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ABSTRACT When Chinese hamster cells are lysed on top of an alkaline sucrose
gradient, in time a fairly discrete DNA-containing molecular species is released
from an apparently more complex material. Small doses of X-radiation speed the
resolution of this complex while large doses degrade the material released from
it. Incubation after irradiation reverses both effects.

INTRODUCTION

The lysis of cells on top of an alkaline sucrose gradient leads to the release of mole-
cules of denatured DNA which, for Escherichia coli, are an appreciable fraction of
the genome (1). This technique, presumably limited to denatured DNA, in prin-
ciple affords a way of examining radiation or other effects relative to sedimenta-
tion properties of molecules considerably larger than those obtainable by other
methods. That this procedure is applicable to the DNA from mammalian cells was
shown first by Lett and his collaborators (2) and since then by a number of others
(3-7). A repair process relative to single-strand breakage by radiation was also
demonstrated in these instances, although the X-ray doses used were so large that
the relevance of this DNA repair to repair measured functionally (e.g., by colony
formation) is questionable. Large doses (5000-10,000 rad or more) were considered
to be necessary to reduce the strands to sizes small enough to permit reproducible
results with the relatively small tubes which fit the swinging-bucket rotors commonly
employed.
We, too, have employed the technique of alkaline sucrose gradient analysis with

mammalian cells and report here several new findings. First, under appropriate
conditions of cell lysis, unirradiated cells release, in time, molecules fairly homoge-
neous in size whose weights are estimated to be ~-2.5 X 108 daltons. Second, con-
sistent with a unit of this size, the dose at which radiation-induced single-strand
breaks become readily demonstrable is -1400 rad, a dose considerably lower than
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those used in earlier studies (1-6). Third, at even smaller doses, we find a dose-
dependent effect on sedimentation properties. And last, while single-break repair
is readily made evident after doses equal to or greater than -1400 rad, we have
observed another repair process quite different from this after lower doses.

MATERIALS AND METHODS

For these studies we used subline V79-753B-3 of a line of Chinese hamster cells originally
designated by us V79-1 (8-10). These cells were cultured essentially after the methods of
Puck and collaborators (11) in a modified Eagle's medium (12) containing 15% fetal calf
serum. Cells double in number in -9 hr on glass or plastic. DNA was essentially uniformly
labeled by growing cells for -19 hr in thymidine-'H; high specific-activity material (>6
Ci/mM) was added to give a final concentration of -0.25 ,Ci/ml, a concentration which had
at most a small effect on growth rate and yielded 1 cpm per cell. After this, cells were in-
cubated in normal medium for 30 min to minimize unincorporated label and replicons con-
taining label but only partially replicated.

While still attached, cells were irradiated at ice temperature with 55 kv X-rays (722 rad/
min) (9). Then, they were either suspended immediately or first incubated further to permit
repair. Suspension was effected by treating cells for 20 min at -3°C with a standard trypsin
solution (9-10); trypsin action was terminated by adding an equal amount of medium.
Thus, cells were kept at, or close to, ice temperature from the beginning of their trypsinization
to the time when they were placed on a gradient.

Linear gradients were formed in the 5 ml tubes used in a SW-39 rotor (Beckman Instru-
ments, Inc., Palo Alto, Calif.): 5-20% sucrose in a water solution of 0.1 M NaOH, 0.9 M NaCl,
and 0.003 M Na2EDTA. 0.25 ml of a lysing solution was added on top of 4.8 ml of gradient
solution: 0.05 M NaOH, 0.95 M NaCl, and 0.01 M Na2EDTA (pH 12). On this, 0.025 ml of a
cell suspension containing 3000-5000 cells (0.03-0.05 ug DNA) was carefully placed. Follow-
ing lysis for various periods under ambient conditions (24-280C), tubes in an SW-39 rotor
were loaded into an L2-50HV Spinco ultracentrifuge (Beckman Instruments, Inc., Spinco Div.)
and spun initially at 4000 rpm (without evacuation) for 15 min to facilitate cooling to 12-13°C.
The rotor speed was then increased to 38,000 rpm for 60 min (with evacuation).

Thirty 10-drop fractions were pumped off from the top of each tube, collected on one-inch
diameter glass fiber filters, and dried. In some experiments this was followed by extraction with
5% cold perchloric acid (PCA), ethanol, and acetone. However, aside from some improve-
ment in counting efficiency, this did not change the patterns observed and hence, extraction
was discontinued. The filters were placed in standard 20-ml vials and counted in a toluene-
based counting solution (13). To determine the total amount of radioactivity placed on each
gradient, 0.025-ml aliquots of cell supensions were placed directly on filters to which were
added aliquots of gradient solution about equal to the ten drops collected per filter. These
were dried and counted. In the figures that follow, "P.Y." stands for the "per cent yield":
the per cent of the radioactivity in the cell sample, initially placed on a gradient, which was
recovered in the 30 fractions from that gradient.

