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Iodine-125 decays by electron capture and is known to cause severe

•olecular damage to small organic molecules via vacancy cascades (Carlson

and White, 1963). In an examination of the biological effects of this

decay mode we have labelled coliphages Tl and T4, as well as E. coli,

with 125I-5-iododeoxyuridine, which is incorporated into DNA in place

of thymidine. Labelled organisms are generally stored in liquid nitrogen

at -196*C during decay and are periodically assayed for loss of viability

and for breakage of DNA, using neutral und alkaline sucrose gradient

sedimentation techniques. Briefly, our experiments have demonstrated

drastic damage to DNA from the decay of incorporated 1 2 5 I , as would be

predicted from the data for small molecules.

1 2 5I DECAY IN BACTERIOPHAGES.

Figure 1 shows typical DNA profiles from 1 2 5I labelled T4 phage sampled

after small and large amounts of decay. In this particular case, storage

m o at A'C, but DNA damage from 1 2 5I appears to be essentially independent

of storage temperature. In these experiments, the distributions of radio-

activity in the gradients were determined by the paper strip method .of

Carrier and Setlow (1971). On neutral gradients, DNA molecular weights

were assumed to be proportional to the 2.89 power of the distance sedimented

;(Studler, 1965), and on alkaline gradients, molecular weights were taken to

be proportional to the 2.62 power of the distance sedimented (Ley and Setlow,

J.972). For each set of data the net number of double-strand breaks (DSBs)

resulting from 1 2 5I decay was calculated from the following equation

(Setlow and Setlow, 1972):

' i i N

Number of DSBs - 1.10 x 108 ~ - - ~
" MnC

where 1.10 x 10° is the molecular weight of the phage genome (Freifelder,
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1970), MJXI equals the number average molecular weight of the 125I labelled

phagc DM, and M ^ equals the. number average molecular weight of the

co-sedlmented ll*C labelled reference T4 DNA which is present as a control

for DNA breakage due to experimental manipulation. In the particular set

of DNA profiles in figure 1, this formula gave 0.4 net DSBs per genome

da* to 125I decay following 0.3 decays genome and 3.4 DSBs following 3.2

decays. This is representative of a considerable quantity of data which

Indicates that 125I decay in T4 phage induces DSBs with unit efficiency

(Krlsch and Ley, 1974; Krisch and Sauri, 1975), as anticipated from the

drsatic mclecular damage caused by l25I decay in non-biological molecules.

Oar earlier experiments (Krisch and Ley, 1974) indicated that only

60Z of the 125I-induced DSBs In T4 DNA are lethal, while Schmidt and

Hot* (1973) had concluded that each 12SI-induced DSB in the DNA of Tl

phage is lethal, but that only half of all 12SI decays in that phage

produce DSBs. Our more recent experiments involving T4 phage labelled

•le
•1th a lower specific activity of 125I (Krisch and Sauri, 1975) faad'dari-

' A
this somewhat confusing picture. These experiments reveal a two phase

ŝurvival curve, with an initial exponential portion whose slope corresponds

%»'•'lethal efficiency per decay of 0.95 ± 0.05 (Figure 2). This suggests

ft on«-to-one correspondence between 12SI decays, DSBs in DNA, and lethal

•rants, for this phage. The origin of the tail portion of the curve remains

obscure. Our recent experiments with phage Tl, like those of Schmidt and

Botx, show the same one-to-one correspondence between DSBs and lethal events.

This finding is consistent, with our previous report of such a correspondence

bvtween DSBs and lethal events for 32P decay in T4 (Ley and Krisch, 1974)

and eliminates the necessity to invoke unknown mechanisms for the repair of
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1 2 5I OSBs in phage D M (Krisch and Ley, 1974).

