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SUR LA RUPTURE DES BRINS SIMPLES INDUITE PAR RAYONNEMENT

par

D.L. Dugle

RESUME

Ce rapport décrit l'optimisation des nombreux facteurs qui
régissent le comportement reproductible de la sédimentation de l'ADN de
haut poids moléculaire et à brin simple, dans un gradient de densité de
saccharose en milieu alcalin spécial. On a défini une plage de moments
angulaires pour laquelle une efficacité de rupture constante des fibres
est requise malgré un effet de vitesse du rotor qui augmente les poids
moléculaires mesurés des plus grandes molécules d'ADN aux vitesses dé-
croissantes du rotor.

On discute de la possibilité que les profils de contrôle bi-
modal de l'ADN obtenus après sédimentation à 11 500 tours/min (12 400 g)
ou moins représentent des sousunités structurales des chromatides.
L'induction aléatoire de ruptures d'ADN à brin simple, par rayonnement
ionisant, est démontrée par comparaison des profils expérimentaux aux
courbes dérivées par ordinateur.

L'accroissement des rendements de ruptures de brins simples
dans les cellules hypoxiques sous l'action de l'oxygène, de la para-
nitroacétrophenone (PNAP) ou de l'un des trois dérivés de nitrofuranne
utilisés, correspondait bien à une augmentation de mortalité des cellu-
les. De plus, les réductions de rendement de ruptures de brins simples
en présence de composés connus et avides de radiaux hydroxyles (0H-)
correspondent bien aux réactivités de ces composés viz-à-viz des OH-.
Ceci supporte l'hypothèse qu'un certain type de lésion induite par OH-,
pouvant être finalement exprimée comme une rupture à double brin non
apparié ou mal apparié, constitue en fait un événement léthal.
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ABSTRACT

This report describes the optimization of many of the factors
governing reproducible sedimentation behaviour of high molecular weight
single-strand DNA in a particular alkaline sucrose density gradient
system. A range of angular momenta is defined for which a constant
strand breakage efficiency is required, despite a rotor speed effect
which increases the measured molecular weights at decreasing rotor
speeds for larger DNA molecules.

The possibility is discussed that the bimodal control DNA
profiles obtained after sedimentation at 11 500 rev/roin (12 400 g) or
less represent structural subunits of the chromatid. The random induction
of single-strand DNA breaks by ionizing radiation is demonstrated by the
computer-derived fits to the experimental profiles.

The enhancement of single-strand break (SSB) yields in hypoxic
cells by oxygen, by para-nitroacetophenone (PNAP), or by any of the
three nitrofuran derivatives used, was well-correlated with increased
cell killing. Furthermore, reductions in SSB yields for known hydroxyl
radical (0H-) scavengers correlates with the reactivities of these
compounds toward OH-. This supports the contention that some type of
OH.-induced initial lesion, which may ultimately be expressed as an
unrepaired or misrepaired double-strand break, constitutes a lethal
event.
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1. INTRODUCTION

An estimate of the mass average molecular weight (M) of a

large single-strand DNA molecule is usually made from sedimentation-

velocity data using a relationship derived from coliphage DNA (mole-

cular weight, MW = 7 x 10 ; sedimentation coefficient, S = 80). Appli-

cations of the McGrath and Williams technique to mammalian cells have

led to reports of the detection of much larger DNA molecules character-

ized by sedimentation coefficients greater than 300 ' , which cor-
(1) q

respond to M > 1.8 x 10 . The conversion of such large sedimentation

coefficients into molecular weights entails the unsupported assumption

that the ,0;:>idier equation (S = k[MW] , where k and a are constants)

holds for such large DMA molecules, which in turn requires a constant

proportionality between M and the specific volume.

The sedimentation behaviour of large single-strand DNA mole-

cules is influenced by a number of experimental parameters. Incomplete

denaturation causes inflated values of M and the rate of alkali-induced

separation of the complimentary DNA strands depends upon DNA concentra-

tion ( 6 > 7 ) , ionic strength'1'6'8) and DNA size ( 6' 7' 9 > 1 0 ). Divalent

cations, if not complexed by ethylenediaminetetraacetate (EDTA), are

responsible for pelleting of the DNA in alkaline gradients '

Finally, the sedimentation velocity of non-aggregated DNA is dependent

upon ionic strength^1'6'8'11^, DNA concentration^'11'12' and rotor

speed ( 1 3> 1 4>.

The present study was undertaken to assess the applicability

of the Studier equation to sedimentation data derived from very large

DNA molecules. X-irradiation of mammalian DNA in vivo was ut;ed to

furnish a series of DNA populations which were subjected to alkaline

sucrose gradient centrifugations at several rotor speeds. The resulting
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DNA profiles were then analyzed in order «-o define conditions for which

sedimentation behaviour was consistent with a constant value of breakage

efficiency.

2. EXPERIMENTAL PROCEDURE

2.1 CELL GROWTH AND DNA LABELLING

Chinese hamster cells (line V79-379A) and mouse L cells

(line L929) were grown in Eagles essential medium with Earles salts

(MEM-Grand Island Biological Company, Grand Island, New York) while

attached to either glass or plastic dishes as described previously ' .

Suspension cultures were grown in either calcium deficient MEM or in

Auto Pow (AP) medium (Flow Laboratories, Mississauga, Ontario). Fetal

calf serum (Gibco, Calgary, Alberta) was present at a concentration of

7% in AP and 10% in MEM. Growth of either cell for 16 - IS h in the

presence of 19-kBq*/mL 3H-Tdr (Amersham/Searle, Arlington Heights, 111.)

gave approximately 4 disintegrations per min per cell.

2.2 CELL IRRADIATION TECHNIQUES

The irradiation sources used were a Westinghouse 250 kVp

X-ray set operated at 15 mA (and fitted with a 1-imn aluminum filter) and

a Co Gammacell (Atomic Energy of Canada Limited). The latter delivered

a dose rate of approximately 70 Gy**/min whereas dose rates of approxi-

mately 7 Gy/min to stirred cellular suspensions in covered beakers, or

20 Gy/min to cells attached to 30-mm plastic dishes, were attainable

with the former. The irradiation medium was either MEM (with or without

* 1 Ci = 3 7 GBq

** 1 rad = 10 mGy
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radlosensitizers) or phosphate-buffered saline (PBS). Cellular suspen-

sions were usually prepared from attached cells by scraping the dish

with a rubber policeman, but trypsinization was occasionally employed.

When required, hypoxic conditions were attained by a A-min equilibration

with a nitrogen mixture containing 4% CO and < 0.0121-umol/L 0 (Union

Carbide of Canada Limited, Oakville, Ontario). Cells were prepared for

layering on sucrose gradients by washing them twice and then resuspending

them at a concentration of 10 cells/mL in ice-cold PBS.

