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ABSTRACT The grain density produced in radioautographs by fully labeled bac-
teriophage T, chromosomes was compared with the grain densities produced by
fully labeled and half-labeled exponential phase Escherichia coli chromosomes.
Taking into account the differing molar proportions of thymidine in E. coli and
T, chromosomes, it was seen that the two types of chromosomes have approxi-
mately equal numbers of nucleotides per unit length, indicating that their structures
are the same. Using molecular weight estimates in the literature for the T, and
related T; chromosomes, and the lengths obtained in the radicautographs, the T,
chromosome was estimated to have between 1.9 and 3.6 nucleotides/3.4 A. On the
basis of these values alone, the E. coli and T, chromosomes could be either one
Watson-Crick helix in a form about equal to or more condensed than the B form,
or two helices more stretched out than the B form. The length of the T, chromosome
was 48.7 &+ 4.1 u when dried on the dull side of Millipore membranes and 42.3 -+
4.8 u on the shiny side, under the conditions used. Thus, the supporting surface
apparently affects the configuration of a chromosome. Further evidence is also
presented in support of the conclusion that the E. co/i chromosome undergoes semi-
conservative replication.

INTRODUCTION

Although it has been widely assumed that the E. coli and phage T, chromosomes
consist of two-stranded Watson-Crick helices, the evidence in support of this as-
sumption is somewhat weak. The main work on the E. coli chromosome has been
that of Cairns (1963 a, b), of Baldwin and Shooter (1963), and of Cavalieri and
coworkers (Cavalieri and Rosenberg, 1961 a, b, c¢; Cavalieri, Finston, and Rosen-
berg, 1961; Hall and Cavalieri, 1961).

Cairns (1963 a) attempted to show that the E. coli chromosome was only one
helix by comparing radioautographs of half-labeled E. coli chromosomes, having
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approximately 1 grain/u, with radioautographs of fully labeled phage T, and phage
A chromosomes. From data presented in a figure (Cairns, 1962), one can calculate
that the T, and A chromosomes had 2.4 and 2.8 grains/u, respectively. Assuming
that the T, and A chromosomes were two-stranded, he concluded from this com-
parison that the E. coli chromosome was also two-stranded. As discussed in the
present work, however, grain counts of over 1 grain/u cannot be made accurately,
due to coincidence of grains, and grain counts of 2.4 and 2.8 most probably repre-
sent actual values of over 4 grains/u. Thus his grain counts in the E. coli and the
phage chromosome radioautographs are quite different from what might be ex-
pected if all sets of chromosomes were two-stranded. These large differences may
be due to variability in the sensitivity of the AR-10 radioautographic film, as was
encountered in the present work, or to one or more of the physical conditions which
were not kept constant in the separate E. coli and phage experiments, including
differences in specific activity of the tritiated thymidine, salt concentrations of the
suspending media, methods of extraction, and surfaces on which chromosomes were
deposited. Therefore, one cannot make quantitative comparisons of the “stranded-
ness”’ of E. coli and phage chromosomes from Cairns’ work.

The experiments of Baldwin and Shooter (1963), based on the melting character-
istics of 5-bromouracil-labeled hybrid E. coli DNA imply that the conserved sub-
unit in DNA replication is the single strand. When taken together with the work
of Meselson and Stahl (1958), which showed that only two conserved subunits are
present in E. coli DNA, their work implies that E. coli DNA contains only two
strands.

On the other hand, the work of Cavalieri and coworkers (Cavalieri and Rosen-
berg, 1961 a, b, ¢; Cavalieri, Finston, and Rosenberg, 1961; Hall and Cavalieri,
1961) using DNase scission, X-ray scission, and electron microscopic observation,
indicates that the chromosomes of exponentially growing bacterial cells, including
those of E. coli, are a pair of double helices. If this work is taken together with that
of Meselson and Stahl it would imply that the conserved unit in DNA replication
is an intact double helix.

An attempt was made by Josse and Eigner (1966) to resolve the conflicting evi-
dence of Baldwin and Shooter and of Cavalieri and coworkers on the nature of the
E. coli chromosome. Josse and Eigner presented an extensive two-page set of criti-
cisms of the work of Cavalieri and coworkers. Unfortunately, their critical argu-
ments, except for those based on the Baldwin and Shooter experiments, seem very
insubstantial when closely examined. Thus, for example, they state on p. 824,
¢, ..small-angle x-ray scattering studies have ruled out the possibility of a four-
stranded model for isolated bacterial DNA (Luzzati, Luzzati, and Masson, 1962).”
However, as Luzzati, Luzzati, and Masson say “. .. it is shown that the x-ray ob-
servations could in fact be reconciled with Cavalieri’s experiments if it were assumed
that the two ‘unitary’ molecules are loosely associated in the ‘biunial’ molecule . . .”’
As another example, Josse and Eigner state: “Autoradiographic analyses of chro-
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mosome exchanges in higher plants indicate, however, that the conserved subunit
is a single polynucleotide chain (Taylor, 1963). . ..” However they fail to mention
that in other radioautographic analyses of chromosome exchanges other patterns
of label distribution, called ““iso-labeling’’ are observed (Peacock, 1963; Wahlen,
1965). As pointed out by Wahlen, interpreting this data ... does not allow for
discrimination between single-helix (unineme) semi-conservative and multihelix
(polyneme) conservative replication.”

