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ABSTRACT. To understandn vivo DNA metabolism,in vitro systems are developed that perform DNA
metabolism, while maintaininin vivo (physiological) character. To determine the state of DNA during

in vitro physiological metabolism, the present study develops procedures of fluorescence light microscopy
for observation of stained DNA molecules durimgeitro physiological metabolism in a crude extract of
bacteriophage T7-infected cells. The extract inhibits illumination-induced breakage of DNA. The following
DNA metabolism remains active for-B8 min during microscopy: exonuclease-dependent end-to-end
joining (concatemerization) of T7 DNA and subsequent cleavage of concatemers. When the T7 gene
3-encoded DNA debranching endonuclease is absent durinigro T7 DNA concatemerization, DNA
progressively partitions to form a continuous, mostly immobile (i.e., no detected Brownian motion) fibrous
network that encloses the DNA-depleted solution; presumably because of reduced branching, a less extensive
network forms when the gene 3-encoded debranching endonuclease is present. Most strands of the network
consist of multiple DNA segments. After a time interval of B0 min, the DNA network undergoes
cleavage that depends on the presence of both ATP, capsids, and the DNA packaging accessory proteins
encoded by genes 18 and 19; multiple cleavages eventually disrupt the continuity of the DNA network.
The dependence of the observed cleavage on these factors is explained by the hypothesis that this cleavage
is the first of two cleavages known to occur during the packaging of T7 DNA concatemermhotio

andin vitro. The first cleavage is also known to initiate entry of DNA into a T7 capsid. The cleavage
observed here is usually preceded by an approximately 10 s burst of oscillatory motion of the DNA
network near the point of eventual cleavage. If iheivo presence of a similar concatemer-containing

DNA network is assumed, requirement for DNA packaging-associated release of DNA from this network

is a possible explanation for the evolution of a T7 DNA packaging pathway that is initiated by cleavage

of a concatemer.

Analysis of DNA metabolism is currently done macro- package T7 concatemers in bacteriophage capsids. Con-
scopically, i.e., by averaging the results for numerous DNA catemers are the preferred substrate for T7 DNA packaging;
molecules. To avoid loss of information about either the they are cleaved to mature length during packaging (Masker
temporal order or the spatial partitioning of metabolic events, et al.,, 1978; White & Richardson, 1987a,b; Son & Serwer,
both biochemical analysis and biophysical analysis are 1992). In witro T7 DNA packaging requires procapsids
desirable at the level of a single metabolic event. By using (Masker & Serwer, 1982), ATP (Masker, 1982), and two
a fluorescent dye, single DNA molecules have been observedaccessory proteins, p18 (White & Richardson, 1987a) and
by fluorescence light microscopy (Matsumaibal., 1981; p19 (White & Richardson, 1988). Although concatemeric
Yanagidaet al., 1983; Houseakt al, 1989; Bustamante,  sypstrates for DNA packaging are usually assumed to exist
1991; Minagaweet al,, 1994; Serweet al,, 1995); the shape i unpartitioned solution botin vivo andin vitro, to the
of a DNA random coll has. been.d|rectly observed (Sgrwer authors’ knowledge, no test of this assumption has been
etal, 1995). To perform light microscopy of DNA during  carried out. If partitioning does occur during concatemer-
its metabolism, a tractable biochemical system is needed. ;5iion, this partitioning potentially will be a constraint on

Among the events of DNA m_etabohsm, Pa%Ckag'”g O_f both the DNA packaging pathway and other DNA-metab-
DNA in the preformed_ procapsids of bacte_nophages IS olizing pathways that have evolved. Thus, in the present
studied because pact(_er|ophage DNA papkaglng IS Complexstudy, technigues of light microscopy have been developed
enough to be a b|olog|_cal process, but simple enpugh to t.’efor observing metabolizing DNA in T7 cell-freen( vitro)
accessible to blochemlcal, biophysical, and genetic anaIyS|s.eXtracts that both concatemerize and package the DNA of
In the case of bacteriophage T7, extracts of T7-infected cellsb . i .
both join the terminally repeated 40 kilobase (kb) pair T7 ac.terlophage 7, the e>.<tracts are unfrgctlonated Iysate§ of

] y rep (kb) p T7-infected cells. By using these techniques, the behavior
DNA end-to-end (the product is called a concatemer) and 'S. BY 9 nniques, o
of T7 DNA duringin vitro concatemerization-packaging is

