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11. MOLECULAR GENETICS

SUMMARY

Herbert E. Rubitschekt Group Leader

The overall program in Molecular Genetics is directed toward an integra-
ted understanding of the nature of genetic material, and its organization,
function, regulation, and replication in the living cell. Studies in these
areas are essential to understanding radiation effects on genetic material as
well as other complex biological phenomena. While it is generally known that
most of the information required for cellular processes is encoded in chromo-
somal DNA, that chromosomes must duplicate coordinately with other cellular
events during the cell cycle, and that the cell must, in turn, retrieve infor-
mation from the chromosome in an orderly way, only the first of these steps
has been worked out in satisfactory detail. The nature of cellular DNA repli-
cation, for example, still remains unsolved.

Present programs are particularly concerned with the nature and action
of lethal and mutagenic lesions in DNA and the mechanisms by which these are
produced by radiation or by decay of radioisotopes incorporated in DNA.
Studies of radioisotope decay provide the advantages that the original lesion
is localized in the genetic material and the immediate physical and chemical
changes that occur at decay are known. We have related specific types of DNA
damage to characteristic decay properties of several radioisotopes. Incor-
porated * 2^I, for example, induces a double-stranded break in DNA with almost
every decay, but causes remarkably little damage of any other kind to the DNA.

Other kinds of genetic lesions are produced by visible light, near-UV,
and far-UV, and must therefore be studied separately. Our understanding of
the mechanisms of action of these different lesions is aided great'.y by the
use of radiation-sensitive and resistant mutants, as well as by the use of
techniques of molecular biology. These techniques are now also being extended,
in collaboration with the Aging Research group, to studies of the genetics of
antibody formation in mouse myeloma cells to distinguish between mutational
and recombinational mechanisms as the source of antibody diversity.

In recent years, studies of lethal and mutagenic lesions induced by
near-UV have already led to several significant findings here. It was shown
that pyrimidine dimers produced by near-UV can be lethal lesions; that, like
X-rays, near-UV also induced single-strand breaks in addition to pyrimidine
dimers; and that near-UV can be used to enhance the effect of X-rays. Two
findings are especially notable: DNA repair enzymes are inactivated by near-UV,
and inactivation of cells and DNA by near-UV appears to occur through



220

synergistic photochemical reactions involving both near-UV and shorter radia-
tions. These findings hav2 broad implications for human populations exposed
to sunlight, since they indicate that reductions in atmospheric shielding of
solar radiation would lead to greatly magnified biological effects.

Biochemical studies of bacterial chromosome replication center primarily
on a quasi-in vitvo system in which newly replicated genes are assayed for
biological activity by transformation. This approach shows promise for eluci-
dating mechanisms involved in the initiation of DNA replication. The system
also is useful for studies of DNA repair. It has been used to demonstrate
that the photoproduct of tryptophan produced by near-UV inhibits a repair
activity of DNA polytnerase I, the 5' to 3' exonuclease II activity, without
affecting the polymerase activity of this enzyme. This is the first biochemi-
cal evidence for involvement of exonuclease II in DNA replication.

In slowly growing bacteria, the timing of DNA replication has been
examined by a new method that depends upon the capacity of cells to divide
in the absence of protein synthesis once a round of DNA replication is com-
pleted. The results support our earlier conclusions that DNA replication in
these bacteria is very similar to that in eukaryotes, with the usual Gj, S,
and Cj periods, and suggest that the fundamental control mechanisms for DNA
replication are the same in bacteria and in eukaryotes.
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ESTIMATION OF THE D PERIOD FROM RESIDUAL DIVISION AFTER EXPOSURE OF
EXPONENTIAL PHASE BACTERIA TO CHLORAMPHENICOL

Herbert E. Kubitsahek

Values of the D period, between termination of chromosome replication
and cell division, were determined from measurements of residual cell division
after exposure to chloramphenicol of exponential phase cultures of Esoherichia
coli B/r and K12 and of Salmonella typhimurium. The results obtained by this
method were almost identical • _h earlier results for E. aoli B/r obtained
from measurements of DNA content per cell. For each method, values of the
D period were independent of growth rate, and the average value of D =
26.1 ±1.2 minutes obtained by residual division is in good agreement with
the value of 25 minutes obtained earlier. These results indicate that the
method of residual division provides a good measure of the duration of the
D period. Values of D were also independent of growth rate for both of the
other strains.