Since the strandedness of the E. coli chromosome had not been resolved on the
basis of currently available data, further work was undertaken on E. coli DNA
structure. The experiment used was a comparison of the E. coli chromosome to the
phage T, chromosome by the radioautographic technique of Cairns, using well-
controlled conditions to obtain a quantitative relationship of the relative numbers
of nucleotides per unit length of the two kinds of chromosomes. The phage T,
chromosome was chosen as the standard of comparison because considerable work
had been performed on it to establish its molecular weight by many independent
laboratories using different techniques (see Table II). The experiments bearing
on the strandedness of the phage T, chromosome have been indirect but the results
are consistent with it being a single Watson-Crick helix. Thus, Beer and Zobel
(1961) found that the related T, chromosome was symmetrical and about 20-25 A
in diameter and Cavalieri and Rosenberg (1961 a) found that the T, chromosomes
had melting characteristics like those found for other chromosomes determined to
be two-stranded by scission kinetics.

It was found in the present work that the E. coli and T, chromosomes have nearly
equal numbers of nucleotides per unit length, indicating that their structures are the
same. If it can be accepted that the T, chromosome is two-stranded, then these
results imply that the E. coli chromosome is also two-stranded.

MATERIALS AND METHODS
Strains and Cultural Media

E. coli B3 and bacteriophage T,Boltd8, thymine-requiring strains (Simon and Tessman,
1963), were kindly supplied by E. Simon. E. coli S/6/5, used in plating for phage titers, was
obtained from R. S. Edgar. The minimal medium used was F medium. (Adams, 1959). For
complex media, Hershey broth, EHA-bottom agar, and EHA-top agar were prepared as in
Steinberg and Edgar (1962). Two experiments were performed. In experiment 1, thymidine-
methyl-*H of specific activity 15.7 (New England Nuclear Corp., Boston, Mass.) was added
to F medium at 6 ug/ml. In experiment 2, the specific activity was 12.4 and the concentra-
tion was 3.5 ug/ml. Suspending medium for E. coli B3 stocks contained 50-100 ug/ml thy-

Cell Density

Estimates of cell density in liquid culture were made with a Petroff-Hauser chamber. For
cells in chain formation, cell equivalent estimates were probably accurate within a factor of
two.
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Dialysis Cups

The most suitable dialysis cups were made from hollow polyethylene stoppers with a pipet-
ting hole cut in the side and to which 50-myu pore size Millipore filters (Millipore Filter
Corp., Bedford, Mass.) were attached with Barge Cement (Barge Cement Mfg. Co., Towaco,
N. J.) Osmotic shock of phage could be carried out in these cups through the pipetting hole.
This hole was covered firmly with tape after the contents were added.

Extraction and Dialysis of Chromosomes

Phage chromosomes were released by osmotic shock from 2.5 to 2.6 M sucrose (Brenner
and Barnett, 1959) or by dialysis for 20 min at room temperature against 5 M NaClO,,
0.005 M EDTA, 0.05 M NaCl at pH 8.0 (Freifelder, 1966). Bacterial chromosomes were re-
leased by lysozyme (experiment 1) or sodium lauryl sulfate treatment (experiments 1 and 2)
by a procedure similar to the one of Cairns (1963 a, b) except for the omission of carrier
DNA and, in experiment 1, omission of NaCl. After release, the chromosomes were dialysed
against 0.005 M EDTA, pH 8.0 at 37°C in experiment 1. In experiment 2, dialysis was against
0.005 M EDTA, 0.05 M NaCl, pH 8.0 at room temperature (except that when detergent was
used, initial dialysis was at 37°C). Dialysis was for 12-18 hr. Dialysis baths were changed
every 2 hr. In experiment 2, some fully processed detergent-released bacterial chromosomes
were dialysed against the NaClO, solution as used for phage and subsequently against two
changes of the EDTA dialysis solution.

After dialysis, chromosomes were collected on the Millipore filters by draining the cups
as described by Cairns (1962).

Radioautography

The Millipore filters were glued to gelatin-coated slides and covered with Kodak AR-10
stripping film (Eastman Kodak Co., Rochester, N. Y.). Storage for exposure was at 18°C
(Caro, 1964) over CaSO, . Time of exposure was about 50 days in experiment 1 and 60
days in experiment 2. Development was for 20 min in complete darkness in Kodak developer
D-19b at 19-20°C.

Selection of Chromosomes and Grain Counting

Chromosome pieces to be photographed were chosen as the longest and straightest ones
available. The entire length of a chromosome piece was always photographed in successive
views in bright-field illumination at 400X magnification, using Kodak Plus-X Pan film.
Printing was on Kodabromide F-3 at a final magnification of 3570 %.

The grains produced by a chromosome and all nearby background grains were traced
onto tracing paper. The tracing of the chromosome was divided into segments 1 cm long,
each section being equivalent to a chromosomal length of 2.8 u. Grains were considered to
be of chromosomal origin if they occurred within a 1 cm wide path centered on the chromo-
some. For each 1 cm? chromosome segment, the background grains in each of the square
centimeters immediately to the right and left were recorded.