2.3 ALKALINE SUCROSE GRADIENT CENTRIFUGATION

The linear density gradients consisted of 5 to 20% sucrose

(W/W), 0.8-mol/L NaCl and 0.2-mol/L NaOH dissolved in saline-EDTA

(0.15-mol/L NaCl, 0.1-mol/L EDTA). The 4.7-mL gradients were overlaid

with 0.1 mL of 1-mol/L NaOH followed by 0.1 mL of the PBS cell suspen-

sion (which contained approximately 0.1 ug of DNA) and 0.1 mL of double-

distilled water. The loaded gradients were placed in a six-tube SW 50.1

rotor and lysis was continued for 100 min at 20°C in a Beckman ultra-

centrifuge (L2 65B or L5). After centrifugation at a given rotor speed

to a preset u t value (normally equivalent to 105 min at 30 000 rev/min),

the tubes were unloaded either by displacement with a more dense sucrose

solution (top unloading) or by positive air pressure (bottom unloading).

In either case, the resulting fractions were collected on filter-paper

discs which were treated with 7% aqueous trichloroacetic acid and etha-

nol, air dried, and counted in a Nuclear Chicago Mark II liquid scintil-

lation spectrometer.

2.4 GRADIENT CALIBRATION

Counting data were automatically recorded on computer cards.

Calculations of single-strand mass average molecular weights (M) and

plots of percent recovered counts per min (cpm) as a function of percent
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distance sedimented were prepared by a computer. Determinations of MW

were based on equation (1):

MW = 4.4 x 10 J" 1-^-1 " (1)

2 2

where d - distance sedimented (cm) and u t is in radians /s. The value

of the exponent was reported previously and the pre-exponential

constant wan derived by calibration with coliphage T2 DNA (single-

strand, MW = 65 x 10 ) * ' and Bacillus subtilis bacteriophage SP50 DNA

(single-strand, MW = 50 x 10 ) * . No correction was applied for wall

losses, since essentially 100% of the activity was recovered in the

absence of pelleting (see Reference (19)).

2.5 CALCULATION OF THE EFFICIENCY OF SINGLE-STRAND DMA BREAKAGE

The efficiency of strand breakage was derived from the increased

number of pieces/g represented by an "irradiated" profile when compared

with the control profile. The number of pieces/g may be deduced indi-

rectly by the use of molecular weight distribution averages or directly

without any assumptions about the molecular weight distributions. An

example of t ".h approach is included in the present study and the results

will be compared. Determination of the relationship between M and the

sedimentation velocity is essential to either method. Equation (1) has

been validated for low molecular weight DNA as noted above. Technical

difficulties do not yet permit the sedimentation equation to be cali-

brated for large DNA of a known size; at present, the only objective

basis for establishing the validity of molecular weight measurements

above the calibration range is internal consistency, that is, consis-

tency of the results with assumptions implicit in the analysis. A

method of analysis using a computer simulation of random breakage

("T Fit") was previously found to offer significant advantages in

testing such consistency . Assumptions implicit in this treatment

are that equation (1) applies and that strand breakage is random.
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If the further assumption is made that the control DNA dis-

tribution is monodisperse (an assumption which is not satisfied experi-

mentally and can only be approximated), an equation derived by Crothers,
(21)

Spatz and Elson should apply:

2M 2

— - ̂ T-3 W
M e + n - 1

where M is the mass average molecular weight of DNA from unirradiated

cells, M is the corresponding mass average molecular weight from irradiated

cells and n is the number of strand breaks. The weight average molecu-

lar weight of a given profile is in turn defined by equation (3):

2N x (MW ) 2

i
M w = EN. X (1IW.) (3)

where N is the number of pieces of DNA with molecular weight MW .

Since the control profiles in the present study are poor approximations

of monodisperse distributions, the use of equation (2) should provide

interesting comparisons with those from the "T-Fit" analysis which does

not require this last assumption. The non-linear dependence of 1/M on
Q

dose is indicated by the curve in Figure 1 in which M = 5 x 10 and

the dose response corresponds to 50 eV per single-strand break (SSB).

For large n (that is, at high doses) equation (2) may be approximated:

- ^ - 1 - n (4)

The n value derived from equation (2) may be used to calculate the

single-strand breakage efficiency:

Dose (Gy) x 6.24 x 10 1 5 x M
eV/SSB = 5^ (5)

6.023 x \Q x n
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From the M values at 0 and 180 Gy deri/ed from Figure 1 (500 x 10 and

50.75 x 106), breakage efficiencies of 50.0 eV/SSB and 49.9 eV/SSB would

be derived in equation (5) on the basis of equations (2) and (4), re-

spectively. In order to minimize the increasing error of the approxima-

tion of equation (4) at lower doses, the data for 1/M as a function of

dose were fitted by linear regression (from the experimentally observed

relationships) and the expected value of 1/M was obtained for a dose

corresponding to about 7 breaks per strand. This value of 1/M was used

to obtain n from equation (2), which is almost linear at such doses,

thereby enabling the use of data from all doses with a minimum of in-

herent error. The linearity of the data for 1/M as a function of dose

found in the present study must be due to the absence of monodisperse

control profiles which are implicit in the derivation of equation (2)

and/or the effects of rotor speed on M at low doses which will be dis-

cussed later.

A third calculation of eV/SSB popularized by Ormerod and his
(14)

co-workers utilizes number average molecular weights (M ) which are

defined by

M

equation

fi
n

( 6 )

X

2N

MW.

Because of the marked dependence of M values calculated from this
n

relationship on the arbitrarily chosen summation limits, this equation

has been included only to permit comparison with equation (3). Experi-

mentally, M values are obtained from plots of In (cpm/MW (MW« - MW..))

as a function of MW, in which the slope of the linear portion is equal
to -1/M . Since the control profiles in the present study never gave

n

linear plots, only the M values from irradiated cells could be used to

obtain the slope of the regression line through the origin:
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1/M - (1/M )
slope = - J L - ^

where M is the number average MW following dose D and (M ) 3 s the
n no

number average MW following the minimum irradiation dose (D ). From the
o

slope derived by equation (7), the strand breakage efficiency can be

calculated from equation (8):

eV/SSB = 6"24 * ^ ° (8)
6.023 x 1 0 " x slope

3. RESULTS AND DISCUSSION

3.1 ELIMINATION OF DIVALENT CATIONS

One of the most widely varied parameters in the technique of

alkaline sucrose gradient sedimentation is the concentration of EDTA in

the gradients. Studier ' J found that reproducible sedimentation

behaviour of single strand T7 phage DNA (MW = 10 ) in low ionic strength

gradients required EDTA. This chelating agent has also been reported to
(21)

be essential for lysing mammalian cells , and for disrupting fast

sedimenting components (aggregates) released from them . At a fixed

rotor speed (30 000 rev/min or 84 000 g) and a constant total salt

concentration (maintained by adjusting the concentration of NaCl), we

found that decreasing the concentration of EDTA caused a size-dependent

increase in the sedimentation velocity of DNA. The sedimentation

velocity of single-strand DNA from either Bacillus subtilis SP50

(MW = 5 x 10 7K 1 8^ or Chinese hamster cells (M = 36 x 107) was monicored

as the EDTA concentration was sequentially reduced from the usual

100 mmol/L to 0.5 mmol/L. Concomitant with this reduction, the MW of

SP50 DNA increased by less than 10% whereas for Chinese hamster cells an
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increase of more than 50% was observed. At the lowest EDTA concentra-

tions used the profiles were characterized by activity spikes and

diminished recovery of the radioactive label. When EDTA was absent from

the gradients, none of the radioactivity was recoverable. Even if the

normal (0.1 mol/L) concentration of EDTA is present in the gradients,

the sedimentation behaviour of the DNA depends upon the medium in which

the cells are lysed. Complete pelleting was observed for both MEM and
(22)

Dulbecco's salts , whereas the recovery was reduced for PBS contain-

ing 10Z fetal calf serum and the profiles gave less reproducible values

of M, although they were somewhat broader and more symmetrical. Both

Dulbecco's salts and MEM contain divalent cations and it is likely that

small quantities of similar ions are present in the serum. It may be

construed from these data that the random coil structure of the DNA

collapses when the concentration of these ions is too high.