Abstract of a paper published in the Journal of Molecular and General
Genetics JL35, 123 (1974).

GENETIC CONTROL OF LEL'CINE PERMEASE SYSTEMS IN E. COLI

Frank Robb

Leucine transport into E. aoli takes place through two quite distinct
major permease systems. The high affinity system is specific to L-leucine,
and the low affinity (LIV) system is shared by isoleucine and valine. These
affinities have provided the basis for a program of mutant selection designed
to separate the two systems genetically and to identify the components of each
system. The selection of mutants resistant to analogues of leucine has pro-
vided the key to obtaining transport deficient strains. The analogue
5,5,5-trifluoroleucine (TFL) is toxic to E. coli and probably enters via both
major permease systems, since it is a competitive inhibitor of both high and
low affinity transport. A mutant defective in both systems would be very
difficult to isolate, since a double mutation might be required to provide
resistance. Instead, we have isolated the high affinity system as described
below.

The strain EO-0319, obta-.ied from D. Oxender (University of Michigan),
has elevated levels of leucine specific permease activity, and also elevated
levels of the periplasmic leucine specific binding protein, a possible compo-
nent of leu ine transport. Spontaneous TFL-resistant mutants, strains TFL 32
to TFL 49, were selected in the presence of 30 ug of L-isoleucine per ml.
These were then tested by the radial streak method to determine which were
dependent on isoleucine for TFL resistance, and then grown in liquid culture
overnight to test whether a transport deficiency was present. Leucine transport
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was tested in the presence and absence of 200 uM L-isoleucine. Since only
the high affinity system is active in the presence of saturating isoleucine,
this assay system permits separation of the high and low affinity systems.
The ratio of leucine specific/LIV activity can be readily calculated; this
ratio is not dependent on cell density in mid-logarithmic cultures, and pro-
vides a useful measure for assaying regulation or deficiency of the leucine
permeases.

PROGRESS REPORT

The majority of transport mutants examined had specific deficiencies
in the high affinity system. Two mutants (TFL 33 and TFL 35) had pleiotropic
lowering of both leucine ptrmeases, possibly due to the alteration of some
common regulatory component. A single mutant (TFL 49) retained leucine
specific activity and lost LI/ activity. A second series of mutants was
selected and characterized. The cultures were treated with the frameshift
mutagen ICR 170E. Frameshift mutations cause a very high frequency of chain
termination events, and in this cse the missing polypeptide miglit be purified
and identified. The periplasmic proteins from these mutants were analysed
by SDS polyacrylamide gel electrophoresis, on very thin slabs. This technque,
described by Ames (1), permits molecular weight estimates of proteins from
bacterial extracts. The mutant extracts were found to be missing a 39,000
molecular weight polypeptide that was piominent in wild-type extracts. The
molecular weight of purified leucine specific binding protein is 39,000 by
several techniques (2). It is probable thc't the leucine specific binding
protein is absent in these mutants. These results provide the mo^t direct
evidence to date for the involvement of the leucine specific binding protein
in active transport. In addition, leucine binding activity of the periplasmic
extracts was tested by equilibrium dialysis. The mutant extracts had less
binding activity, and were inhibited completely by 25 uM isoleucine, indica-
ting the absence of leucine specific binding. The wild-type extracts reached
partial saturation at 25 uM isoleucine but leucine specific binding was still
present.

Kinetic studies were done on the residual transport activity of the
mutants. Leucine transport was inhibited by isoleucine to a much greater
extent in the mutants than in the wild-type. In mutants a residual of approx-
imately 20% of total leucine transport remained in the presence 200 \M iso-
leucine. The residual transport activity was resistant to TFL inhibition in
mutants but not in wild-type. It is probable that this residual transport
activity represents a minor system for leucine uptake not previously reported,
and it is provisionally called the leucine specific system II. This new sys-
tem was insensitive to inhibition by threonine, valine, and methionine.