Three ways of estimating grain density per unit length for each kind of chromosome were
used in experiment 1 and four ways in experiment 2. First, in both experiments, the number
of grains associated with the chromosome, minus half the sum of the right-hand and left-
hand background grains, divided by the length in microns gave grains per micron for each
chromosome piece photographed. The grains per micron of all chromosomes of the same type,
weighted by length, could then be averaged.
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Second, to avoid possible bias due to short, tangled regions with high counts or small
breaks giving low counts, modes were obtained from column diagrams made for each type
of chromosome (see Figs. 4 a and 4 b). The grains in each sequential 2.8 u length, minus
half the associated right-hand and left-hand background grains, were recorded in experi-
ment 1. In experiment 2 a unit length of 5.6 u was used.

Third, in order to avoid statistical fluctuation effects in obtaining the modes of grains per
5.6 u, independent modes were also obtained for sequential 8.4-u lengths in experiment 2.

Fourth, weighted numerical modes were obtained from all of the column diagrams by
use of the formula (Croxton, 1959),

=L+ + D"

where M is the weighted mode, L is the lower limit of the modal class, D; is the difference
between the frequency of the class to the left of the modal class (graphically) and the fre-
quency of the modal class, D. is the difference between the frequency of the class to the right
of the modal class and the frequency of the modal class, and i is the standard unit size of
each class.

RESULTS
Growth of Bacteria and Phage in Labeled Medium

When E. coli B3 was grown in F medium supplemented with tritiated thymidine,
growth did not conform to the usual pattern of exponential increase followed by
stationary phase. Instead, increase in cell number was consistent with exponential
growth for two or three generations, after which size increased with formation of
chains or snakes, and this was followed by 14 hr of no apparent growth. Subse-
quently, a population of single cells was seen which appeared to grow exponen-
tially. No change in the amount of material in chains was observed. Stationary
phase for the “second growth” single cells occurs at about 8 X 108 cells/ml. The
chains and the subsequently formed single cells were still thymine requiring. No
thymine-independent revertants were found in stationary phase among 200 cells
sampled in experiment 1 or 108 cells in experiment 2. E. coli B3 has a reversion rate
which can be estimated as 1 in 10° in cells growing with just limiting thymidine on
a plate. All or most of the bacteria in chains were apparently alive since the chains
rapidly disappeared after dilution into nonradioactive medium in experiment 2.

In each experiment cells were considered to be fully labeled when they entered
their second growth phase after the temporary 14 hr lag, and after cell number
had increased 100-fold in labeled media. An aliquot of cells was then removed for
extraction of fully labeled chromosomes. A second aliquot was removed, added to
100-fold excess of unlabeled media and allowed to undergo a five-fold increase in
cell number. Half-labeled (and unlabeled) chromosomes were extracted from these
cells. Phage at 105/ml were added to a third aliquot of fully labeled cells. When
partial clearing of the tube occurred, chloroform was added. There were then
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5 X 10° viable labeled phage per ml in experiment 1 and 9 X 10° per ml in experi-
ment 2.

Uniformity and Extent of Labeling

The reversion frequency of the bacteria to thymine independence was low, as dis-
cussed above, and no revertants of bacteriophage T,Boltd8 were found among
1.2 X 10* phage tested by the plaque-size assay of Simon and Tessman (1963).
Thus there should not have been any significant production of unlabeled thymidine
by revertants. In all cases reproduction of the labeled organism was at least 100-fold
in labeled medium, so that the contribution of unlabeled thymidine from the DNA
of the parental inoculum was insignificant. The inactivation of labeled phage by
tritium decays uniformly followed a single hit inactivation curve over the measured
range of 100-0.05 % survival which indicates uniformity of labeling. The tritium
decays seemed to be more efficient in causing lethal damage under the conditions
used here, where labeled phage were kept in Hershey broth at room temperature,
than previously reported. The inactivation curve can be represented by the equation
N = No™ where k = lethals per phage per day, N = number of phage surviving
at time ¢, and N, = initial number of phage at time zero. Here, for a specific activity
of the tritiated thymidine of 12.4 Ci/mmole, k was 1.5. With this specific activity
the value of k in the experiments of Cairns (1961) would have been 1.02 and & in
the experiments of Caro (1965) would have been 1.08.

There is a small amount of activity in the defective thymidylate synthetase of
E. coli B3. 1t has <1 to 2.5% of wild type activity in vitro (Barner and Cohen,
1959; Mathews, 1965) and allows a 1.6-fold increase in DNA content in 270 min
of incubation at 37°C (Gallant and Suskind, 1961). There is apparently no signifi-
cant activity remaining in the defective thymidylate synthetase of bacteriophage
T.Boltd8 (Mathews, 1965). After infection of E. coli B3 with T,Boltd8 there is
“reasonably good correspondence between the number of phage units per cell of
thymine released from bacterial DNA and synthesis of phage DNA in the absence
of thymine” (Mathews, 1966). Thus, under the conditions of Gallant and Suskind
of a long period of incubation of E. coli B3 without thymine some DNA production
can be seen, but under conditions of more normal rapid growth of T,Boltd8 in
E. coli B3 as performed by Mathews there was no indication of production of new
intracellular thymine. Under the conditions of growth in the experiments reported
here, the cold thymidine synthesized by the defective thymidylate synthetase may
have contributed a few per cent of the total thymidine but it should not have sig-
nificantly affected the relative specific activities of the thymidine in the E. coli and
T, chromosomes.