In other experiments we have studied the relative importance of the

vacancy cascade itself (Auger effect), versus the ionizing radiation

emitted as low energy electrons, in causing the observed damage to phage

DNA. We did this by comparing the induction of both single-strand breaks

(SSBs) and double-strand breaks in 1 2 5I labelled T4 DNA stored during

decay either compacted into a phage head or in an extended state following

extraction. Figure 3 shows the results of such an experiment, carried

out according to our previously described protocol (Krisch and Ley, 1974),

in which 125I-labelled T4 phage were stored in liquid nitrogen, either

u Intact phage or as free D M molecules following an initial hot phenol

extraction. Also as in our previous experiments, storage was in GCA

glycerol medium, which includes a Casamino acid mixture and 120 g/liter

of glycerol. At intervals aliquots were thawed and assayed for DNA

•olecular weight profiles on neutral and alkaline sucrose gradients and

the net number of single- and double-strand breaks due to 1 2 SI decay were

calculated for each mode of storage. We found that the amount of JlfC

decay which occured in our control phage during the course of an experiment,

typically a period of one or two months, caused no damage detectable as

either SSBs or DSBs. The straight lines are unweighted least squares fits

to the data points. The slope of each line represents the best estimate

of the total number of SSBs or DSBs for a given storage mode following

decay of all 1 2 5I atoms present. The reason for the small number of zero-

doc* SSBs is unknown. It.may be a consequence of the intense ionizing

radiation received by the phage from their radioactive growth medium,

before dilution and storage.



Th« data in figure 3 show that there is little difference in the rate

of Induction of DSBs whether storage is as free DNA or as intact phage.

However, the rate of induction of SSBs appear to be strongly dependent

on how the DNA is stored, with the DNA stored as intact phage exhibiting

« substantially greater number of SSBs. Combined data from several experi-

ments such as that illustrated in figure 3 demonstrate only about 5Z more

DSBs per decay for intact phage than for free DNA (1.05 vs 1), However,

there were 3.63 ± 0.13 SSBs per decay for intact phage compared with

2.22 ± 0.20 for free DNA. After correction for the two SSBs which

constitute each DSB, there were 1.63 ± 0.13 "real" SSBs per decay for

Intact phage compared with only 0.22 ± 0.20 for extracted DNA. This

striking difference in dependence on storage configuration strongly

suggests that most DSBs from 125I decay in the DNA of T4 phage result

directly from local decay effects, presumably vacancy cascades, while

•oat or all "real" SSBs result from localized self-irradiation from low

energy electrons emitted and absorbed within the same phage particle

following a decay. Calculations, based on the expected ratio of SSBs to

DSBs for external ionizing radiation, indicate that the 5Z surplus of

DSBs in intact phage can be precisely accounted for by the excess of

ionizing radiation which causes the much greater surplus of SSBs in the

compact storage configuration (Krisch and Sauri, 1975). Thus each decay

causes almost exactly one DSB from local decay effects, regardless of how

the DNA is stored, consistent with the hypothesis that these DSBs result

from vacancy cascades. .

In comparable experiments with coliphage Tl stored as intact phage

at -196*C during 1 2 5I decay, we obtained 0.95 ± 0.10 "real" SSBs per DSB
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vhile Schmidt and Hots reported 1.1. Thest values arc in good agreement

with each other, but are substantially lower than the ratio of 1.6 which

v* found for T4. The presumptive explanation for this difference is that,

since the T4 phage head is larger and contains more than three times as

such DNA as the II phage head, a greater portion of the ionizing radiation

•altted by an 1 2 SI decay within a T4 phige head is absorbed by the

surrounding DNA of that phage, giving rise to a larger number of SSB»

per decay. This interpretation is consistent with the recent report: of

Painter, Young, and Burki (1974), that 1 2 5I in the. DNA of Chinese hamster

cells causes 4 to 5 SSBs per decay, about half of which are non-repairable.

If w« assume that their non-repairable SSBs are the two per decay which

correspond to a DSB, this leaves 2 to 3 "real" SSBs per decay, compared

with our value of 1.6 for intact T4 phage. The much larger quantity of

DNA in the hamster cell nucleus would be expected to absorb a larger

portion of the ionizing radiation which accompanies each decay.

1 2 5I DECAY IN E. COLT.

Various experiments have been carried out to study the effects.of

I25j decay in the DNA of E. aoli., Early experiments indicated that 1 2 5I

decay is a very weak mutagenic agent (Ahustrom et at., 1970), but Induces

lethality with very high efficiencies which vary with the particular

•train tested (ibid., 1970; Krisch, 1972).