A . . observed. In terms of evolution, the results explain the
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Table 1: Partial List of T7 Genas centrifl,.lga.tions were pgrformed fpr 5 min at 6Q 000 rpm.
o P When indicated, the single centrifugation previously used
9 unction in Sonet al (1988) (also 5 min at 60 000 rpm and°2)
8222 % 0 ﬁg?ﬁsg%"rngfrzzzt RNA polymerase was also used here. A lysate will be named by the bacterio-
gene 2.5 single-stranded DNA binding protein phage used to infect the cells that were used to make the
gene 3.0 debranching endonuclease that lysate. In some cases, two lysates will be mixed (equal
also degrades host DNA volumes). This mixture will be named by the bacteriophages
genes 4A and 4B primase that were used to make its component lysates. For example,
gene 5 DNA polymerase the mixture of a TZo! i
Py olysate and a Tgf19lysate will be called
gene 6 5— 3 exonuclease ' . ; .
gene 7 protein of the T7 capsid aT7e+ TTsaolysate. The final mixture will also be called
gene 8 protein that connects both internal a DNA-metabolizing extract. To add p6 (d 5 3
proteins and the external tail to the exonuclease; Kerr & Sadowski, 1972) to an extract missing
outer shell of a T7 capsid p6, purified p6 (obtained from United States Biochemicals,
gene 9 scaffolding protein (outer shell assembly) | land dded
genes 10A and 10B major (10A) and minor (10B) proteins Cleveland, OH) was adde tO an extract (1 part of p6 per 10
of the capsid’s outer shell parts of extract) before addition of DNA.
genes 11 and 12 tail proteins _ To initiate DNA metabolism, a DNA-metabolizing extract
genes 1316 proteins of an internal cylinder (30 parts) was added to mature T7 DNA (1 part); the
in the T7 procapsid extract-DNA mixture was incubated at the temperatur
gene 17 tail fiber protein N _ . P . ature
gene 18 smaller DNA packaging accessory protein  indicated. To examine a DNAextract mixture by light
gene 19 larger DNA packaging accessory protein microscopy at several times after the beginning of incubation,

aReviewed in Studier and Dunn (1983) and Steven and Trus (1986). the DNA—extract mixture was initially divided into separate
culture tubes; at several times, DNA was taken from an
MATERIALS AND METHODS unused cult_ure tube and prepareql for f_Iuorescence mic_ros-
copy by using procedures described in the next section.
Bacteriophages and Bacteriophage DNA&Both bacte- Micrographs were obtained only during the first 2 min of
riophage G and the 670 kb DNA released at °GD from observation. The total time of incubation is shown in the
bacteriophage G were obtained, and the DNA concentrationfigures. The dextran present in DNA-metabolizing extracts
was determined by using procedures previously describedcaused an increased background-associated slight loss of
(Serwer et al, 1995). Bacteriophage T7 single amber resolution of stained DNA during fluorescence microscopy.
mutants were received from F. W. Studier (Studier, 1969). Fluorescence Light MicroscopyTo perform fluorescence
A single amber mutant will be indicated by T7, followed by light microscopy, a mixture of DNA and DNA-metabolizing
the number of the mutant gene in subscript. Double and extract (29«L) was added to a solution of fluorescent dye
triple amber mutants will be similarly indicated by placing (1 uL). Unless otherwise indicated, the dye was64
all mutant genes in the subscript position. For example, T7 diamidino-2-phenylindole (DAPT(Matsumotcet al., 1981;
amber mutant in genes 3 and 5 will be calleds 7 The Bustamante, 1991). This mixture was placed on a flat
following multiple mutants were received from W. E. microscope slide that was subsequently both covered by a
Masker: Tésesand Tas The following multiple mutants  flat cover glass and placed on a temperature-regulated (Peltier
were constructed by using a genetic cross; 1§77 73 16 and cell) copper stage on an Olympus BH2 fluorescence micro-
T7310 Additional double mutants have been previously used scope used with both ultraviolet illumination and an orange
(Sonet al,, 1993). The permissive host for amber mutants emission filter. When DNA was stained with ethidium,
wasEscherichia coli0-11; both the nonpermissive host for  fluorescence microscopy was performed by using procedures
amber mutants and the host for wild-type bacteriophage previously described (Serwet al,, 1995). The copper stage
(indicated by a subscript wt) wds. coli BB/1 Both the was both designed and constructed by N. L. Criscimagna.
number of a T7 gene and the function of its gene product The time of specimen preparation was less than 0.5 min; to
are summarized in Table 1 for selected T7 genes (Studier & minimize this time, silicone grease (instead of nail polish)
Dunn, 1983). The protein encoded by a T7 gene will be was used to seal the edge of the cover glass. When indicated,
indicated by p, followed by the number of the gene. Both T7 DNA was stretched during light microscopy by exerting
T7. and T7 amber mutants were grown and purified by using pressure on the cover glass (Seretal, 1995). Procedures
procedures previously described (Saral.,, 1993). Mature for both recording images via image intensifier-videotape
T7 DNA was isolated from purified bacteriophage T7 by and reproducing these images are those previously described
extraction with phenol; the DNA concentration was deter- (Serweret al,, 1995). To quantify fluorescence, videotaped
mined from the optical density measured at 260 nm (8&on images were obtained without the image intensifier; intensity
al., 1988). T7 DNA is 39.936 kb long (Dunn & Studier, (background subtracted) per micrometer of fiber lengjth (
1983). was measured in arbitrary units from an image digitized by
In Vitro Metabolism. Lysates of cells infected with T7  using procedures previously described (Seretal., 1995).
amber mutants were prepared by using procedures previouslyTo correct for nonlinearity in the response of the recording
described (Soret al, 1988) with 10% dextran with a  system, an optical step wedge, illuminated through an orange
molecular weight of 10 000 present. After lysis, centrifuga- filter, was imaged directly by the video camera.
tion was used to remove both endogenous DNA and other
lysate components large enough to be imaged as background * Abbreviations: DAPI, 46-diamidino-2-phenylindoley, fluores-