RESULTS

Effect of Small Doses

In descending order, the left half of Fig. 1 shows the effect of increasing doses of
X-rays (no repair). The pattern for no irradiation shows two main peaks. (The
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FIGURE 1 Alkaline sucrose gradients of thymidine-3H containing material from Chinese
hamster cells irradiated with the doses shown or irradiated and then incubated at 370C
for 20 min for repair. A separate cell suspension was used for each gradient and, iny each
case, the lysis period was 165 min. Survivals which can be measured by colony forma-
tion are: 181 rad, -60%; 361 rad, -25%; 722 rad, -3%; and 1440 rad, -0.01%. (P.Y.-
per cent of the radioactivity in the cell suspension placed on a gradient which was recovered.
Sedimentation was from left to right.)
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small peak at fraction 22 was only occasionally observed and is not discussed further.)
We call the peak whose mode is at fractions 17-18 the "principal" or "main" peak.
The peak at fraction 5 depends on the lysis conditions, as we explain presently,
and we call this the "complex." (Occasionally, small peaks are observed at fraction
28-30. These, too, we ignore since they may result from a small amount of labeled
material displaced from the bottom of the tube by the pump-off solution.)
As the dose is increased from zero to 722 rad, the patterns show two things. First,

the main peak increases in height and moves slightly in the direction of a larger
sedimentation value. Second, the complex gets smaller in size until it is no longer
present for doses greater than about 361 rad. Since the amount of radioactivity
recovered in each case is essentially equal to the initial charge (P.Y.'s - 100 %),
the preceding progression means that as DNA is lost from the complex, it appears
in the principal peak. And, consistent with other observations that we have made
that DNA is not lost from irradiated Chinese hamster cells, there is no indication
of DNA breakdown in Fig. 1. No radioactivity appears at the top of the gradients
even after doses as high as 4330 rad.
Two points help us to understand this dose-dependent change relative to the com-

plex. The first is that the general features of this change are demonstrable with
unirradiated cells at increasing lysis times as well as at a fixed lysis time with in-
creasing doses, as in Fig. 1. We will show elsewhere that after cells are placed on
a gradient, with time, the main peak appears and grows in height at the expense of
the complex. This is most clearly demonstrated when a single suspension of cells
is used. Other things being equal, however, with different cell suspensions the
position and shape of the peak we call the complex varies somewhat. Occasionally,
the peak is very sharp (i.e., almost all of the radioactivity is in one 10-drop frac-
tion); occasionally, the complex consists of more than one sharp peak and from
gradient-to-gradient the complex might vary from an average position by a few
fractions. Nevertheless, as radioactivity is lost from the complex with lysis time
it appears in the main peak. For present purposes, we base our use of the term "com-
plex" for this material in part on its sedimentation characteristics, which suggest
some degree of nonspecific aggregation during lysis, and in part on the fact that
with time (or dose, see below), a species of molecules, which account for essentially
all of the cell's DNA, is resolved from it. The sedimentation properties of the ma-
terial in the main peak, in contrast to those of the complex, are predictably re-
producible and consistently yield a relatively narrow peak close to fractions 17-18.
The second point which bears on the dose-dependent pattern change in the left

half of Fig. 1 is that ionizing radiation has the property of indiscriminantly being
able to break molecular bonds because of the large energies expended per absorp-
tion event (14). It is hard to conceive of bond breakage leading to larger sedimen-
tation velocities- ordinarily implying larger molecular weights- unless such
breaks result in a change in conformation and/or density. Relative to the main
peak, increasing lysis time with no irradiation has approximately the same effect
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as increasing irradiation with a fixed lysis time. It seems reasonable to conclude
therefore, that radiation-induced bond breakage (in the low dose range) has the
main effect of speeding the action of the lysis process by opening up a complex
structure or aiding in its dissociation. The DNA present in the peak we call the
complex very likely has a molecular weight at least equal to the DNA in the main
peak. Still, the material in the complex could sediment a smaller distance if it had
a lower density, a greater viscous drag, or both.