In our more recent experiments, we have attempted to measure the

lethal efficiencies per decay from 1 2 5I more accurately for rea+ and
if

2ve& strains of E. arxt&\ and to follow the induction and repair of DSBs

In DNA In parallel with loss of viability from 1 2 5I decay by means of

neutral sucrose gradient sedimentation techniques. (Krisch et al., 1975).



The r#o+ strain used In these experiments was E. ooli K12 AB2497 and the

otherwise isogenic rccA strain was E. ooli K12 AB2487. Both strains were

originally obtained from the laboratory of P. Howard-Flanders at Tale

University. The cells were grown in a medium containing both 125I-ICdR

and sH-TdR; and parallel controls were grown in medium containing unlabelled

IUdR, along with 3H-TdR. The doubling time was about 25 minutes for the

M o + strain and about 35 minutes for the reck strain. After growth through

aC least 5 generations, the cells were resuspended in storage medium and

samples were quick-frozen and stored at -196*C. Very large molecular

weight DNA was extracted by following the procedure developed by Bonura

&t al. (1975), with only minor modifications. In summary, frozen cells

were thawed at intervals and first converted to spheroplasts In a mixture

containing 160 ugm/ml of lysozyme and 2 x 10 3M dlsodium ethylenediamine-

tetracetate (EDTA). The spheroplasts were then gently lysed on the surface

of • 5-203 neutral sucrose gradient presaturated with chloroform and

containing 0.52 sodium dodecyl sulfate (SDS) and 100 ugm/ml of pronase.

The extracted DNA. was centrifuged in a Beckman SW50.1 rotor at 6,500 rpm

for 16-18 hrs. The low centrifuge speed was chosen to ensure that the

relationship between molecular weight and distance sedlmented remained

the same, even for DKA molecules approaching the size of an Intact E. ooli

genome (Levin antl Hutchlnson 1973). Number-average and weight-average

molecular weights were calculated for the bacterial DNA in each gradient

tub* from the radioactivity profile, as previously described for T4 phage

and using T4 DNA as a molecular weight standard. Bacteria labelled only

3 •
with H were always run in parallel with doubly labelled cells as controls

for DNA breakage from experimental manipulation and 3H decay. Ths net
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number of DSBs per completed E. aoli genome from 1 2 5I decay was then

calculated from the molecular weights, as already outlined for the phage

experiments. The average number ot: 1 2 5I atoms per bacterial genome was

determined for each experiment from a measurement of the specific activity

of pufefied DNA from that experiment. Repairability of DSBs was tested

by first resuspending the thawed cells In growth medium and incubating

for an hour at 37*C, to permit any biological repair to occur, then

resuspending in tris and proceeding as with the unincubated cells.

For singly or doubly labelled cells stored for very short periods

the number average molecular weight of the principal DNA peak was usually

la the range 1.2-2.0 x 109 d. DSBs were Induced at a relatively low

rate during storage of 3H-labelled cells, 10-30Z of the rate for doubly

labelled cells, depending on the specific activity of l 2 5I in their growth

medium. Distributions of large molecular weight DNA following radioactive

decay appeared to be consistent with random induction of DSBs. The net

number of DSBs per genome due to 1 2 5I decay was calculated for each data

point by subtracting the value determined for the 3H-labelled cells from

ttat for the doubly labelled cells. Calculations for the number of *

bxaaku per chromosome were with reference to the completed E. ooli genome,

molecular weight 2.5 x 109 (Cooper and Helmstetter, 1968). For an entire

experiment the nee number of DSBs due to 1 2 5I decay was taken as the

•lope of the best fit linear regression line to a plot of the net number

• „ . (in

of l Z 5I atoms decayed, for all individual data points. By combing the

rasults of several independent experiments, each of which provided data

on both the net number of DSBs per genome due to 1 2 5I decay and the mean

number of 1 2 5I atoms per genome, we calculated DNA breakage efficiencies



pcr 1 2 5I decay to be 1.01 ± 0.05 for the ree* strain of E. ooli and 1.02 ±

0.23 for the reek, strain.