3.2 CELL LYSIS

Another commonly varied parameter of the sedimentation velo-

city technique is the means by which cell lysis and DNA denaturation are

effected. In our early experiments, a 0.1-mL aliquot of cells was

pipetted down the same track immediately after 0.2 mL of 1-mol/L NaOH.

A pinhead was then passed through the meniscus to eliminate the asym-

metry of the lytic zone which could conceivably cause profile broaden-

ing. A number of attempts were made to assess the amount cf shear which

might arise from this technique. Delayed stirring (up to 10 min after

layering) caused a time-dependent decrease in M which could arise through

shea-ing of the newly released DNA. This possibility was discounted

since no reduction in M was found when cells and 1-mol/L NaOH were a^ded

in alternating 50-yL layers which, by virtue of their densities, mixed

as they were added. Furthermore, when cell suspensions were subjected

to gentle agitation to facilitate successive dilutions, that DNA which

disappeared from the parent peak was predominantly converted to low

molecular weight debris at the top of the gradients as shown in Figure 2,
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but the relative contribution of such DNA fragments after "stir loading"

was quite small (see Figure 3). In this case, successive dilutions with

PBS were done by slowly rotating the sample tube. Although satisfac-

tory, stir loading is time-consuming and somewhat difficult to master.

These considerations led to the development of a "three-layer loading

technique" in which 100-yL aliquots of NaOH, cells, and double-distilled

water were sequentially delivered along the same path onto the top of a

gradient. The water layer thereby ensured a cellular layer of uniform

thickness.

The time required to denature a DNA molecule is directly
(9)

proportional to the square of the molecular weight and inversely

proportional to both the pH and the ionic strength but at pH >_ 12,
(23)

hydrolysis of the phosphate backbone may be appreciable . For cells

lysed at 20°C on gradients containing 100-mmol/L EDTA, reproducible

single-strand molecular weights were obtained after a 100-min lysis

time, provided the load contained 0.5-mol/L or 1.0-mol/L NaOH. Shorter

lytic times gave multiple peaks with large and irreproducible M values

(see Figure 4). The molecular weight corresponding to fraction 2 of the
9 9

40-min experiment was 1.1 x 10 which compares with 1.2 x 10 for the m..
(5)subunit. This value is identical to a value previously reported .

Similar phenomena were observed after 100-min lysis times when the

concentration of NaOH was reduced. Incomplete denaturation was probably

responsible for these observations. Yet, hydrolysis of the DNA became

detectable when cells were lysed with 1-mol/L NaOH for more than 3 h.

This hydrolysis must be minimized if one is to test the hypothesis that

the discontinuity between the gradient and the load is responsible for

the asymmetric control profiles. This was accomplished by substituting

an unbuffered layer of 2.5% sucrose for the 1-mol/L NaOH and extending

the lysis time to 13 h. This procedure, patterned after that of ?alcic
(24)

and Skarsgard , gives broader, more symmetrical and higher MW DNA

peaks. Although this result supports the hypothesis above, one could

also propose that the lower pH lysis which reduces the strand breakage

efficiency from 49.8 eV/SSB to 63.3 eV/SSB may allow differentiation
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between initial SSB (79%) and alkali-labile SSB (21%). Regardless of

the correctness of this assignment and, since both assays gave linear

dose response, le data presented in this report were obtained from the

more rapid lysis with 1-mol/L NaOH, unless otherwise noted.

3.3 GRADIENT LOAD

The maximum permissible cellular load for a particular sedi-

mentation regime depends upon the molecular dimensions of the DNA mole-
(27} (1 8}

cules , which in turn depend upon the ionic environment ' . The

load also depends upon the applied centrifugal force. If the load (or

rotor speed) is too high, aggregates may be formed and the abnormally

high sedimentation velocities which result cannot be extrapolated to

zero concentration to obtain corrected MW values ' . If lysed with

1-mol/L NaOH on the alkaline gradients employed in this study, up to

2 x 10 cells/mL usually gave identical profiles (as shown in Figure 3),

but the largest cell number occasionally gave control profiles with

midpoints at fraction 8 or 9 rather than the usual 12 or 13. These

unexpectedly high molecular weight peaks were regarded as artifactual

since it was not possible to restitute them in cells which had received

5 Gy followed by maximal repair. Considerable pelleting occurred when

cell concentrations of 4 x 10 cells/mL were employed. Anomalous sedi-

mentation behaviour of high molecular weight DNA centrifuged at high

rotor speeds has been exhaustively documented ' ' . In order to

minimize such problems, cell concentrations of 10 cells/mL (that is,

loads of 10 000 cells or 0.10 ug DNA) were employed for .iingle-strand

DNA breakage (SSB) analyses.

3.4 PROFILE SHAPE

A subjective criterion widely (but informally) applied to

alkaline sucrose density gradient centrifugation is the requirement that

the control profiles be symmetrical. There appears to be no a priori
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reason to expect such symmetry, although the random distribution result-

ing from the induction of several breaks per strand happens to approxi-

mate bilateral symmetry on the distance-sedinented (but not on a mole-

cular weight) scale. Considerable asymmetry of the control profiles was

consistently observed in this work and evidence that the results of the

T-fit analysis and, to a lesser extent, of 1/M plots are independent of

the control profile shape is presented below.

The characteristic asymmetry associated with DNA profiles from

unirradiated cells in this study is not due to DNA-protein aggregates as
3

shown by Figure 5 in which the H-TdR labelled DNA is cleanly separated
14

from the C labelled protein. Separation of DNA and lipid was similarly
3 14

demonstrated for cells labelled with both H-TdR and C-Choline (Fig-
14

ure 6) despite very low C recovery. Although the detection limits of

double-label experiments such as these exclude the possibility of lipid-

(or protein-) DNA aggregates, they do not rule out the existence of

small alkali-resistant regions along the DNA strands. Use of the non-

ionic detergents Lubrol WX and Brij 35 in the NaOH layer did not alter

the shape of the DNA profiles.