; ; ; i« CeNce intensity per length of a fiber; PFGE, pulsed field agarose gel
objects during fluorescence microscopy. Unless otherwise electrophoresigy, number of DNA double helixes across the diameter

indicated, this centrifugation was pe_rformed at@ in a ~ of a DNA fiber; Nc, number of cleavage events per minute per square
Beckman TL-100 tabletop ultracentrifuge; two successive micrometers, time; F, frequency of values of .
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Expression of Cloned ProteinsTo express a single T7
protein that was to be added to a DNA-metabolizing extract,
one of the following pET-1-based expression vector&in
coli HMS174 cells (Studieet al., 1990) was induced at 2
x 10 cells/mL, by addition of isopropyB-thiogalactoside
(9.5 ug/mL); the cells had been grown at 3C in the
presence of ampicillin (20@g/mL): pAR2652 (p18), and
pAR2326 (p19). Both gene 18 and gene 19 were cloned
behind the T7 @10 promoter (Rosenbetgal., 1987); both
vector-containing strains were received from A. Rosenberg.
To obtain a control that had not expressed any T7 protein,
the parent strain (i.e., a strain that was the same, except for
the absence of a cloned gene) was induced. After induction,
growth was continued for 60 min at 3€. The induced
cells were both pelleted and lysed by using the procedure

used to prepare a DNA-metabolizing extract.

Pulsed Field Agarose Gel Electrophoresito determine
the length of T7 DNA after it had been incubated in a DNA-
metabolizing extract, the DNAextract mixture (1Q«L) was
RNase-digested, protease-digested, and then heated® 75

(raising temperature expelled packaged DNA) by using the B2

procedures in Soet al. (1988). Subsequently, the extract

was subjected to pulsed field agarose gel electrophoresis . : 7L
(PFGE) through a 1.2% agarose gel (Seakem LE agaroseFicure 1: Light microscopy of DNA in an extract missing p3, p5,

FMC Bioproducts, Rockland, ME) cast in 0.09 M Tris-
acetate (pH 8.4) and 0.001 M EDTA. Pulsing of the
electrical field was achieved with microprocessor-controlled
periodic rotation of the gel from orientation angt®.3z to
orientation angle 0:3 and back; the procedures of Serwer

and p6. The following were added to agggextract prepared either
(a) with the procedure of Soat al. (1988) or (b-d) with the
procedure in Materials and Methods that includes more extensive
centrifugation for clarifying the extract: (a) nothing added, (b)
nothing added, (c) bacteriophage G DNA (&:§/mL), and (d)
bacteriophage T7 DNA (0.4g/mL). The magnification bar is 50

et al (1995) were used. During PFGE, the time at each of #um long. Note that images in Figure 1 are less magnified than
these two orientations (pulse time) was 40 s; the temperaturéMages in subsequent figures.

was 20+ 0.2°C, and the electrical field was 2 V/cm. After
PFGE, the gel was stained withuy/mL ethidium bromide

stained DNA in a T7 DNA-metabolizing extract did not

for 2 h in electrophoresis buffer; the gel was subsequently detectably experience photobleaching.

destained and photographed (Sziral., 1988).

RESULTS

Obsewation of DNA in T7 DNA-Metabolizing Extracts.
Among the potential limitations of performing fluorescence
light microscopy of stained DNA in DNA-metabolizing
extracts, the following were initially anticipated. (1) Non-

To determine whethein vitro T7 DNA packaging was
inhibited by DAPI (third potential limitation, above) vitro
packaging was assayed in the presence of DAPI, by
guantifying the formation of infective T7 particles in the,57
+ T7s519 extract previously used (Soet al., 1993). The
result was that no more than 20% inhibition was caused by
DAPI at concentrations either equal to or less thanu@b

DNA components of the extract reduce the clarity of images ML. As the concentration of DAPI increased above &35

of the DNA. (2) The illumination of the microscope causes
the DNA to break. (3) Metabolism in the extract is inhibited

mL, formation of infective particles was progressively
inhibited, until complete $99.9%) inhibition occurred at 8

by either the stain or the illumination (or both). When wug/mL. These results are similar to those obtained for
attempts were made to stain extract-contained DNA with bacteriophage T3 (Fujisaved al,, 1987). Fortunately, 05
ethidium, images of the DNA (not shown) were considerably 1.0 #g/mL is the range of DAPI concentrations found by

less clear than they were in a previous study (Seetei.,
1995) performed without the extract. In contrast, when
staining was performed with DAPI, comparatively sharp

inspection to be optimal for visualization of DNA in T7
DNA-metabolizing extracts (data not shown).

When a T§56s DNA-metabolizing extract was prepared

images of extract-contained DNA were obtained. Unlike the by using procedures previously described (8bal., 1993),
results obtained in the absence of an extract (Bustamanatewithout addition of exogenous DNA, observation by light

