The
purposes of both the numbered arrowheads and other markings are described in the text.
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Figure 4.

Analysis of proteins. (a) A sample of a cesium chloride density gradient fractionation of a T3-
LG114 lysate (density = 1.340 g/ml) was subjected to 2d-AGE with staining by GelStar; the

first dimension gel is not shown. (b) The gel in (a) was then dissected and analyzed by SDS-
PAGE, followed by trypsin digestion and mass spectrometry. (c) Spectrum counts of T3 gp10
are displayed as a function of both gel segment numbers (columns) and gp number (rows).
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Figure 5.

Electron microscopy. (a) Electron microscopy of negatively stained dimers that consist of one
T3 HE particle (labeled HE) and one T3 bacteriophage particle (labeled ¢) in a 1.394 g/ml
fraction of a density gradient like the one in Figure 2a. (b) Cryo-EM of a 1.340 g/ml fraction
of a density gradient like the one in Figure 2a. (¢) Cryo-EM of two particles that were eluted
from an agarose gel like the one in Figure 2b. The density of sample for the agarose gel was
1.395 g/ml; the distance migrated in the agarose gel was 1.7x the distance migrated by rapid
ipDNA-capsid I1. (d) Electron microscopy of particles of undialyzed T3 MLD capsid Il that
had been negatively stained while still in the Metrizamide solution in which they had been
previously purified. (e) Electron microscopy of particles of undialyzed T7 MLD capsid Il that
had been negatively stained while still in the Metrizamide solution in which they had been
previously purified.
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Figure 6.

The ipDNAs. After a fractionation like the fractionation in Figure 2a, DNA was expelled from
the ipDNA-capsids in each fraction. Then, the ipDNAs were separated by gel electrophoresis.
(a) ipDNAs from an entire density gradient of wild type T3, with the density of a fraction
indicated at the top (g/ml), (b) ipDNASs from the 1.345-1.436 g/ml region of the density
gradients of both wild type T3 (lanes marked WT) and the T3-LG114 mutant (lanes marked
LG), with the density of a fraction indicated at the top. An arrow indicates the direction of
electrophoresis; arrowheads indicate the origins of electrophoresis. In order to have enough
lanes, results from two ethidium stained gels run in parallel are combined in (a); the gel in (b)
was stained with GelStar.
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