In order to determine if the sharp leading edge exhibited by

control profiles in this study depends upon the dilution of gradient

displacements, sedimentation profiles derived from irradiated (63 Gy and

105 Gy) and unirradiated cells were subjected to either top or bottom

unloading. As shown in Figure 7, the top-unloading control profile is

more symmetrical than the corresponding profile obtained by the usual

bottom-unloading technique. The agreement may be regarded as satisfac-

tory, particularly in view of the greater complexity of the top-unloading

process, which is correspondingly more likely to perturb the profile

shape than the simpler bottom-unloading technique (see further comments

below regarding tha analysis of these profiles). Such differences were

not observed for profiles derived from cells which had received more

than several Gy as indicated by the 105-Gy profiles in Figure 7.
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Pelleted DNA may affect the shape of control profiles in a

manner dependent upon the direction of gradient fractionation. For

bottom-unlo-ided gradients, the surface tension of the meniscus could

leach some of the activity from the tube bottom causing an apparent

increase in label in the last few fractions which would appear to be

very light DNA. With top unloading, the dense (50% sucrose) "chase"

solution could dislodge label from the pellet which would appear as very

heavy DHA at the bottom of the tube. This hypothesis is supported by

the control profiles in Figure 7 and may explain the slightly higher MW

(̂  152) of the top-unloaded profile. Thus, the bottom-unloaded control

profiles with their sharper high molecular weight (leading) edges may be

more accurate representations of the DNA distribution in the gradient

than the top-loaded profiles whose more gentle leading edges could well

arise from mixing induced by the chase solution. Further discussion of

profile shapes is included in the section on "speed dependence" in which

the sharpness of the leading edge is seen to be markedly decreased by

decreasing centrifugal forces. Regardless of the validity of these

arguments, bottom unloading furnishes profiles which are more amenable

to T-Fit simulations as will be discussed below.

3.5 RANDOMNESS OF STRAND BREAKAGE

A computer program ("T Fit") was devised to evaluate

sedimentation behaviour and to quantify breakage efficiency without

restrictive assumptions regarding the size distribution of unirradiated

DNA. This procedure introduces successive random strand breaks in a

control DNA population until the "best fit" to the experimental profile

is achieved. The computer output consists of the mass average and

number average molecular weights, theoretical profiles together with the

experimental points to which they are fitted, the residual sum of

squares for the differences between experimental points and theoretical

profiles (S£?), the regression line relating breakage parameters (in

arbitrary units) to dose together with the resulting value of eV/SSB and

the computed standard deviation of this line. One set of 30 000-rev/min
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sedimentation profiles derived from cells irradiated at 0°C in air while

attached to plastic dishes and covered with MEM appears in Figure 8.

The experimental profiles (points) in this figure correspond to samples

which had received 0, 29, 58, 87, 116 and 145 Gy. The solid line through

each set of symbols represents the best fit derived by the computer-

simulated breakdown of the control profile, subject only to the constraint

that strand breakage is random and that equation (1) is valid. The

excellent computer fits (SS = 1.4) indicated by the solid lines fitted

to these sedimentation profiles indicate that the constraints are met.

The dose dependence of strand breakage corresponding to these fits is

shown by the computer-generated regression line in Figure 9 which cor-

responds to 50.0 ± 0.4 eV/SSB. Two other methods of analysis of this

run were used. In Figure 10, the dose response of the computer-derived

values of 1/M is indicated and after fitting these data to equation (5)

and estimating the deviations by trial and error, one obtains a breakage

efficiency of 49.6 ± 1.2 eV/SSB. For a linear regression through these

same points, values of 360 x 106 for M and (61 ± 2) x 10 for M follow-

ing a dose of 145 Gy were obtained, which via equation (5) lead to

values of 50.5 ± 1.8 eV/SSB and 50.1 ± 1.8 eV/SSB for n values which had

been calculated from equations (2) and (4), respectively.

A third method of calculating the strand breakage efficiency

(in eV/SSB) utilizes the number average molecular weight (M ) values

which were discussed earlier (Section 2.5). Reciprocals of the M

values of the five profiles derived from the irradiated cells in Figure 8

may be plotted against dose directly, but if the 1/M values and doses

are normalized to the 29-Gy profile, the Jine in Figure 11 is obtained.

The slope of this line corresponds Co 49.0 ± 0.9 eV/SSB. The values of

eV/SSB determined by the three methods are summarized in Table 1.

The three calculations gave essentially the same result for

this particular experiment which was selected because of the quality of

the computer fits, despite the fact that the computer-derived M value
8 8 °

(3.0 x 10 ) was smaller than the long-term average (3.6 x 10 ). Good



agreement among the three calculations was found for all cases tested,

thereby supporting the contention that, although the control profiles may

not be monodisperse, 1/M calculations may well provide a reasonable

alternative to the T-Fit simulation if the latter is not practicable.

From data such as these, one can conclude that, at least for the experi-

mental technique used in this study, no useful purpose would be served

by carrying out the time-consuming M calculations.

TABLE 1

EQUIVALENCE OF STRAND BREAKAGE EFFICIENCIES
FROM THREE DIFFERENT COMPUTATIONS*

Data Source

T-Fit Simulation

1/M

M
n

Strand Breakage
Efficiency
(eV/SSB)

50.0 + 0.4

49.6 ± 1.2

49.0 ± 0.9

*These values were derived from cells irradiated
in air at 0°C while attached to plastic dishes
and covered with MEM.

3.6 SUITABILITY OF TOP-UNLOADED GRADIENTS TO THE T-FIT SIMULATION

Applications of the 1/M calculation and the T-Fit procedure to

profiles derived using the two-gradient fractionation techniques (see

Figure 7) led to the data in Table 2 from which the following conclusions

may be drawn:
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1. From top-unloaded samples, the values of eV/SPB determined by

the 1/M calculations are 50Z larger than those froni the T-Fit

procedure, whereas both computations give approximately the

same value for the bottom-unloaded samples.

2. For profiles obtained by top unloading, the T-Fit procedure

gives much higher values for the standard deviation in eV/SSB
*

and the mean residual sum of squares (SS) than those resulting

from bottom unloading.

All three criteria show bottom unloading to be a more satis-

factory technique.

TABLE 2

DEPENDENCE OF MEASURED STRAND BREAKAGE EFFICIENCY
(eV/SSB) ON THE DIRECTION OF GRADIENT DISPLACEMENT

Method of Unloading

Positive air pressure
(bottom unloading)

Heavy sucrose displacement

Strand Breakage
Efficiency

(eV/SSB)
from 1/M

49.5 + 3.0

71.8 ± 0.9

Strand Breakage

Efficiency

(eV/SSB)
from T Fit

51.0 ± 0.6(a)

45.1 ± 3.8 ( b )

a. SS = 5 eV/SSB

b. SS" = 3 7 eV/SSB

* This is the mean sum of squares of the difference between experimental
points and theoretical profiles.
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3.7 THE EFFECTS OF ROTOR SPEED OH DNA SIZE

Since sedimentation coefficients are known to be concentra-

tion-dependent, meaningful values may be determined only by extrapolat-

ing sedimentation coefficient values to zero concentration. For sedi-

mentation-velocity analysis of very large DNA, however, these values may

be obtained over a range of only 20 000 - 150 000 cells/mL (0.03 -

0.233)Jg DNA per gradient). The lower limit is fixed by the minimal

level of radioactive label (̂  1000 cpm/gradient) and the upper limit by

the gradient load. The concentration effect is dependent on rotor

speed; higher concentrations can be tolerated at lower speeds. Since

rotor speed may be independently chosen while concentration is restricted

to the above range, we investigated the effect of rotor speed on the

sedimentation behaviour for a range of DNA sizes at a fixed concentration

(10 cells/mL) and gradient load (̂  0.1 yg DNA). Populations of DNA

with different M values were produced by irradiation so that under the

random breakage hypothesis the expected relationship between these

populations was known, and the experimental data could be tested for

consistency with this hypothesis.