1991; Serweret al, 1995), no breakage of DAPI-stained
DNA was observed when either single DNA molecules or
the DNA networks described below were continuously
observed in T7s ¢ extracts for times as great as 5 min (data
not shown). That is, the extract inhibited the light-DAPI-
induced breakage of DNA. Thus, the first two potential
limitations were overcome by using DAPI to stain the DNA
present in a T7 DNA-metabolizing extract. Although DAPI-

microscopy (the stain was 0.mg/mL DAPI) revealed

sufficient endogenous DNA (from either the host or the
infecting bacteriophage or both) to interfere with visualization
of exogenous DNA. A typical field of this Ts% ¢ extract is

shown in Figure 1la. Without a loss in an extract’s capacity
for producing infectious T7, visible endogenous DNA was
almost completely eliminated by the more extensive of the
two procedures of centrifugation described in Materials and

stained DNA undergoes photobleaching in the absence of aMethods (Figure 1b). However, some endogenous DNA did
DNA-metabolizing extract (Bustamanate, 1991), after 2 min appear to be present, but adhered to the microscope slide;
of exposure to the illumination of the microscope, DAPI- the adhered DNA was not imaged, but did create background
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f . : [ DNA in anin vitro T7 DNA-metabolizing extract, p6 (1.5
" ' units/mL, final concentration) was added to a§ Zextract.
The p6 is known to stimulate concatemerization of mono-
meric T7 DNA,; the mechanism of stimulation is generation
of complementary single-stranded T7 DNA ends by exo-
nucleolytic digestion of the terminally repeated T7 DNA (Son
& Serwer, 1992). Immediately after addition to the p6-
containing T§s¢ extract of T7 DNA at a concentration of
_ . 100 ug/mL (the concentration previously used far vitro
— o - . T7 concatemerization-packaging; Setral., 1988, 1993; Son
3 & Serwer, 1992), fluorescence microscopy of the DNA-
containing extract revealed no visible features. Single DNA
molecules were not discerned because the DNA concentra-
tion was so high that overlapping among DNA molecules
eliminated the contrast between the background solution and
the DNA. This result is shown in Figure 2a for thesE%
extract to which p6 had been added; the time after addition
of T7 DNA (minutes) is indicated in the upper left of each
panel. However, as time increased te ) min during
incubation of a p6-containing extract at 3, light
microscopy revealed a progressive partitioning of DNA to
form a network that consisted of a predominantly fibrous
DNA-rich phase that, in projection, surrounded zones of a
comparatively DNA-poor phase (Figure 2). All images in
Figure 2 were obtained less than 0.5 min after preparation
of a portion of the DNA-extract mixture for light micros-
copy. When a preparation was illuminated on the fluores-
; SRR cence microscope stage for a time greater tha2 iin,
FiIGURE 2: Images as a function of time in an extract missing only the changes in Figure 2 stopped; images remained static for
p3 and p5. To a Tys6 extract that contained p6 (1.5 units/mL)  {imes as great as 2 h. Control experiments (not shown)

was added T7 DNA (10@g/mL); this mixture was incubated at - .
30 °C. Images obtained by fluorescence microscopy were formed revealed that the stopping of metabolism was caused

at the time (minutes) indicated at the upper left of each panel. A primarily by the illuminating beam of the microscope; in
portion of an extract was prepared for PFGE; after PFGE for 48 h, the absence of the illuminating beam, metabolism was
the pattern obtained is in the middle of the corresponding panels. progressively lost in a period of-12 h.

In the PFGE profiles, the numbers indicate the length of a DNA in To determine whether, as expected, the DNA network

units of one mature T7 DNA length; the arrows indicate the ined \vsis by PEGE f d
direction of electrophoresis; the arrowheads indicate the origins of cONtaineéd concatemers, analysis by was periorme

electrophoresis. The white arrowhead indicates a nodule; the whiteOn samples taken from the extract used for Figure 2. The
arrow indicates the direction of preferential orientation of fibers. result was the progressive formation of concatemers as time

For the light micrographs, the magnification bar is /4 long. increased to #10 min (for a panel in Figure 2, the PFGE
. profile is displayed at the upper middle part of the panel;

fluorescence. This DNA may have been attached to a glass+he numbers next to the PFGE profile indicate the number
adherent cell membrane or wall componenEotoli. When of 40 kb pair T7 genomes in a band-forming concatemer).
bacteriophage G DNA (0.5g/mL) was added to a &4 Subsequently, monomeric T7 DNA progressively dominated
extract, the mobile (i.e., undergoing Brownian motion) the PFGE profile. Thus, the network is assumed to contain
asymmetrical random coils previously observed in buffer concatemers. The network apparently dissolved either during
(Serweret al, 1995) were again observed, though not as ilytion for PFGE or during entry of DNA into the gel used
clearly (Figure 1c). When T7 DNA (0,4g/mL) was added  {or PEGE.
to a Thse extract, smaller, more mobile DNA molecules  ajong fibers observed at 10 and 15 min in Figure 2, both
were observed (indicated by arrows in Figure 1d). Thus, the width and the intensity varied. Most fibers were
the more extens_ive centrifugation used to clarify the_extract decorated by wider DNA condensates (to be called nodules;
of Figure 1b will also be used to clarify extracts in the gne of the larger nodules is indicated by an arrowhead in
experiments described below. the 10 min panel of Figure 2). As partitioning occurred,

The T7s6 extract used above is missing the three T7 sometimes partial orientation of the fibers also occurred. For
DNA-metabolizing gene products whose effects should be example, in the 10 and 15 min panels of Figure 2, the DNA
the most easily detectable by microscopy of DNA (Table fibers are preferentially oriented in the direction indicated
1). When either T7 or G DNA was added to agFéextract by the arrows. Along more than 9®5% of the length of
and incubated for a time as long as 2 h, no effect of the DNA fibers in the networks present between 10 and 15 min
extract on the DNA was observed by light microscopy (data in Figure 2, the main fibers seen in Figure 2 exhibited no
not shown). Thus, interaction of T7 DNA with extract detectable Brownian motion. However, in the intranetwork
components other than p3, p5, and p6 did not have a visiblespaces, some DNA segments, possibly loosely attached to
effect on the DNA. the DNA network, did undergo Brownian motion.