Length of the Ty Chromosomes

It is necessary to determine an average length for the T, chromosomes whose grain
densities were obtained, in order to have a basis for estimating the absolute mass
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per micron of these chromosomes from the weight values given by other workers.
The lengths of 21 T,Boltd8 DNA molecules measured in experiment 1 and 60 chro-
mosomes measured in experiment 2 are given in Fig. 1. In experiment 1 not many
untangled isolated molecules were obtained and, further, all molecules had been

either poured or pipetted, so that most were broken. From the distribution of lengths
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FIGURE 1 Lengths of radioautographic images of T; chromosomes. The lengths in the
upper third of the figure were obtained in experiment 1. They were obtained from chromo-
somes deposited on the shiny sides of Millipore filters. 00, molecules from a sample that was
poured; +, molecules from a pipetted sample. The chromosome lengths given in the middle
and in the lower third of the figure were obtained in experiment 2. Those in the middle
were of chromosomes deposited on the dull sides of Millipore filters, and those in the
lower third were of chromosomes deposited on the shiny sides of Millipore filters. The
symbols denote the different slides on which the chromosome images were photographed.
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FiGure 2 Chromosome lengths in experiment 2. In the lower half of the figure the mean
length of all the phage chromosomes deposited on the shiny sides of Millipore filters and
the mean length of all the phage chromosomes deposited on the dull sides are given by the
short vertical lines. The words “shiny”’ and “dull” indicate the location of the respective
means. The attached, dotted, horizontal lines represent the standard deviations of the
samples. The attached, solid, horizontal lines are the standard errors of the mean.

In the upper half of the figure the mean lengths of the phage chromosomes on each of the
six slides used are given by the six symbols. (The same symbols are used as in Figure 1.)
The four slides on which chromosomes were deposited on the shiny sides of Millipores are
above the word “shiny.” The two slides where chromosomes are on the dull sides are above
the word “‘dull.”” The standard errors of each of the means are given by the attached hori-
zontal lines. The chromosomes represented by X, ®, and [l were extracted by osmotic
shock. Those indicated by O, A, and}‘ were extracted by NaClO,.
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it is probable that only the five longest molecules of average length 51.2 4= 1.5 »
are unbroken chromosomes. In experiment 1 only the shiny sides of Millipore mem-
branes were used.

In experiment 2, where chromosomes were released within the dialysis cups with-
out transfer, between 2 and 50 % of all phage chromosomes on a membrane were
unbroken. Here chromosomes for analysis were chosen as being relatively long and
straight within an area of generally unbroken chromosomes. Of 18 chromosomes
deposited on the dull sides of two Millipore membranes the average length was
48.7 &+ 4.1 4 and of 42 on the shiny sides of three membranes it was 42.3 & 4.8 u.
As shown in Fig. 1, the distributions of lengths on the two kinds of Millipore sur-
faces are overlapping. However (Fig. 2) the mean lengths on the two surfaces are
significantly different. Thus it is likely that the lengths of the chromosomes are
determined in part by their interaction with the surface on which they are dried.
The method of extraction does not seem to make a difference (Fig. 2).

Relative Grain Densities of the Chromosomes

Typical radioautographs from which grain counts were made are shown in Fig. 3.
Grains per unit length for the 12,636 u of chromosomes analysed are compiled in
Figs. 4 a and 4 b. In Fig. 4 a it can be seen that under the conditions of experiment
1 the combined data from molecules on two slides of fully labeled E. coli chromo-
somes give essentially the same grain density as the combined counts for two slides
of phage chromosomes. Fig. 4 b presents the compiled data of five slides of fully
labeled E. coli chromosomes, five slides of half-labeled E. coli chromosomes and
six slides of phage chromosomes produced in experiment 2. It shows that in this
experiment fully labeled E. coli chromosomes have somewhat less than twice the
grain density of half-labeled E. coli chromosomes and that (in contrast to experi-
ment 1) the fully labeled E. coli chromosomes produce a smaller grain density than
phage T, chromosomes.

The weighted modes of the grains per micron for chromosomes in experiment 1,
the means, modes, and weighted modes of grains per micron for chromosomes in
experiment 2, and the means of grains per micron for chromosomes in Cairns’ ex-
periments (Cairns 1962, 1963 b) are shown in Table 1. This table shows that the
means in experiment 2 were 2-7 7 above the values of the averages of the weighted
modes. This could result from a very small amount of kinking or just tailing of the
curve of grains per micron on the high side, which is prevented on the low side by
closeness of the curve to 0 grains/u. The different weighted modes within a single
class of DNA differ by 0-5¢ which provides an estimate of the statistical fluctua-
tion in the values. The values of experiment 1 are not given in such detail because
they were obtained from fewer pieces of film, and as discussed below, this would
make them somewhat less reliable.