Aliquots of a PBS suspension were therefore irradiated in air

at 0°C to doses of 0, 10.5, 21, 52.5, 84 and 105 Gy. These samples of

the resulting DNA populations were then centrifuged at speeds of 11 500
2

to 50 000 rev/min (12 400 to 234 000 g) to a preset value of u t (nor-
10 2mally 6 x 10 radians /s) and the computer-derived values of M were

tabulated. The M value from unirradiated cells (M ) decreases markedly

with increasing rotor speed due to viscous drag - a phenomenon described

earlier for DNA with MW i* 10 . This phenomenon may result from

increased hydration of the DNA made possible when increased g-forces

convert the compact (sphere-shaped) molecules to more elongated forms

which thereby approach the rigid rods for which the sedimentation-

velocity relationship was derived. This behaviour of M could explain

the control profiles which were obtained at 20 000 to 40 000 rev/min and
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are partially reproduced in Figure 12. Because these rotors decelerated
2

from a constant ui t, and the accumulated g-forces at 40 000 rev/min were

actually 10% greater than those for the 20 000 rav/min run, the indicated
2

peak separation for a fixed <o t would actually be 10% larger than that

indicated. It is obvious from this figure that a further reduction in

rocor speed would require a concomitant reduction in centrifugation time

in order to avoid extensive pelleting.

2
When the rotor speed was reduced to 11 500 rev/min and u t to

4 x 10 radians /s, a new complication arose. Although the predicted

trend to more symmetrical peaks with decreasing rotor speed was substan-

tiated, the control profile exhibited a slightly bimodal character.

This effect was tested by examining the sedimentation velocity at rotor

speeds of 7 200 rev/min. At this speed, however, the presence of two

DNA populations in the control profiles (see Figure 13) prevents the

acquisition of meaningful M values needed to extend a plot of M as a

function of w to much lower rotor speeds. A preliminary report from

this laboratory which was based on limited data (and rotor speeds

> 11 500 rev/min) led to an estimate of 9.6 ± 2.7 x 10 for M . The
— OJ->-O

difficulties inherent in such an extrapolation are obvious from the data

presented here.

An attempt was made to establish the credibility of the sedi-

mentation behaviours of these two DNA populations in the only way deemed

possible - to assess the constancy of the sedimentation velocity of the

midpoint for each of the component peaks. The profile obtained at
2 10 2

7 200 rev/min (4800 g) and u t values of 1.6 to 4.9 x 10 radians /s

are presented in Figure 14 and the MW values for peak midpoints calcu-

lated from these profiles appear in Figure 15. The bars included in

Figure 15 correspond to assumed uncertainties of one fraction in locating

the respective midpoints of the peaks in Figure 14. The slopes of the

lower and upper regression lines correspond to molecular weights of

636 x 10 and 1943 x 10 , respectively. It is apparent from Figure 14
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that pelleting of the m« subunit* precluded calculations involving the

profiles from the 21-h and 24-h runs. Diffusion of the DNA within the

low-viscosity lytic zone, coupled with a time-dependent loss of gradient

linearity, could account for the non-zero intercept of the smaller but

not of the larger DNA. The important point to be made is that the

sedimentation velocities of both DNA populations appear to be linear.

The reproducibility of these bimodal profiles is indicated in Figures

13a, 13b and 16b in which log-MW scales were used to enhance the peak

separations. For twelve profiles derived from six different cell popula-

tions, the number average molecular weights and relative abundances of

che two components were: (7.3 ± 0.6) x 109 (26 ± 4%) and (1.2 ± 0.2) x 109

(74 ± 4%). Although these values were essentially unchanged when the

lysis time was increased from 100 to 200 min, the possibility that one

of the peaks represents duplex DNA whose configuration retards denaturation

cannot be discounted, but the constancy of the DNA size distributions

rules against aggregation and supports the argument that both populations

are single stranded in character. At the lowest speed used (6000 rev/min

or 3400 g) the relative contribution of the m^ component is unchanged

although the peak corresponding to m^ DNA in Figure 16a shows some

speed-dependent broadening when compared to the profiles in Figure 16b.

The most striking difference in the data displayed in Figures 16a and

16b is the disappearance of the m» subunit and the appearance of a new

(m.) subunit at the lower rotor speed. This linear and monodisperse

(M/M = 1.01) peak exhibits an M value of 1.5 x 1010 which is close to
n (32) 10 n

Lange's value of 1.7 x 10 . This agreement and the sharpness of

the m. peak support Lange's contention that fragments of this size

correspond to chromatid subunits. In addition, the present data indicate

that increasing the centrifugal force from 3400 to 4900 g cleaves the

subunits in half.

In a less detailed study of rotor speed effects, Palcic and
(24)

Skarsgard reported that although M dec.c-ses linearly with

The slower component is referred to as mi, and the faster sedi-
menting and larger components are referred to as m2 and 1113,
respectively.
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increasing rotor speed provided that the rotor speed is greater than

20 000 rev/min; at lower speeds, M is invariant. Their data, however,

are not inconsistent with a linear response and the present study not

only demonstrated a linear response for rotor speeds greater than or

equal to 11 500 rev/min, but also indicated that, at still lower rotor

speeds, the slope is either unchanged or increased. However, for a

rotor speed of 7 200 rev/min, the bimodal profiles discussed prevented

us from obtaining the meaningful values of M required for extrapolation

to zero rotor speed to obtain the intercept (M ). In contrast with

this M dependence on ID, M values from cells which had received at least

50 Gy were essentially constant for rotor speeds of 15 000 to 35 000 rev/min

and linear regression lines of M as a function of u were constructed for

each irradiation dose. When these intercepts (M ) were plotted against
tti-H)

the corresponding doses (see Figure 17), the zero-dost MW obtained
q

((M ) ) = (1.6 ± 0.6) x 10 ) was equivalent (within experimental error)

to the previously indicated value of the subunit m2 ((1.2 + 0.2) x 10 ).

Furthermore, the value of 24.6 ± 1.9 eV/SSB obtainable from these data

is comparable to that arising from the T-Fit simulation (24.0 ± 0.6 eV/SSB).