Effects of Gene 6 Exonuclease (p6): Formation of a DNA  Cleavage of the DNA NetworkAs time progressed above
Network. To determine the effect of concatemerization on 7—10 min in Figure 2, the DNA network experienced visible
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5

Ficure 3: Cleavage of a DNA network. A p6-supplemented (1.5 units/mlgsEDNA-metabolizing extract T7 DNA mixture (100ug

of DNA/mL) was incubated at 30C. (a and b) Images of the DNA network near two points of cleavage are shown. A point of cleavage

is indicated by an arrowhead; the direction of postcleavage motion is indicated by an arrow. The time (seconds) of an image is indicated
in the upper left of a panel. The zero times of the figure both correspond to approximately 20 min after the start of incubation. Note the
difference between the time scale in Figure 3 (seconds) and the time scale in Figure 2 (minutes). The par lerikf)

effects of cleavages. The earliest cleavages were revealedim; Slayter & Slayter, 1992), the number of double-stranded
by the movement of one part of the network away from the DNA segments 1f) across the diameter of each observed
adjacent part of the network. After an initial, sudden DNA fiber (Figures 2 and 3) cannot be determined by
movement, separation usually continued forlb s. In separately resolving these double-stranded DNA segments.
Figure 3a,b, examples are shown for two independentInstead,n was determined by quantifyingy for both a
videotaped sequences; the time (seconds) of each frame ismietwork-associated fiber and a fiber for which was
given at the upper left; an arrowhead indicates the ap- reasonably assumed to be 1. For fibers observed in a p6-
proximate point of cleavage before separation in the direction supplemented T%¢ extract at 15 min after the start of
of the arrow. Possibly, additional cleavages occurred that incubation, the distribution was determined farfibers were
did not have visible effects. The number of cleavages was selected at random; nodules were not included. The result
large enough so that, as time progressively increased to 45was that the highedt values were 45 times greater than
min in Figure 2, the network lost its continuity. As shown the lowestl, values; a frequencyH) vs I plot (Figure 4)
in the PFGE profiles of Figure 2, monomeric DNA is the had two peaks. If (1), is assumed to be proportional to
primary cleavage product. The region of the PFGE profiles the number of double-stranded DNA segments per observed
below the region shown in Figure 2 did not have sufficient fiber and (2) the lowest, value is assumed to be thg
DNA to detect by ethidium staining; the gel would have value of a single DNA double helix, then the peaks infhe
revealed a linear DNA as small as 5 kb. vs|_ plot are at approximately 2 and 3 DNA double helixes
Although cleavage was apparent from 15 to 30 min in the per observed fiber. The brightest fibers have54DNA
experiment of Figure 2, qualitiatively, cleavage was not double helixes per fiber, but the values for these fibers
obvious at 10 min, even though the DNA network was were not high enough to form a peak in Figure 4. To
present; quantification of this effect is described in a independently determiné for a double-stranded DNA
subsequent section. The quiescent period for cleavage issegment, thé for unconcatemerized T7 DNA that had been
explained with the assumption that cleavage is caused by astretched was determined (Materials and Methods) during
metabolic event that requires an initiation time of several light microscopy of T7 DNA at 0.kg of DNA/mL. When
minutes. Possibly, this event is DNA packaging. Further compared to the lowest of a fiber within a network formed
tests of this possibility are also described in a subsequentby a p6-supplemented 19, extract, thel_ of a stretched
section. T7 DNA was 0.96+ 0.06 times as great. Microscopy for
Amount of DNA per Fiber in the DNA NetworlBecause this comparison was performed without changing any aspect
of the limits to the resolution of light microscopy (6-3.0 of the system for either obtaining or recording images. Thus,
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Ficure 4: Number () of DNA segments across the diameter of
network-forming DNA fibers. To determine, values ofl, were
determined for randomly selected, network-forming DNA fibers
within a T7; 10 DNA-metabolizing extract T7 DNA mixture (100
1g of DNA/mL) that had been incubated at 30 for 15 min. The
frequency F) of I, values is plotted as a function &f.

thel_ for n = 1 was confirmed, as was the conclusion that
peakn values were 23. However, the arrangement of the
multiple double-helical DNA segments within a network-
associated fiber cannot be deduced from the current data.
The fiber cleaved in Figure 3a appears to consist of more
than one DNA double helix; the fiber cleaved in Figure 3b
appears to consist of a single DNA double helix.
Effects of p3-Debranching Endonucleas&he extracts '
used for Figures 44 were all missing p3, a DNA- Ficure 5: Images as a function of time in an extract not missing

; ny T7 proteins. To a Tk + T7s19 extract was added T7 DNA
debranching endonuclease known to be necessary for at lea 00ug/mL); this mixture was incubated at 3G. Images obtained

one recombination pathway of T7 DNA badthzivo (Ogawa by fluorescence microscopy were obtained at the time (minutes)
etal, 1978; Panayotatos & Fontaine, 1987) amditro (Lee indicated at the upper left of each panel. A portion of an extract
& Sadowski, 1983; De Massst al., 1987; Parsons & West,  was diluted for PFGE; after PFGE for 63 h, the pattern obtained is
1990). To help determine the effects of p3, the DNA in a in the middle of the corresponding panels. In the PFGE profiles,