In evaluating the relationships between the grain densities of different kinds of
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FIGURE 3 Typical photographs from which grain counts were made. The chromosome
segments shown, and their lengths and grain densities are: (a) half-labeled E. coli, 76 u, 0.85
grains/u; (b) fully labeled E. coli, 85 u, 1.23 grains/u; (c¢) phage T, 47 u, 1.56 grains/u.
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FIGURE 4 a Column diagrams of grain densities found in experiment 1. The number of
radioautographic grains found in 2.8-u lengths is given for fully labeled E. coli chromo-
somes (solid line) and phage chromosomes (dashed line).

FiGURe 4 b Column diagrams of grain densities found in experiment 2. The number of
radioautographic grains found in 5.6-ux lengths is given for fully labeled E. coli chromo-
somes (solid line), half-labeled E. coli chromosomes (shaded area enclosed by dashed line),
and phage chromosomes (dashed line).

chromosomes, a number of sources of random and systematic biases must be taken
into account. The largest source of systematic bias, which is important in inter-
preting Table I, was the crowding of grains in the radioautographs of fully labeled
E. coli chromosomes and phage chromosomes which led to undercounting. Thus,
the fully labeled E. coli chromosomes of experiment 2 have an average weighted
mode grain count of 1.23 grains/u compared to 0.80 grains/u for half-labeled
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TABLE 1
GRAINS PER MICRON* AND NUMBER OF MICRONS ANALYSED}

Weighted . Weighted
Mo(_le from mode from Mode from Weighted mode from Mean
grains per . mode from s from
Mean grains per grains per N grains per s
564 grains per s
(expt. 2) 56u 845 284
(expt. 2, (expt. 2 (expt. 2) 8.4 4 (expt. 1 1962,
Fig. 4 b) Fig. 4 b) (expt. 2) Fig. 4 a) 1963 b
Fully labeled E. coli chromo- 1.25 1.25 1.24 1.19 1.21 1.09 1.85
somes (4,475) (4,475) (4,475) (4,475) (4,475) (1,096) (885)
Half-labeled E. coli chromo- 0.82 0.71 0.80 0.83 0.80 —_ 1.05
somes (3,367) (3,367) (3,367) (3,367) (3,367) —_ (885)
Phage chromosomes 1.60 1.43 1.45 1.55 1.52 1.12 2.4
(3,054) (3,054) (3,054) (3,054) (3,054) (644) (1,552)

* Note that grain density of a given type of chromosome will vary in different experiments because of differences in
exposure of the radicautographs.
} First number of each pair — grains per micron; numbers in parentheses — number of microns.

E. coli chromosomes. The half-labeled chromosomes have an apparent grain count
value which is 65 % as large as that of the fully labeled chromosomes, rather than
the expected 50 %. Difficulty in counting grains in a chromosome became apparent
when there was an average of more than 1 grain/u.

The largest source of random variability was the heterogeneity of the sensitivity
of the AR-10 stripping film as used here. This heterogeneity was probably due to
differences in drying or other handling. The average lengths of the phage chromo-
somes were about the same on the same sides of Millipores (Fig. 2), so that the
average numbers of nucleotides per micron were about the same. However, the
mean grain densities per slide, where different pieces of film were used, were 4.41,
442, 446, and 5.47 grains/2.8 u for phage chromosomes on the shiny sides of
Millipore filters and 3.47 and 4.90 on the dull sides (Fig. 5). The standard deviations
of the samples are 11 and 24 % of their means, respectively.

It is not clear how much heterogeneity in sensitivity was present in experiment 1.
Although the modes of the two E. coli slides were the same, 1.1 grains/u measured
on a unit distance of 2.8 u, the means were 1.1 and 1.4 grains/u. In view of the het-
erogeneity found in experiment 2, the small number of slides used in experiment 1
makes the data obtained from them subject to bias. Because of the lesser reliability
of the values of experiment 1, they were not subject to the analysis performed on the
values of experiment 2.

Another factor to be taken into account is the possibility that E. coli DNA, like
phage DNA (see Fig. 2), assumes a more stretched-out conformation on the dull,
compared to the shiny, side of Millipore filters. From the phage lengths the expected
ratio of grain densities is dull/shiny = 0.87. The actual ratios obtained were half-
labeled = 0.85, fully labeled = 0.97, and phage = 0.89. However, there was much
variability and for each type of DNA only two dull and three shiny surfaces were
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FIGURE 5 Average grains per micron in experiment 2. The upper half of the figure shows
the average grains per micron for each slide of fully labeled E. coli chromosomes (®),
half-labeled E. coli chromosomes (O), and phage chromosomes (X). The lower half of
the figure gives the mean values for each type of slide and the error bars represent the
standard errors of the means. The same symbols are used as in the upper half of the figure.

used for comparison, except for the phage chromosomes where two dull and four
shiny surfaces were used. Thus, not enough data were collected to be sure bacterial
chromosomes have different configurations on the two surfaces. The data from the
two surfaces were treated separately in Table 11, but for most calculations they
were pooled (Figs. 4 b and 5, and Table I). Since data from similar proportions of
dull and shiny Millipore surfaces made up the pooled data for each type of chromo-
some, error from this source is small when comparing grain densities.

The amount which wiggling, undetected by radioautography, may add to grain
per micron estimates is probably not too great. The lengths obtained for T, chromo-
somes are similar to lengths obtained by electron microscope. The wiggles that can
be seen in some electron micrographs of homogeneous undenatured DNA (see e.g.
Beer, 1961) which can be expected to be missed in an radioautograph would con-
tribute only an extra 3% to the length obtained without following these small
wiggles.