Figure 4 shows the results of several individual DNA breakage and

repair assays for doubly labelled ree cells which had undergone different

of radioactive decay prior to sampling. In each panel, both

assays were run in parallel on Identical cell samples from the same

experiment. The corresponding profiles for cells labelled only with 3H,

not illustrated, showed uuch smaller numbers of DSBs than profiles b-d

for doubly labelled cells, so that the breakdown of DNA observed in

panels b-d must be primarily due to 1 2 5I decay. There is evidence in

all four panels that incubation produces some shift towards higher

aoltcular weights in the DNA profiles. This shift is most marked in

panel* b and c, following 2-4 decays per genome. The DNA profiles from

Incubated ree cells subjected to substantial amounts of decay nearly

always were more Irregular in appearance than profiles from corresponding

unlncubated cells, as is evident in panels c and d here. The significance

of this is unknown.

Figure 5 shows the results of individual DNA breakage acsi repair

assays corresponding to those in figure 4, but for doubly labelled reek

calls. The results for these cells are very different from those for

the reo* cells. The DHA profiles for the reek cells are shifted much

less by Incubation and in every panel the shift from incubation is

towards lower, rather than higher, molecular weights. The irregularities

M t t In the DNA profiles from the incubated ree cells did not occur.

Figure 6 summarizes the results of individual DNA repair assays,

such as those shown in figures 4 and 5, for both ree and reek cells. Eac

data point compares the net number of DSBs per completed bacterial genome
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due to 1 2 5I decay in otherwise identical samples of unlncubated versus

incubated cells. In figure 6, the slope? ef the best-fit lines through

the origin are 0.29 ± 0.09 for the reo data and 1.0S ± 0.06 for the reek

data. The slope of the line for the reo points corresponding to larger

cumbers of breaks per genome is 1.05 ± 0.16. The results shown for the

reck strain indicate that there is no biological repair of 125I-induced

DSBs by these cells during the one hour incubation period and that there

it, instead, a small amount of additional D M breakdown. The results

for the reo strain suggest that one hour's incubation in growth medium

permits biological repair of all but 292 of DSBs, up to a maximum of

•bout 3.5 breaks repaired per completed genome, or 6.6 breaks repaired

per replicating genome. Additional DSBs beyond these numbers cannot be

biologically repaired. The foregoing oVservations on the repair of 1 2 5 I -

lnduced DSBs by E. ooli generally satisfy the description of type III or

medium-dependent repair proposed by Town et at. (1973) to account for their

observations on the repair of X-ray induced SSBs by B. ooli, suggesting

that the medium-dependent repair of SSBs which they observed was actually

the repair of X-ray induced DSBs as seen on an alkaline sucrose gradient.

Dalle we are aware of only one previous report, other than our own of

biological repair of DSBs by E. ooli (Tomizawa and Ogawa, 1968), there are

• number of reports of such repair by other microorganisms and by mammalian

cells (See Krisch et at., 1975, for a brief review).

Comparison of cell killing from 125I decay in our experiments with

the degree of 12SI labelling, combining data from several experiments for

•ach strain, gives the probability of lethality, per 125I decay per

completed genome, to be 0.37 ± 0.07 for the reo cells and 0.93 ± 0.03

for the reck cells. In a previous study (Krisch, 1972), o(lethal) for
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another rack strain* when calculated In a comparable v?y, was 0.5. The