3.8 COMPARISON OF THE TWO METHODS OF ANALYSIS

The rotor speed dependence of the strand breakage efficiency

(in eV/SSB) from both the 1/M calculations and the T-Fit simulations,

together with their respective standard deviations, is displayed in

Figure 18. The quality of the fits for each set of profiles is indi-

cated in this figure by the quantity SS which represents the average of

the differences between the experimental points and the computer simula-

tions for each set of five fitted profiles. The criteria of minimizing

both the standard deviations and SS confirm the hypothesis that the

efficiency of strand breakage is best estimated in the rotor speed

interval of 15 000 to 35 000 rev/min. In order to compare the values of

eV/SSB indicated in Figure 18 with those from other laboratories, one

must be aware of the effects of both the composition of the irradiation

media and the temperature(s) to which the cells are subjected during and

after irradiation. Some indication of these effects may be seen in the
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TABLE 3

EFFICIENCY OF SINGLE-STRAND BREAKAGE IN MAMMALIAN DNA IRRADIATED IN VIVO

Cell Line

Murine Lympboma
(L 5178Y)

Mouse L cell
(1-929)

Hunan Lymphocytes

Chinese Hamster

Ovary

Chinese Hamster
(V79-379A)

Irradiation Conditions

Physiological Saline
Suspension (0°C)

Physiological Saline
Suspension (0°C)

Hank's Balanced Salt Solution
(room temp.)

Medium 199 (0°C)

Physiological Saline
(0-4°C)

PBS (100 mmol/L POJ;,
150 mmol/L NaCl) Suspension
(0°C)

PBS (10 mmol/L POi;,
150 mmol/L NaCl, 3 mmol/L KC1)
Suspension (0°C)

PBS (10 mmol/L PO^, 140
mmol NaCl, 3 mmol KC1, 11 mmol/L
(glucose) Suspension (0°C)

MEM Suspension (0°C)

MEM Attached-plastic (0°C)

MEM Atta-hed-glass (0°C)

MEM Attached-glass
(0°C)-gentle lysis

MEM Attached-glass (< 10°C)

Strand Breakage
Efficiency
(eV/SSB)

66

44

80

55

60 ± 10

24.0 ± 0.62

39.8 + 0.4

49.4 + 1.3

50.4 ± 0.7

50.2 ± 0.7

49.8 ± O.42

63.5 ± 1.2

69.4 i 1.32

Reference

33

34

35

36

19

This Study

This Study

This Study

This Study

This Study

This Study

This Study

This Study

1. All data in this table were obtained for aerated cells.

2. These values and those reported in Table 4 are much lower than those
reported earlier (Reference (15)).

3. Neutral sucrose (2.5%) was substituted for 1-mol/L NaOH and a lysis time
of 13 hours was used.



- 21 -

data presented in Table 3. From these data it appears that high phosphate

concentration sensitizes DNA breakage while glucose affords some protection

and that, in general, compositional effects outweigh species differences.

The development of the T-Fit procedure was undertaken to

simplify data handling, to reduce the dose required to produce detectable

strand breakage and to assess the validity of the sedimentation behaviour

of high molecular weight DNA in our system. There is an advantage to

the use of a minimal and plausible set of assumptions. Considerable

controversy has arisen over the resulting use of 1/M data to derive

eV/SSB. As indicated by the data in Figure 19, essentially linear

behaviour was observed for all irradiation conditions and the intercepts

closely approach the control value of 1/M. Equation (2) predicts a non-

linear, concave-upwards plot in the low-dose range (see Figure 1). In

this same dose range, the assumption of a monodispersive control profile

introduces an error which apparently compensates for the expected non-

linearity. Thus, the use of linear 1/M as a function of dose plots in

other studies may have some fortuitous basis.

Use of the Crothers-Spatz-Elson equation (equation (2)) to

determine strand breakage efficiency suffers from the following disad-

vantages :

1. The only criterion for assessing the validity of the data is

conformity to the predicted 1/M as a function of dose rela-

tionship and this is, in general, not found.

2. The equation is based on the assumption that the control DNA

population is monodisperse, a condition not normally met.

3. Tha use of molecular weight averages, while convenient analyti-

cally, wastes information and involves some hazards in inter-

pretation since summation limits must be chosen.

On the other hand, the computer fitting procedure has the

following advantages:
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1. Validity of the data is partially tested through both accuracy

of the individual profile fits and conformity to a linear

breakage as a function of dose relation. In general, the data

do satisfy these criteria.

2. The assumptions on which the procedure is based are apparently

realistic.

3. The information content of the profiles is efficiently uti-

lized, providing improved accuracy.

4. The analysis is independent of the form of the control profile

and thus can accommodate different cell populations.

5. The analysis is essentially independent of extraneous counts

at the extremes of the profile where sedimentation is probably

far from ideal. The agreement found in the present study

between the values of strand breakage efficiencies from 1/M

calculations and the more valid computer simulation

suggests that the simpler analysis may continue to be an

acceptable substitute if the more sophisticated approach is

not practicable.

The following conclusions may be drawn in comparing the two

methods of analysis:

1. Constant values of 24.0 + 0.6 eV/SSB from the T-Fit simulation

and 24.9 ± 1.9 eV/SSB from plots of 1/M were obtained for

rotor speeds of 15 000 to 35 000 rev/min. The most accurate

profile fitting and closest approach to expected sedimentation

behaviour are also found in this range of rotor speeds. Lower

and less precise values of strand breakage efficiencies were

derived by either method for rotor speeds outside of this

range.
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2. For high molecular weight DNA, values of M obtained from

sedimentation velocity may be compared only if they are

derived from identical centrifugation conditions.

3. Although our control profiles do not indicate monodisperse DNA

populations, the extrapolated molecular weights (M ) lead to
\iirHj

a value of 24.2 eV/SSB which is in excellent, but possibly

fortuitous, agreement with the T-Fit procedure.

4. No clear significance can be ascribed to the similarity
q

between the value of (M ) „ (1.6 x 10 ) and the subunits

postulated in other studies(3,28) although the internal con-

sistency of the results may be taken as support for such

hypotheses.

5. The molecular weight of the higher molecular weight mono-

disperse peak derived from sedimentation at 6000 rev/min

(M = 1.5 x 10 ) is virtually identical to that reported

earlier by Lange and may well represent a chromatid subunit.

6. The T-Fit analysis is by all criteria examined a superior

method of evaluating the sedimentation behaviour of high

molecular weight DNA.

3.9 EFFECTS OF RADIOSENSITIZERS ON THE YIELD OF SSB

Irradiation of hypoxic cells in the presence of oxygen,

1-mmol/L para-nitroacetophenone (PNAP), 500-)imol/L 5-nitrofuraldehyde-

2-semicarbazone (nitrofurazone or NF1), 500-iimol/L N-(5-nitro-

2-furfurylidene)-l-aminohydantoin (nitrofurantoin or NF2), or 500-umol/L

5-nitrofuraldehyde-2-oxime (nifuroxime or NF3) caused parallel enhance-

ments in SSB yields and in cell killing as shown in Table 4. Since

survival studies of the radiosensitizers in Table 4 have shown that

enhanced cell killing occurs only in the hypoxic state, yields of SSB
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were also measured for aerated suspensions of cells in PBS containing

1-mmol PNAP (data not shown). Despite the expectation that the SSB

yield found would be that of air, a definite increase in eV/SSB (pro-

tection) was observed. The analogous survival behaviour was later

observed thereby affording one a further correlation between the cellu-

lar and subcellular assays.