Single-Break Production

As noted, for doses up to 722 rad in Fig. 1, no appreciable change results in the
main peak except for the fact that it gets taller and narrower as material initially
in the complex is transferred to it. However, when larger doses are used, the shape
of the main peak is changed in a progressive way as shown in the upper right
panel of Fig. 1. With increasing dose, two effects become evident; the height of the
main peak progressively decreases as a bulge forms and grows to the left. Clearly,
this is what would be expected from single-break formation. Accompanying a re-
duction in sedimentation rate, there would be a broadening in the distribution of the
latter as the number of breaks randomly produced increases with increasing dose.
Moreover, a requirement for an apparent threshold dose of --1400 rad before single
breaks become evident, is consistent with the size of the molecule corresponding to
the main peak, as can be seen from the following.
From sedimentation measurements made with bacteriophage T4, and from ex-

trapolating (15, 16) to estimate the molecular weight of the main peak based upon
a molecular weight for denatured T4 of 6.7 X 107 daltons (17), we obtain a value of
-2.5 X 108. The average DNA content in a cell in a log phase population is -1 X
10-11 g. This corresponds to a gross molecular weight of 6 X 1012 daltons and hence,
there are -2.4 X 104 molecules of size --'2.5 X 108 daltons per cell. From physical
measurements (14) we may estimate that 60-70 ev are expended per absorption
event- an amount of energy more than adequate to break any molecular bond.
Since 1 rad is equivalent to the deposition of 625 ev/(l X 1011 g), --2400 rad are
required to produce -2.4 X 104 bond-breaking events per 2.4 X 104 molecules or
per genome. (If some of these absorption events do not lead to single-strand breaks,
a somewhat larger dose would be needed to produce about one strand break in
each 2.5 X 108 daltons. Alternatively, the presence of bond breakage which does
not result in single-strand breaks might be offset by a more efficient break produc-
tion due to contributions from, for example, indirect effects.) Thus, from Poisson
statistics we would expect the evidence of single-strand breakage to start to become
apparent in the dose range 1000-2000 rad (66 %-43 % unbroken molecules, re-
spectively) and that for larger doses we would expect that the average distance of
sedimentation would become less as the gradient distributions become relatively
broader. At doses appreciably below about 1000-2000 rad, we would not expect
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to observe a significant change in the shape of the main peak in view of the limited
resolution of this kind of measurement (only a slight bulge seems present to the
left of the main peak in the 722 rad gradient).

In contrast to prior reports, the general features of the systematics and internal
consistency contained in the foregoing is demonstrated in the first five panels of
Fig. 1. Below 1440 rad no appreciable breakage is apparent in the main peak while
at this and larger doses, there is a progressive loss of the peak at fractions 17-18
accompanied by a buildup of slower sedimenting material (lower molecular weight).
At doses of -722 rad or less, there is an apparent lack of breakage because these
doses, on the average, yield an insufficient number of breaks to produce a detectable
change in the sedimentation rate of molecules of size 2.5 X 108 daltons. Relative
to the complex, however, doses of 361 rad or less do produce a progressive change.
This alone suggests that the complex has a size a good deal larger than the material
which constitutes the main peak.

Repair of Strand Breaks

Each of the gradient patterns in the upper right of Fig. 1 is repeated in the lower
right panels. Also shown is the result when, after each of the doses shown, cells
were incubated for 20 min for repair. In each case, the bulge due to DNA breakage
has essentially completely disappeared, indicating, as demonstrated with other
mammalian cells after larger doses (2-6), that these cells rapidly repair single-
strand breaks. We note again that after the doses shown and for periods appreciably
longer than 20 min, no degradiation of DNA is evident with these cells. The patterns
shown, therefore, represent the total amount of DNA present in cells at the time of
irradiation.

"Repair" of the Complex

Incubation for repair also leads to changes in sedimentation after doses smaller
than those needed to show single breaks. With the exception of the lower right panel,
all of the data in Fig. 2 were obtained after 60-min lysis periods (instead of 165
min, Fig. 1). As a result, cells suspended immediately after irradiation with 361
rad show a larger amount of label in the complex than in Fig. 1. This by itself is
indicative of the resolution of the complex with time to which we have already
referred. But even after only a 60-min lysis period, doses of 722 and 1440 rad each
yield a pattern failing to show a significant amount of complex. However, in each
instance, a 20-min repair period results in the reappearance of a complex with a
concomitant decrease in the main peak. Consistent with the data in Fig. 1, the lower
right panel in Fig. 2 shows the effect, on the same cells used in the lower left panel,
of a longer lysis time. The complex which had reformed during the repair period,
and is event after 60 min of lysis, is resolved after lysis for 165 min.
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FIGURE 2 Alkaline sucrose gradients of DNA from Chinese hamster cells irradiated
with the doses shown or irradiated and then incubated for 20 min. Note the different
lysis times. (Sedimentation was from left to right.)