: oo the numbers indicate the length of a DNA in units of one mature
T7s extract (i.e., an extract missing only p3) was compared DNA length; the arrows indicate the direction of electrophoresis;

to the DNA in a T% + T7510 extract (i.e., an extract Not  the arrowheads indicate the origins of electrophoresis. The mag-
missing any T7 protein). In the F#&xtract, the network nification bar is 10um long.
formed, as it had in the p6-supplemented;dd extract;
between 5 and 60 min, fluorescence microscopy revealedmicroscopy initiatesn vitro T7 DNA packaging, the extent
no significant difference between these two extracts (data of cleavage in the absence of p19 was compared to the extent
not shown). In the T4+ T7s10extract, the network formed  of cleavage in the same extract to which p19 had been added.
[Figure 5; time (minutes) is indicated at the upper left of To quantify the extent of cleavage, the number of cleavage
each panel] but was never as extensive as the network formedvents per minute per square micrometer (Nc) was deter-
in the absence of p3. As also found for the network in the mined by using fields that were illuminated for no more than
p6-supplemented & ¢ extract in Figure 2, the network in -~ 60 s. When Nc was plotted as a function of tinlg & T%
the T79 + T7519 extract fragmented as time progressed extract yielded a N¢) plot that had a peak 30 min after the
beyond 15 min in Figure 5. start of incubation, i.e., 2625 min after the DNA network
The enhancement of network formation by the removal first formed (T% plot in Figure 6a). In contrast, a T7o
of p3 indicates that increasing the concentration of branchedextract yielded a flat N¢J plot for which Nc was always
DNA molecules promotes assembly of the DNA network. 10-fold less than the peak Nc of the sl&xtract (T3 19 plot
Branched molecules presumably are among those at thein Figure 6a; in both the T7and the T3 19 extracts, the
origin in the PFGE profiles in Figures 2 and 5. Analogously, network was indistinguishable from the network in Figure
formation of the network of comparatively thick fibers of 2). This difference was dramatic enough to be easily
an agarose gel is promoted by branching of constituent perceived by visual inspection of the original videotapes. To
thinner agarose fibers (D&t al, 1972). Thus, a p3-induced determine whether p19 could restore the cleavage activity
decrease in network formation is expected. of the T% 19 extract, the T71o extract of Figure 6a was
Source of the p3-Independent Clege of the DNA  supplemented with p19 from a lysate of the induced p19
Network. One possible source of the p3-independent cleav- expression vector. The result was restoration of cleavage
age of the DNA networks of Figures 2 and 3 is the p18- and (T7319 + p19 in Figure 6a); no significant effect was
pl9-dependent cleavage that initiates T7 DNA packaging observed when a control lysate without p19 was used (not
(White & Richardson, 1987a,b, 1988; Fujisaetzal., 1990). shown). To determine the effect of changing the concentra-
To help determine whether the cleavage observed by lighttion of p19, the Nc observed at 30 min was determined as a
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Ficure 6: Quantitative analysis of the cleavage of the DNA network. (a) A plot of Ntigsnade for the following extracts indicated in

the figure: T3, an unsupplemented T&xtract; T4 14 an unsupplemented T7, extract; Tg19 + pl9, a T4 extract that had been
supplemented with an extract of the induced p19 expression vector (the latter was diluted by a factor of 5);;grahTihsupplemented
T7318extract. (b) (Solid line and left vertical axis) A plot of Nc is made at 30 min as a function of the concentration in a;Tyextract

of a p19 supplement obtained by inducing the p19 expression vector. The concentration of the undiluted supplement is 1.0. (Dashed line
and right vertical axis) The same plot is made for the yield of infective particles per milliliter of extract, after incubating for 60 min at 30
°C. (c) A plot is made at = 30 min for the yield of infective particles, as a function of the concentration in aglektract of a p18
supplement obtained by inducing the p18 expression vector. The concentration of the undiluted supplement is 1.0. (d) A plot f Nc vs
made for either a Tzafjpextract (labeled T¥,q or a T7 9+ T7519€xtract, the latter of which was mixed with either AJPS (25 mM final
concentration; labeled ATP-S) or water (labeled control) by 1:10 dilution. Presumably because of increased DNA branching, both the
T7; and the p19-supplemented 31§ extracts had yields of infectivity that were lower than those previously describedetSan 1988)

for extracts not missing p3.