The enhancement ratios in Table 4 are unchanged but the values

of eV/SSB are ̂  40% lower than those reported earlier from this labora-

tory . These corrections were necessary because the initial cali-

brations with high specific activity tritium-labelled DNA were done

several days after the bacteriophage had been harvested, during which

time some DNA breaks were presumably caused by the tritium decay,

thereby reducing the molecular weight of the DNA.

All the radiosensitizers in Table 4, except oxygen, were

studied at only one concentration. The dependence of SSB yield on

oxygen concentration for a fixed dose is displayed in Figure 20 in which

the fitted curve is based on a competition kinetics relationship:

SSB . - SSB
S S B C = m

c ; K + 1 * "

where C is the concentration of oxygen, K is the concentration of oxygen

required to produce one-half of the maximum enhancement and the relative

yields of SSB are SSB (for air), SSBmln (for nitrogen) and SSB

(for intarmediate oxygen concentrations). One might well expect that SSB

should be obtained from irradiation in oxygen but SSB is somewhat
° oxygen

lower than the more extensively documented SSB . and as can be seen in

Table 4, the two values are (within error) equal. Not surprisingly, the

range of K values compatible with the data as indicated by the cross in

Figure 20 (K = (2.0 ± 0.6 x 10~6 mol/L) agrees well with the K value

from survival data (̂  2.8 x 10 mol/L) reported earlier although

the SSB data are less precise.



TABLE 4

RADIOSENSITIZATION OF DNA STRAND BREAKAGE AND SURVIVAL
FOR CELLS IRRADIATED IN THE HYPOXIC STATE

Irradiation Conditions
MEM Attached (Glass)

N2
N 2 + 1 tnmol/L PNAP

N 2 ± 500 ymol/L NF2

N 2 + 500 umol/L NF1

N 2 + 500 ymol/L NF3

Air

Oxygen

DQ (Gy)

3.23

2.27

1.79

1.55

1.60

1.05

1.052

Strand Breakage
Efficiency
(eV/SSB)

Determined
by T Fit

172.4 + 6.6

92.1 ± 1.8

63.9 ± 1.6

58.6 + 1.0

50.7 ± 0.8

49.8 ± 0.4

53.5 ± 3.1

ER
(Survival)

1.00

1.42

1.80

2.08

2.02

3.08

3.082

ER
(eV/SSB)

from T Fit

1.00 ± 0.01

1.87 ± 0.03

2.70 ± 0.07

2.94 + 0.05

3.40 ± 0.06

3.46 ± 0.03

3.22 ± 0.19

1. Chemical nomenclature is given in the text

2. These values were based on the constancy of D indicated by Chapman et al.
(37)
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3.10 EFFECTS OF RADIOPROTECTORS ON THE YIELD OF SSB

The radiolysis of aerated aqueous solutions produces several

reactive species including hydroxyl radicals (OH-) and hydrated elec-

trons (e - ) . Because of the availability of a wide variety of rela-

tively nontoxic chemical probes which react significantly with OH-, the

reactivity of the radical with DNA and its contribution to cell killing

have become widely accepted. To ascertain any correspondence between

SSB and lethality, the choice of probes was restricted to those for

which survival data was available on these same cells. The curve in

Figure 21 demonstrates the dependence of SSB on the dimethyl sulphoxide

(1MSO) concentration and the K value indicated by the cross is 170 ± 30

mmol/L. This value was derived by fitting the data to equation (10):

SSB - SSB
SSB = ??* . + SSB (10)

c C/K + 1 o

where C is the concentration of radioprotector, K is the concentration

of protector required for one-half of the maximum protection, and the

relative yields of radiation-induced SSB in aerated cells are: SSB

(for non-protected cells), SSB (for maximally protected cells), and

SSB (for cells at intermediate protector concentrations). It is obvious

from Figures 20 and 21 that the degree of intracellular protect! >n

afforded to DNA by hypoxia (SSB . = 0.29) cannot be duplicated ...l

aerated cells even if 10-mol/L DMSO is present (SSB = 0.38). Since the

toxicities and/or solubilities of the other radioprotective compounds

studied precluded their use at such high concentrations, the value of

SSB =0.38 from DMSO was used in equation (10) to obtain the K values
o

for them.

It has been reported that 3-mol/L HMSO is not acutely

toxic, that it conveys maximum protection against cell killing to both

aerated and hypoxic cells, and that it has little effect on the K value
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for oxygen (K = 2.0 pmol/L with DMSO and K = 2.8 pmol/L without DMSO).

In the present study, the K value for oxygen in the absence of DMSO was

2.0 ± 0.6 pmol/L (see Figure 20), but since the dependence of SSB yields

on oxygen concentration at a fixed DMSO level was not determined, any

effect of DMSO on this K value could not be determined. The protective

effects of 3-mol/L DMSO on SSB yields and survival are compared in

Table 5 in which it can be seen that the oxygen enhancement ratio (O.E.R.)

for the yield of SSB (O.E.R. (eV/SSB = 1.8 ± 0.1)) is (within error)

identical to the corresponding (S/S ) survival parameter (O.E.R. (S/S )
o o

= 1.7). In the absence of DMSO, the agreement may be satisfactory

(O.E.R. (eV/SSB) = 3.5 ± 0.2 vs. O.E.R. (S/S ) = 2.9) since no limits

were placed on the latter value . Hydroxyl radicals lead to cell

inactivation and are thought to be completely scavenged by 3-mol/L
(37)

DMSO . If this were true, the enhanced survival and the reduction in

SSB should give independent assays of the OH- contributions. The data

in Table 5 indicate that OH- radicals are responsible in air for 57% of

the inactivation rate and 59 ± 4% of the SSB. The corresponding OH-

contributions in hypoxia are: 25% of the inactivation rate and 19 ± 1%

of the SSB yield. It should not be inferred from the agreement between

the two assays for cells irradiated either in air or hypoxia that a SSB

constitutes a lethal event since, as will be shown in a later report,

the bulk of the SSB can be rejoined.

The dependence of SSB yields on iso-butanol concentration is

shown in Figure 22 in which the K value indicated by the cross Is

300 ± 100 mmol/L. Similar fits were derived for ethylene glycol (Fig-

ure 23, K = 700 ± 200 mmol/L) and tert-butanol (Figure 24, K = 1250 ± 250

mmol/L). The limits placed on the K values for these three compounds

would be much higher if a constant value for SSB (0.38) had not been

assumed. This is especially true in the case of iso-butanol. The K

values from strand breakage data and survival behaviour are summarized

in Table 6 in order of increasing reactivity with OH- and are displayed

in Figure 25. The agreement between the K values from the two assays is

regarded as satisfactory and the reduction in K with increasing kQH_

predicted earlier is supported by the line in Figure 25.