DISCUSSION

From autoradiographic measurements (18, 19), and from extrapolations to zero

dose of molecular weight changes measured in radiation experiments (2), it has
been estimated that the largest DNA molecules obtainable from mammalian cells
are 1 X 1010 daltons. We observed a molecular weight about one-fortieth of this,
which suggests that there are many regions along the length of a chromatin thread
which are labile under the lysis conditions used. It is possible, of course, that these
regions bear no relation to repetitive features along the length of a DNA molecule,
although the relative sharpness of the main peak that we observed favors the con-

trary. Further, since we may surmise that points of replication initiation must
differ in some way from regions within a replicon (20, 21), it is worth considering
the possibility that such points are labile under the alkaline, high salt conditions
we used. If this is the case, we would estimate -2.4 X 104 natural units per cell,
i.e., --2.5 X 108 daltons/(l X 10-11 g) of DNA. Before units of the foregoing size
are resolved on an alkaline gradient, larger units no doubt exist, but nonspecific
aggregations may prevent reliable determinations of sedimentation properties
under the conditions we have used.

M. M. ELKIND AND C. KAMPER Repair ofDNA Following Irradiation

30

25

20

. 15
z

08 10
-j

IJ0
poi-0
Z 20I. .-)

w
a. 15

10

5

_wdordoLI-I-- -s..........I

I-T_ 1AffrF

u

243



It is interesting that a molecular size of about 2.5 X 108 daltons was also observed
with unirradiated E. coli (1). Although this agreement might be quite fortuitous,
it is worth noting the implication that a molecule of this size might be a fundamental
building block in bacteria as well as mammalian cells.

Concerning the apparently complete repair of single breaks, several implications
follow. If this repair is in fact complete, it would mean that two-strand breaks (as
well as single-strand breaks) are repaired and, therefore, are unrelated to cell killing.
While this might be true, we do not believe that the kinds of measurements pre-
sented have enough resolution to permit the conclusion that absolutely all breaks
are repaired. For example, enough single breaks may remain open to be consistent
with a double-break model of cell killing. Further, misrepair of single or double
breaks would probably not be detected. However, since the gross effect of postir-
radiation incubation after doses of -1400 rad or more is a return to the sedimenta-
tion pattern of unirradiated cells, then, on the assumption that this represents, in
large measure, a true reversal of the effect of irradiation, our data are consistent with
one or more of the following: (a) these cells have a DNA ligase which lacks sub-
strate specificity since the energies involved in radiation absorption are large enough
to break bonds indiscriminately; (b) there are many enzymes which have ligase-type
activity to account for the array of substrates which might result from radiation
absorption; (c) molecular energy transfer mechanisms, or indirect effects, lead
primarily to the same type of bond breakage and, consequently, the same sub-
strates for ligase action; or (d) before single breaks are repaired, nucleases prepare
lesions for repair replication followed by ligase action so that specific requirements
for substrate specificity are met.

In addition to single-strand rejoining, our results show that cells perform a
repair-type process which involves a considerably larger molecular size, judging
from the data presented relative to the complex. Since we see clear effects for a
dose as low as 181 rad (--60 % survival) - one-eighth the dose needed to show the
onset of single breaks- we may estimate that this larger target is about (8 X
-2.5 X 108 =) -2 X 109 daltons provided that only one absorption event is

needed to affect the complex. It would seem likely, however, that to produce a
change in conformation and/or density, more than one break would be needed and
consequently, 2 X 109 daltons is probably a minimum estimate.

Relative to the complex, we have called the change-which results from in-
cubation after irradiation - "repair" because the sedimentation pattern becomes
more like that of unirradiated cells. The DNA in eucaryotes consists of structures
of nucleoprotein which contain RNA and possibly membranous material as well.
Extraction under conditions of neutral pH and low ionic strength initially leads to a
gel probably because of the fibrous structure of the large molecules involved and
cross-links between them (e.g., see reference 22). A gelatinous material is also ob-
tained when chromatin is extracted under conditions of high pH and ionic strength,
although under these conditions the cross-links are labile. It seems likely to us that

BIOPHYSICAL JOURNAL VOLUME 10 1970244



the DNA-containing material we call the complex is initially similar to chromatin
and that from this, a material containing denatured strands of DNA is released
in time. Our results show that small doses of X-rays speed this release probably
because the breaks produced in the cross-linked structure make internal bonds
more accessible to lytic action.
Although repair of single- or double-strand breaks is easy to visualize in a struc-

ture as well known as the double helix of DNA, this does not mean that other post-
irradiation effects which constitute a return toward the unirradiated condition are
less important with regard to cell proliferation. In mammalian cells the functional
integrity of DNA may be dependent on its structural relationship to its molecular
environment - a suggestion which we proposed earlier based upon interactive
effects between actinomycin D and X-irradiation (13, 23, 24) - as well as upon the
linear continuity of the molecule itself.

We are indebted to Dr. Rudolph Werner, of the Cold Spring Harbor Laboratory, New York, for
supplying us with labeled T4 bacteriophage.
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