function of the concentration of p19 added via a lysate of a T7; 15 extract. Like the T7i9 extract, a T4s extract
the induced p19 expression vector. The result was cleavageyielded a DNA network when incubated with T7 DNA (not
that increased as the amount of added p19 increased (solidshown). The T7ignetwork experienced the same low-level
line in Figure 6b). Thus, most>(98%) cleavages of the cleavage that the E4yextract experienced (Figure 6a). To
DNA network occurred if and only if p19 was present. determine whether p18 could restore the cleavage activity
To determine whether the p19-dependent cleavages yieldedf the T% 15 extract, the experiment of Figure 6b was
infectious bacteriophage particles, the pEXtract mixtures repeated by using a s extract and a pl8 expression
of Figure 6b were incubated until production of infectious vector. For infective particle production, the result (shown
particles normally stopped (60 min); the titer of infective in Figure 6¢) was similar to that obtained for thes Tyextract
particles was determined (dashed line in Figure 6b). Addi- and p19 expression vector in Figure 6b; the valley between
tion of p19 did increase the yield of infective particles. As peaks was, however, not as deep in Figure 6¢. For cleavage
the concentration of p19 increased, two peaks were observef the network, the effect of p18 was to completely eliminate
in the yield of infective particles per milliliter. The observa- the network, even at the lowest concentration of Figure 6c.
tion of these two peaks was reproducible (three independentThus, the cleavage that required a known nuclease, p19, also
experiments). The data of Figure 6b support the conclusionrequired the accessory protein, p18, known (White &
that the p19-dependent cleavage yields a substrate for DNARichardson, 1987a,b) to also be required for DNA packaging-
packaging. Because the p19 of the T7-related bacteriophageassociated cleavage of T7 concatemers. The comparatively
T3, is a DNase (Fujisawat al., 1990), p19 is probably the great effect of p18 on cleavage is not understood.
enzyme that cleaves the DNA network in Figure 3. The In addition to p18 and p19, both ATP and a T7 procapsid
complexity of the response of infective particle production are known to be necessary for T7 DNA packaging (Roeder
to p19 concentration is not understood. & Sadowski, 1977; Masker, 1982; Masker & Serwer, 1982;
Although p18 is not known to have either a nuclease White & Richardson, 1987b; Serwest al, 1990). To
activity or a role in capsid | assembly, p18 is, like p19, determine whether ATP is also required for the DNA
required for T7 DNA packaging (White & Richardson, cleavage observed by light microscopy, cleavage in & T7
1987b,c). Thus, the effect on cleavage of removing p18 was+ T7s 19 extract was quantified during incubation with T7
determined by performing light microscopy of T7 DNA in  DNA both in the presence of 25 mM ATRS (ATP¥-S in
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Figure 6d) and in the absence of AJPS (control in Figure branching promotes, and is possibly necessary for, formation
6d). The ATPy-S inhibited cleavage of DNA. Thus, the of the network. Although concatemerization has thus far
observed cleavage of DNA requires cleavage of ATP. To occurred in all conditions for which network formation
determine whether capsids were required for the DNA occurred, the data do not reveal whether concatemerization
cleavage observed by light microscopy, cleavage ingd7 is absolutely necessary for the formation of a DNA network.
extract was quantified during incubation with T7 DNA; gene As foundin vitro, during either a T or a T% infection,
10 encodes the major protein of both the T7 procapsid andboth concatemerization and branching also odourivo;
the mature T7 capsid (Table 1). The result was no cleavagebranching is increased in the Fihfection (Serweret al.,
above background (Figure 6d; 9. The T4 oextract used 1990). Thus, the assumption is made that a smaller version
produced infective bacteriophage particles when mixed with of the network observed here also forms dunngivo T7
a T7 10 extract (2.9x 10% infective units/mL). Thus, the  DNA metabolism.
T7310€xtract was active. Therefore, the conclusion is drawn  If network-associated DNA is to be packaged, then the
that, in addition to ATP, p18, and p19, the T7 procapsid is immobility of the network implies the constraint that DNA
also required for the DNA cleavage observed by light must be freed (possibly by cleavage) from the network before
microscopy. it can enter into a bacteriophage capsid. If the DNA network

Motion of the DNA Network before Cleage. The data formsin vivo, this conclusion is consistent with the previous
presented above are explained by the assumption that thelemonstration that the T7 (and T3) DNA packaging pathway
cleavage observed is caused by the process of DNAis initiated by cleavage of a concatemer to form a mature
packaging; possibly, this cleavage is the cleavage previouslyright end that is subsequently the substrate for DNA
found to initiate DNA packaging (White & Richardson, packaging bothn vitro (White & Richardson, 1987b) and
1987b; Serweet al., 1992). If so, then both specific DNA in vivo (Serweret al, 1992). The data presented here
capsid binding and, possibly, a search by capsid | for its indicate that the observed cleavage is ATP-, capsid-, p19-,
binding site(s) should occur before cleavage. Although DNA and pl18-dependent. This cleavage is associated with an
network-associated capsids cannot yet be detected by fluoincrease in the yield of infectious particles. The production
rescence light microscopy, capsid-induced DNA motion can of infectious particles supports the conclusion that package-
be detected. To determine whether motion of the DNA able DNA is freed from the network by cleavage. The
network occurred before cleavage events, the behavior ofobserved dependence on ATP, capsids, pl9, and pl8
the DNA network was determined in the time interval indicates that this cleavage is not the nonspecific, DNA
immediately before a visible cleavage event. Of 100 packaging-independent cleavage previously demonstrated
cleavage events, 67 were preceded by apparently random(Fujisawaet al., 1990) in nonphysiological conditions (low
motion of the DNA network; this motion was visually ATP), for the p19 of bacteriophage T3. That s, the cleavage
detected without difficulty. The motion lasted roughly 10 observed by light microscopy is part of (presumably initiates)
s. When 58 similar locations were randomly selected in the the process of DNA packaging. If so, then the AF¥fS
DNA network, only 5 of them exhibited any detectable inhibition of DNA cleavage (Figure 6d) confirms that ATP
motion in the 10 s time interval preceding cleavage. Thus, cleavage is required for the initiation of T7 DNA packaging.
the random motion is significantly correlated with post- In summary, the following hypothesis explains the evolution
motion cleavage of the DNA network. of a DNA packaging pathway initiated by cleavage: Before