TABLE 5

THE OXYGEN ENHANCEMENT RATIO FOR SSB PRODUCTION AND

CELL KILLING IN THE PRESENCE OR ABSENCE OF DMSO

Concentration

DMSO
(mol/L)

0

3

10

Strand Breakage Efficiency
(eV/SSB)

49

L20

L31

Ir

8

6

0

Air

+ 0

± 2

± 6

4

7

9

In Nitrogen

172.4 ± 6.6

214.1 ± 5.8

O.E.R.

3.46 ±

1.78 ±

(SSB)

0.16

0.09

O.E
(S/S

•v 2

1

R.

o>*

9

67

1

0

0

Relative 1

Is

.41

.38

Air

± 0.03

+ 0.03

Jo.

In

1

0.

of SSB

Nitrogen

81 ± 0.06

Relative Inactivation*
rates from S/So

In Air

1

0.43

In Nitrogen

1

0.75

OO

I

* See Reference (37)
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TABLE 6

DEPENDENCE OF THE CONCENTRATION OF A RADIOPROTECTOR REQUIREMENT
TO REDUCE CELLULAR (OR SUBCELLULAR) DAMAGE BY 50% (K) ON THE

OF THE COMPOUND WITH OH-

OH- Scavenger

tevtiary-butaTLol

ethylene glycol

iso-butanol

DMSO

kOH- a-""1"1-
(rate constant
reaction with

5.2

15

31

58

for
OH-)

K (mmol/L)*

(from S/S )

1400

700

260

145

K (mmol/L)

(from

1250 i

700 i

SSB)

: 250

t 300

300 ± 100

170 ± 30

* Reference (38)

4. CONCLUSIONS

1. These data represent the first demonstration of three components in

control DNA profiles following low-speed centrifugation. The

smallest (m.) subunit exhibits a molecular weight of (1.2 ± 0.2) x 10'

and accounts for 76 ± 4% of the radioactivity recovered. The remaining

label which comprises the 'n^1 subunit (Mn = 1.5 x 10 ) at 3400 g

is sheared to the 'm2' subunit (M^ =• 7.3 ± 0.6 x 10 ) following

centrifugation at 4800 g. No evidence of Elkind's DNA-membrane
(22)

complex was found under the lytic conditions used. Of these

three components, m.. and m, are believed to be structural subunits

in living cells.

2. The data are consistent with a linear decrease in mass average

molecular weight (M) with increasing rotor speed, in conflict with

reports from other laboratories.
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3. Using constancy of the efficiency of radiation-induced single-

strand DNA breakage (eV/SSB) as the criterion, a range of rotor

speeds was established (15 000 to 35 000 rev/min) over which the

Studier equation is valid for this sedimentation system. For rotor

speeds outside this region, the precision of the strand breakage

efficiency values is diminished.

4. This report is the first to demonstrate agreement of eV/SSB values

determined from three different parameters: number average mole-

cular weight (M ), mass average molecular weight (M), and T-fit

simulations of breakage parameters (T-fit simulations are the most

precise).

5. Values of eV/SSB are shown to be more dependent upon the irradi-

ation conditions (especially the concentrations of phosphate and

glucose) and upon the irradiation temperature than upon the cell's

origin.

6. For all radiosensitizers studied, the enhancement ratios for the

dose dependence of the SSB yields (E.R. (eV/SSB)) were used to

correlate with the corresponding survival parameter (E.R. (S/S )).

In similar experiments at a fixed dose, the concentration of a

radioprotective compound which could reduce the relative SSB yield

by 50% was found to be virtually identical to the concentration

found (in survival studies) to reduce the inactivation rate (1/D )

to 50% of its maximum value. Thus, a correspondence between this

subcellular lesion (SSB) and the cellular response (profileration

capacity) was found for all cases tested.

The significance of this relationship between SSB and cell

death will be considered in detail in a later report. Based on the data

presented here, the dose required to produce one lethal hit also produces

approximately 1400 single-strand breaks. Therefore, either single-
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strand breaks are almost completely repaired, or a fixed fraction is

misrepaired, or some lesion produced in proportion to the number of

single-strand breaks is the causative agent for cell death.
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FIGURE 1: The Non-Linear Response of 1/M as a Function of Dose
(The curve corresponds to 50 eV/SSB)
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FIGURE 2: Non-Random Shearing of Control DNA Arising trom Multiple
Passages through a Pipette during Successive Dilutions with
PBS (Cells were lysed for 100 min with 1-mol/L NaOH)
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FIGURE 3: Effect of Cellular Load on the Sedimentation Velocity of
Control DNA (Cells were lysed for 100 min with 1-mol/L NaOH)
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Influence of Lysis Time on Shape of Control DNA Profiles
(Cells at a concentration of 200 000 cells/mL were lysed
with 1-mol/L NaOH)
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FIGURE 5: Separation of DNA from Protein in Doubly-Labelled Cells



FIGURE 6: Separation of DNA from Lipid in Doubly-Labelled Cells
(The low recovery of llfC-choline is responsible for the
poor resolution)
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FIGURE 8: Reduction in the Sedimentation Velocity of Single-Stranded
DNA following Radiation-Induced SSB
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FIGURE 9: Linear Dependence of SSB on Dose (The breakage parameter
(BP) values were derived from the five fitted profiles in
Figure 8. The slope of the regression line corresponds
to 50.0 ± 0.4 eV/SSB. 1 BP = 6200 SSB/cell)
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FIGURE 11: Linear Dose Dependence of 1/M
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FIGURE 12: Rotor Speed Dependence of Sedimentation Velocity
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FIGURE 13: Bimodal Control DNA Profiles Obtained following Sedimen-
tation at 7200 rev/min (4800 g).
a. aliquots of one cell population sedimented for 8 h
b. aliquots of second cell population sedimented at

7200 rev/min (4800 g). (These profiles are taken
from Figure 14).
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FIGURE 14: Effect of Increased Sedimentation Ti*ae on Low-Speed
(Bimodal) DNA Control Profiles
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FIGURE 16: Detection of a Still Larger DNA Subunit (m3) Following Centri-
fugation at 6000 rev/mln (3400 g) (The six profiles were
derived for four cell populations and two rotor speeds).
a. 3400 g for 13 hours - m^ and m^ components visible.
b. 4900 g for 9 hours - m^ and m2 components are detectable

but not 1113
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FIGURE 17: Dose Dependence of (1/M) + (The parameters of the line
yield 24.2 + 0.4 eV/SSB for cells irritated in PBS)
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FIGURE 19: Linear Dose Dependence of 1/M for Three Irradiation
Conditions
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FIGURE 21: Protection of SSB Yields in Aerated Cells by DMSO (The maximum protective
effect indicated by the dashed line gives a relative SSB yield of 0.38)
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FIGURE 22: Protection of Single-Strand Breakage by Isc-butanol (The fitted curve assumes
that the minimum relative yield of SSB would be the same as that for DMSO
(0.33) if iso-butanol concentrations larger than 1 mol/L were feasible)
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FIGURE 23: Dependence of the SSB Yield in Aerated Cells on Ethylene Glycol Concentration
(SSBQ =0.38 assumed)
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Production and the Reactivity of a Radioprotector toward Hydroxyl Radicals
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