Relative Numbers of Nucleotides per Unit Length

In experiment 1 the best estimate which can be made from the data is that fully
labeled E. coli chromosomes and phage chromosomes produced about the same
grain densities in radioautographs. Using molar proportions, E. coli DNA contains
about 25 % thymidine (see e.g. review of Belozersky and Spirin, 1960) and T, DNA
contains about 33 % thymidine (Wyatt and Cohen, 1953). For the two types of
chromosomes to produce nearly equal grain counts in experiment 1, the E. coli
chromosome would have had to have 1.3-fold more nucleotides per unit length than
the T, chromosome.

Fig. 5 shows the mean grain densities obtained on each of the 16 slides analysed
in experiment 2. Also shown are the means of these values and the standard errors
of the means for each type of chromosome. Here, fully labeled E. coli chromosomes
produced about 80 % as many grains per micron as the T, chromosomes (see also
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Fig. 4 b and Table I). As pointed out above, the E. coli DNA contains about 25 %
thymidine and the T, DNA contains about 33 % thymidine. Taking these molar
proportions of thymidine into account, the grain counts in experiment 2 imply that
E. coli chromosomes have 1.06-fold the number of nucleotides per unit length of the
T4 chromosomes.

The difference in relative nucleotides per unit length for E. coli vs. phage T, in
experiments 1 and 2 (1.3 and 1.06, respectively) is probably due to the smaller num-
ber of slides used in experiment 1 as was discussed above. The fairly close agreement
in nucleotide densities in each experiment implies that E. coli and phage T, chro-
mosomes have closely similar structures.

Semiconservative Replication of the E. coli Chromosome

Meselson and Stahl (1958) showed that a DNA-containing structure in E. coli was
semiconserved during replication. They were careful to point out (Meselson and
Stahl, 1958, 1966) that their experiments did not define the nature of the conserved
subunit. Baldwin and Shooter (1963) provided data indicating the conserved unit
was a single strand, but their data did not indicate how the DNA was arranged in a
chromosome.

It has remained a possibility that the E. coli chromosome consists of a pair of
Watson-Crick double helices as proposed by Cavalieri and coworkers (Cavalieri
and Rosenberg, 1961 a, b, c¢; Cavalieri, Finston, and Rosenberg, 1961; Hall and
Cavalieri, 1961). It could be proposed that each of the double helices replicate
semiconservatively (Watson and Crick, 1953; Baldwin and Shooter, 1963) and the
four helices produced assort randomly in pairs to produce new chromosomes.
Under this scheme of replication, cells grown for many generations in labeled me-
dium and then shifted to unlabeled medium for two or more generations would
produce chromosomes of three types: half-labeled, quarter-labeled, and unlabeled.
However, cells grown here in this manner were not observed to produce quarter-
labeled chromosomes. The background was low enough so they would have been
detectable, and coincidence of grains at the exposure used would be low so that
quarter-labeled and half-labeled structures would have been easily distinguishable.

The only labeled chromosomes found after somewhat more than two generations
growth in unlabeled medium were half-labeled (Figs. 3 and 4 b). Thus there are
only two separable conserved units in the exponential phase E. coli chromosome,
If the exponential phase chromosome consists of a pair of double helices either each
double helix would be conserved during replication or else two of the four strands
present would always segregate together during replication.

Cairns (1963 a), also had concluded that the E. coli chromosome had two sub-
units since he demonstrated the presence of a half-labeled structure. He also sug-
gested that comparisons of grain counts between half-labeled E. coli chromosomes
and fully labeled T. and A chromosomes ruled out the possibility that E. coli chro-
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mosomes could contain more than two strands in 2 Watson-Crick helix. However,
this conclusion should be regarded as having been a tentative one since grain counts
were only given for a single E. coli chromosome and grain counting for the phage
chromosomes was done in a separate experiment where sensitivity of the radio-
autographic film may have been different due to differences in age of the film or de-
veloper. The present experiments indicate that if the exponential phase E. coli chro-
mosome has four strands they do not segregate at random. This interpretation could
not have been obtained from the data Cairns presented (Cairns, 1963 a, b, 1966).
In his experiments three-quarter-labeled chromosomes could have existed but have
been confused with fully labeled chromosomes unless grain counts were made. At
the high grain density he used for fully labeled chromosomes, about 1.85 grains/u
(Cairns, 1963 b), it is often not easy to assess grain density by eye. Quarter-labeled
chromosomes would not have been expected since his cells were initially grown in
unlabeled medium, transferred to labeled medium, and sampled after two genera-
tions.

Constraints on Chromosome Unfolding

The 1100-1400 » long, intact, replicating, E. coli chromosome (Cairns, 1963 a, b,
1966) should contain two fork regions (Cairns 1963 b, 1966). Of the 150 to 400-u
length fragments usually found untangled, only about 2-5 % had fork regions. Thus
fork regions are probably preferentially not displayed. (As expected, no forks were
observed among half-labeled chromosomes.)