DNA can be packaged, the DNA must be released (cleaved)

DISCUSSION from an intracellular DNA network similar to the network

In this study, two questions have been asked that areobservedin uitro. In analogy to the conclusion for T7,
fundamental to both DNA packaging and other aspects of cleavage of a concatemer also appears to initiate packaging
DNA metabolism. (1) During metabolism, are DNA mol- of the DNA concatemers of bacteriophadiefeviewed in
ecules in homogeneous solution? Alternatively, are the DNA Catalancet al (1995)] and P22 [reviewed in Casjens (1989)].
molecules selectively partitioned? (2) If partitioning occurs,  Although T7 concatemers are the preferred substrate for
what constraints does partitioning introduce for the pathways physiological T7 DNA packaging, T7 monomers and even
of DNA metabolism? What aspects of metabolic pathways nonhomologous DNA are also packaged (Son & Serwer,
are explained by these constraints (if any)? Thus far, 1992). The preferential packaging of concatemers was
answering these questions has not been possible with analysigxplained by the assumption (Sehal., 1993) that, during
of in vivo DNA metabolism. In this study, attempts have initiation of T7 DNA packaging, capsid | bound a concatemer
been made to answer these questions by analymingro at two identical nucleotide sequences, one on each of two
DNA metabolism in a system that has the components of successive genomes within a concatemer; this nucleotide
the in vivo system, though at lower concentration. iAt sequence is presumably part of a right end-proximal sequence
vivo concentration, the nonspecific effects of cytoplasmic shown (Chung & Hinkle, 1990) to be necessary for the
macromolecules, including possibly both decreasing of water packaging of plasmids by T7 capsids. However, if concate-
activity and increasing of excluded volume [reviewed in mers are part of a DNA network, forming the proposed
Parsegiaret al (1986), Minton (1990), and Zimmerman and DNA—capsid | complex will involve rearranging the net-
Minton (1993)], have been at least partially mimicked by work. A possible (though not demonstrated) explanation of
including a neutral polymer (dextran) in the T7 DNA- the precleavage motion observed here is the sliding of at
metabolizing extract. The answer to the first question is that, least one DNA segment along a capsid | particle. By this
when concatemerization is induced by the presence of p6,hypothesis, the sliding is part of a (possibly ATP-driven)
partitioning to form a gel-like network does occur. This search by the capsid for either one or both of the two DNA
partitioning is increased by removing p3 from the extract, binding sites. To test this explanation, procedures must be
an observation that is interpreted by the assumption that DNA developed for observing capsids by fluorescence microscopy
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duringin vitro DNA metabolism. Kerr, C., & Sadowski, P. D. (1972). Biol. Chem. 24,7305-310.
The observations made here appear to be the first observal-e€, D. D., & Sadowski, P. D. (1983) Virol. 48 647-653.
tions by light microscopy of a single event of complex DNA Lee, D. D., & Sadowski, P. D. (198%}an. J. Biochem. Cell Biol.

. - . . o 63, 237-242.
metabolism. Despite the chemical complexity of iheitro Masker, W. E. (1982). Virol. 43 365-367.

system, in the present study, both single and partitioned DNA Masker, W. E., & Serwer, P. (1982) Virol. 43 1138-1142.
molecules were observed. The observation of DNA cleavage Masker, W. E., Kuemmerle, N. B., & Allison, D. P. (1978)Virol.
was assisted by the presence of the DNA network. Without 27, 149-163.

this network, the effects of cleavage would not have been Maltggrrécé)tg;g.leonkawa, K., & Yanagida, M. (1981)Mol. Biol.

as dramatic as those observed in Figure 3. Beyond thepjinagawa, K., Matsuzawa, Y., Yoshikawa, K., Khokhlov, A. R.,
limited resolution of light microscopy, the primary limitations & Doi, M. (1994) Biopolymers 34555-558.

of the techniques used here were (1) the microscopy- Minton, A. P. (1990)int. J. Biochem. 221063-1067.

associated loss of activity of thie zitro DNA-metabolizing OgSa)\/Nn?[;)H(.j lﬁ'{ ﬁtki’BTdi i?ggg“_‘)ltgﬂ- (1978old Spring Harbor
extracts and (2) the obscuring of single double-helical DNA Panayotatos, N., & Fontaine, A. (L98T)Biol. Chem. 26211364~

segments by partitioning to form the thicker fibers of the 11368,

observed DNA network. However, as illustrated by the Parsegian, V. A., Rand, R. P., Fuller, N. L., & Rau, D. C. (1986)
studies presented here, these limitations do not, in general, Methods Enzymol. 122400-416.

prevent the gathering of information about DNA metabolism Pag%rf' C. A, &West, S. C. (199)icleic Acids Res. 18377~

at the level of a single event. Roeder, G. S., & Sadowski, P. D. (1977)ology 76 263-285.

Rosenberg, A., Lade, B. N., Chui, D.-s., Lin, S.-W., Dunn, J. J., &
Studier, F. W. (1987¥ene 56 125-135.
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