season for this discrepancy is unclear, but o(lethal) for Tl phage was

also estimated to be 0.S in the earlier study, whereas more recent data

(Krlsch and Sauri, 1975) suggests that this value is also very close to

unity. The reasons for choosing the completed genome, rather than the

replicating genome* as the seusitlve target in these calculations have

been discussed in detail elsewhere (Krisch et at., 1975). We can com-

pare the rates of cell killing from 12SI decay in ree and reck strains

of E. ooli with the post-incubation rates of occurrence of DSBs In the

DKA of these cells by dividing the lethal efficiency per decay for each

•train by the corresponding initial slope from figure 6. The resulting

values are 1.27 ± 0.44 lethal events, per unrepaired DSB per completed

genome, for ree cells and 0.89 ± 0.06 for reek cells. These values,

with their associated statistical uncertainties, are consistent with the

hypothesis that, for both strains of E. ooli unrepaired DSBs are the

frlaary mechanism of lethality from 1 2 5I decay in DNA and that all such

unrepaired breaks are lethal. This, of course, corresponds exactly to

qtK_findings for 1 2 5I decay In colipbages, where no repair of DSBs is

believed to occur. '-.-"" . — : •-

To •unsnarlze, our results support the hypothesis that in E. ooli,

•• in coliphage, every I 2 5I decay In DKA causes a double-strand break

via the Auger effect; that such breaks are lethal unless repaired; and

that E. ooli cat. repair a limited number of these lesions via a process

which requires a functioning reck gene.
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FIGOBE LEGEIiOS

Figure 1. Neutral sucrose gradient sedimentation profiles for DNA

extracted from mixtures of intact 1 2 5I and llfC-labelled T4 phage,

•tored for short and long periods. DNA from 125I-labelled T4 follow-

ing 0.3 decays (A-4) gave ̂  - 62 x 106 while DNA from ^C-labelled

phage in the same mixture (•••••) gave M_ « 83 x 106. DNA from 125I-T4

following 32 decays (A A) gave M n • 22 x 10
6 while lt*C control, not

shown, gave M n - 71 x 10
6. (Krisch and Ley, 1974).

Figure 2. Effect of decay of incorporated 1 2 5I on the survival of

coliphage T4 stored at -196°C, combining data from five experiments.

The number of decays per phage was calculated for each experiment

from the number of DSBs. The initial points consist of the Initial

exponential points from each survival curve, while the points to the

right of the wavy line include all data for greater than 2.5 decays

per phage. (Krisch and Sauri, 1975).

Figure 3. Induction of single- and double-strand breaks in DNA, follow-

log various storage periods, for a single experiment involving ' t*decay
A

In phage T4. SSBs were determined at intervals for DNA stored as intact

phage (• ) or as free DNA ( O ) , at -196°C. Simultaneously, DSBs were

also determined for intact phage ( 0 ) and for free DNA ( 0 ). The

•olid lines are unweighted least squares fits to the data for intact

phage and the dashed lines are the corresponding fits for free DNA.

(Krisch and Sauri, 1975).



Figure 4. Radioactivity profiles, following low speed centrifugatioo

on neutral sucrose gradients, for gently extracted DNA from E. aoli

H 2 AB2497 rea+t labelled with 1 2 5I and 3H and subjected to different

mounts of decay prior to assay. Direction of sedimentation is from

right to left in the figure. Each panel shows the DNA profile for

cells assayed Immediately after thawing (0 0) and the corresponding

profile for an identical sample allowed to undergo an hour's incubation

la growth medium at 37°C prior to assay (• t). The calculated number

of 1 2 5I decays per completed genome prior to assay for each panel is:

«, 0.5; b, 2.2; c, 4.0; d, 5.9. Centrifugation was at 6,500 rpm, 16 hrs

for panel a and 18 hrs for b-d. (Krisch et al.t 1975).

figure 5. Radioactivity profiles for DNA from E. aoli K12 A62487 veak

labelled with 1 2 5I and 3H and subjected to different amounts of decay

prior to assay. Experimental conditions were identical to those for

the Tea cells described in figure 5. Symbols are also the same:

unincubated cells (0 0); preincubated cells (• • ) . The calculated

number of 125i decays per completed genome prior to assay for each panel

Is: a, 0.3; b, 3.7; c, 5.1; d, 6.9. Centrifugation was 6,500 rpm, 16

lira for panel a and 18 hrs for b-d. (Krisch et al., 1975).

Figure 6. Effect of one hour incubation in growth medium at 37°C on the

net number of 125I-induced double-strand breaks per completed E. ooli

genome, following varying amounts of decay. Data are from several

Individual experiments each, for both the rea ( • ) and veak ( 0 ) strains

of E. ooli. (Krisch"et al.\ 1975).
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FRACTION OF PHAGE SURVIVING
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