It is thought (Hershey, 1953) that about 50 phage equivalents of DNA produced
during infection are not incorporated into mature phage heads. It is interesting that
this nonmature DNA was not displayed in extended form when 10 samples of the
supernatant of a centrifuged bacterial lysate containing intact phage were dialysed
and radioautographs were made of the Millipore membranes. This nonmature DNA
may be constrained from unfolding even under conditions of prolonged dialysis.

DISCUSSION
Configuration of T4 and E. coli DNA

In determining the configuration of T, and E. coli DNA the number of nucleotides
per 3.4 A must be calculated. For T, DNA this can be done using the following
equation:

_ My,  34A
N 34 = E X T ’

where N;., = the number of nucleotides per 3.4 A, Mp = a molecular weight esti-
mate for the DNA of phage T, or the related T, (these are summarized in Table

II), My = the average molecular weight of a nucleotide in T, or T DNA (these
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TABLE I1
MOLECULAR WEIGHT ESTIMATES IN DALTONS X 10-¢ OF T: AND T, DNA
MOLECULES AND THE CORRESPONDING NUMBER OF NUCLEOTIDES
PER 3.4 A CALCULATED FOR T, CHROMOSOMES OF LENGTH 42.8 »*

Organism Nucle-
M&ﬁ‘;‘:tar Method of determination Year and otides
reference§ per3.4 A
91 Determination of per cent P and of 1960 T: 1) 2.18
mol. wt. of phage
961 Sedimentation coefficient and viscosity 1965 T, ) 2.29
991 Sedimentation equilibrium 1969 T, 3) 2.32
113} Sedimentation coefficient 1964 T, @) 2.70
122 Determination of per cent P 1952 T: (5) 291
1251 P? radioautography 1961, 1969 T: 6, 7) 2.98
126§ Sedimentation coefficient of single 1965 T, 8) 3.01
strand
130 Determination of micrograms P per 1953 T, 9) 3.10
plaque-forming unit
151 Determination of number of P atoms 1955 T: (10) 3.60
per phage
1521 Optical cross-section at 260 mu and de- 1961 T. 6) 3.62

termination of micrograms P per
plaque-forming unit.

* The mean length of 42.8 x was obtained for T, chromosomes on the shiny side of Millipore
filters in experiment 2 (Fig. 2). Note, however, that under other conditions the T: and T,
chromosomes assume longer lengths. The lengths of 48.7 u (Fig. 2, this work), 52.3 u (Cairns,
1961), 55.0 u (Thomas, 1966), and 55.5 p (Thomas and MacHattie, 1964) would yield values of
nucleotides per 3.4 A which are 88%, 829, 78%,, and 77%, respectively of the values listed.

1 These values have been calculated from the values given for the sodium salts of the DNA’s.
The molecular weights of T. and T, DNA’s are 949, of their sodium salts.

§ Numbers below in parentheses refer to the following: (1) Cummings and Kozloff, 1960;
(2) Aten and Cohen, 1965; (3) Schmid and Hearst, 1969; (4) Roller, 1964; (5) Herriot and
Barlow, 1952; (6) Rubenstein, Thomas, and Hershey, 1961; (7) Leighton and Rubenstein,
1969; (8) Studier, 1965; (9) Hershey, Dixon, and Chase, 1953; (10) Stent and Fuerst, 1955.

are taken as 342 Daltons for T, and 336.5 Daltons for T. ; the values were calcu-
lated using the per cent HMC found by Wyatt and Cohen {1953] and the per cent
glucosylation given in Lehman and Pratt [1960]), and L = the length of the T,
chromosome in angstrom units.

For T, DNA with a length of 42.3 4, as obtained in experiment 2 on the shiny
sides of Millipore filters, the values of Nj.4 corresponding to the 10 independent
values of Mp which occur in the literature are given in Table II. (Values of Mp
which depend on assuming a B configuration for T, DNA are not included.)

The number of nucleotides per 3.4 A in the E. coli chromosome can be calculated
by comparing its mean grain density with that of the T, chromosome, and adjusting
for the different molar proportions of thymidine in the two chromosomes (25 %
thymidine in E. coli DNA and 33 % thymidine in T, DNA). The equation used

1168 BiopHYSICAL JOURNAL VOLUME 10 1970



was:

_ (033)Gs

Naas = (025G~

Na.u ’

where N; .z = the number of nucleotides per 3.4 A in the E. coli chromosome,
N;.4r = the number of nucleotides per 3.4 A in the T, chromosome, Gg = the
grain density produced by the E. coli chromosome, and Gr = the grain density
produced by the T, chromosome.

The values of N; .z and N; 4r were calculated for the three different experimental
conditions used in experiments 1 and 2 and using the highest, lowest, and median
molecular weight estimates for the T, chromosome. These values are given in Table
I11. The extreme values for the E. coli chromosome were 2.10 and 3.89 nucleotides/
3.4 A and for the T; chromosome were 1.80 and 3.62 nucleotides/3.4 A. By com-
parison, the B form of the Watson-Crick DNA helix has 2.0 nucleotides/3.4 A.

Table I1I shows that the calculated values for the number of nucleotides per 3.4 A
in the E. coli and T, chromosomes on the same surfaces are very close in experiment
2, where the most data was obtained, and are not too far apart in preliminary ex-
periment 1. Within the accuracy of the measurement one would say the E. coli
chromosome has about the same number or slightly more nucleotides per 3.4 A
than the T, chromosome. This implies that the chromosomes of both organisms
are closely similar or identical in their secondary molecular configuration.

It would be very attractive to be able to determine the strandedness of these chro-
mosomes by the estimates obtained here of their number of nucleotides per 3.4 A.

TABLE III

NUCLEOTIDES PER 34 A FOR T, AND E. coli CHROMO-
SOMES UNDER VARIOUS CONDITIONS ASSUMING
MOLECULAR WEIGHTS OF T, CHROMOSOMES AS

91 X 10%, 122 X 10%, OR 152 X 10¢ DALTONS*

Length Nucleotides per 3.4 A for mol. wt.

Chromo- , Side of
some Exp’t. membrane 1
microns 91 X 10¢ 122 X 10% 152 X 10¢

T, 2 Dull 48.7 1.89 2.53 3.14

E. coli 2 Duil — 2.10 2.81 3.48

T, 2 Shiny 42.3 2.18 2.91 3.62

E. coli 2 Shiny — 2.22 2.97 3.69

T, 1 Shiny 51.2 1.80% 2.40% 2.9%
E. coli 1 Shiny — 2.34% 3.12% 3.80%

* The molecular weights of the T, chromosome chosen for this table are
the two extreme values and the average value of all the weights given in
Table II.

{ Values obtained in experiment 1 should be given less weight than those
of experiment 2 since less data was obtained in experiment 1.
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Unfortunately these values could be consistent with them being either one Watson-
Crick helix approximately in the B form or more condensed than the B form or two
helices less condensed than the B form. Both more condensed forms, the crystalline
A form (Fuller, Wilkins, Wilson, and Hamilton, 1965) and C form (Marvin,
Spencer, Wilkins, and Hamilton, 1961), and a less condensed Cs-salt form (Luz-
zati, 1963) are known to exist.

On Choosing a Probable Configuration

It has been shown here that the E. coli chromosome has a number of nucleotides
per unit length just about equal to that of the T. chromosome. Thus the two kinds
of chromosomes probably have the same strandedness and configuration.

Although it is generally accepted that the T, chromosome is a two-stranded
Watson-Crick double helix, the evidence is not entirely conclusive on this point.
The finding of Beer and Zobel (1961) that the height and width of the related T,
chromosome was 20-25 A would be consistent with the T, chromosome being a
Watson-Crick helix, but would also be consistent with the four-stranded DNA
structure described by Wu (1968, 1969). In the work reported by Cavalieri and
Rosenberg (1961 a) the T: chromosome did not halve in molecular weight upon
heating to 100°C in CsCl. This was a characteristic shared by chromosomes which
behaved as two-stranded with respect to DNase and X-ray scission kinetics. How-
ever, this evidence is fairly indirect. Finally, if the molecular weight estimates for
T, and T, chromosomes which are under 100 X 10¢ Daltons are most nearly cor-
rect, then the longer lengths which the T, and T, chromosomes can attain, 51.2
(this work), 52.3 u (Cairns, 1961), 55.0 x (Thomas, 1966), and 55.5 x (Thomas and
MacHattie, 1964) would require a structure with less than 2 nucleotides/3.4 A
and this would be incompatible with a four-stranded structure even though com-
pletely stretched out (Luzzati, Mathis, Masson, and Witz, 1964). The other molec-
ular weight estimates would not be incompatible with a four-stranded structure.

Experiments on the strandedness of the E. coli chromosome have been much
more direct but have led to conflicting results.

Cavalieri and Rosenberg (1961 a, b, ¢) have presented DNase scission kinetic
data indicating that exponential phase E. coli chromosomes contain a pair of double
helices while chromosomes from E. coli in an artificial stationary phase contain
one double helix. Luzzati, Luzzati, and Masson (1962) reported that E. coli DNA’s
extracted from an artificial stationary phase and from exponential phase, which
reacted in solution as two-stranded and four-stranded, respectively, by the tests of
Cavalieri (1961 ¢), have the same local mass per unit length in solution as deter-
mined by low angle X-ray scattering. Luzzati and coworkers (1962, 1963) are care-
ful to point out that their measurements would not distinguish between a single
Watson-Crick helix and a pair of double helices joined at distances greater than
every 300 A (about nine turns of a B form helix).
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On the other hand, Baldwin and Shooter (1963) have shown that a hybrid E. coli
chromosome, labeled in one conserved subunit with 5-BU, melted out in a single
step from native to denatured form as the pH was raised. They argue that if an
intact helix were conserved during replication, so that both a labeled and an un-
labeled helix were present in the hybrid chromosome, the melting out should occur
in two steps. Thus their data indicate that the conserved subunit is a single strand
of a double helix. In conjunction with the experiments reported here which indicate
that the exponential phase E. coli chromosome contains only two conserved sub-
units, these experiments imply that the exponential phase E. coli chromosome is
only one helix.

If the widely accepted assumption that the T, chromosome is two-stranded is
correct, then the present work, which indicates that the E. coli chromosome has a
number of nucleotides per 3.4 A closely similar to the T, chromosome, would favor
the conclusion that the E. coli chromosome is also two stranded.
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