Future studies on the regulation of leucine transport may use these
mutants as a model syscem without leucine specific system I. It is probable
that the two major uptake systems have a common evolutionary origin (2), and
thus possible that regulation is coupled.

REFERENCES
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LEUCINE UPTAKE DURING THE CELL CYCLE

Frank Robb

An attempt was made to examine leucine transport during different
phases of the cell cycle, using E. ooli strain BUG 6. This strain has a tem-
perature sensitive block in cell division, and cells grow into long "filaments"
at the non-permissive temperature, 42°C. Leucine transport of BUG 6 was
examined during temperature shift experiments.

PROGRESS REPORT

The non-permissive temperature was previously reported by Shen and
Boos to lead to repression of galactose binding proteins and galactose trans-
port. Overall leucine transport was repressed during long (8 hr) growth 42°C.
Since Shen and Boos* result depended on efficient uptake of 14C leucine into
8-hr filaments, and since he did not examine leucine uptake, his results are
suspect.

Another method was devised to obtain synchronously dividing cells.
Exponential BUG 6, growing at 34°C, were transferred to 42°C for 1 or 2 hours.
During this time all the cells grew but did not divide. Then, after shifting
these small filamentous cells back to 34°C, the population immediately under-
went synchronous division. There were only minor perturbations of leucine
uptake during this division, and no variation of the ratio of leucine specific
to LIV (low affinity system) transport.

In another experiment, D2O/H2O gradient centrifugation was used to
separate "cells from small filaments," with the help of G. Blumberg (Micro-
biology Department, Indiana University). The cells recovered from the
gradients had very little leucine transport activity.

In summary, it has yet to be shown that transport of leucine is reg-
ulated coordinately with the cell cycle.

REFERENCE
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(1973).
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EFFECTS OF RADIOISOTOPE DECAY IN MICROORGANISMS

I. EFFECTS OF 125I DECAY IN COLIPHAGE T4

Robert E. Krisch and Catherine J. Saved

Radioactive isotopes incorporated into the genetic material of viable
bacteria or bacteriophage cause death or genetic damage in an increasing num-
ber of organisms as radioactive decay proceeds. The goal of our experiments
is to relate such biological effects to specific physical and chemical changes
of decaying atoms, as well as to physicochemical damage to the genetic material.

PURPOSE AND METHODS

Iodine-125 decays by electron capture, causing extensive fragmentation
of small organic molecules, presumably by means of electrostatic forces result-
ing from the vacancy cascades and multiple ionizations that accompany decay
(1). In our experiments i 2 5I was incorporated into the DNA of coliphage T4
in the form of 5-iododeoxyuridine (IUDR), an analogue of thymidine. We ha/e
previously demonstrated an extremely high lethal efficiency per decay,
a(lethal) * 0.6, for 125l decay in T4 phage, and an even higher efficiency
for the induction of double-strand breaks (DSB's) in the DNA of phage T4,
a(DSB) - 1.0 (2). The breakage efficiency was determined by the sedimentation
in neutral sucrose gradients of phenol-extracted DNA from stored phage. These
experiments further showed that ot(DSB) was independent of storage temperature
during decay (+4°C vs.-196°C) and also independent of whether storage was as
intact phage or as free DNA.

These results, along with the unit efficiency for the induction of
DSB's, strongly suggested that the observed DNA breakage is due to local 1 2 5I
decay effects rather than to the ionizing radiation emitted during decay.
The reason for the difference between a(lethal) and a(DSB) is not yet clear
and is under current investigation.

PROGRESS REPORT

More recent experiments have been carried out to examine the origin of
the DSB's from 125I decay in T4 DNA in another way. External, low LET ioniz-
ing radiation is known to cause about 20 single-strand breaks (SSB's) in DNA
per DSB (3). In contrast, if the DSB's from 1 2 5I decay were due solely to
local molecular damage, we would predict only two SSB's per DSB (one SSB on
each of the two opposite strands of the DNA double helix). In our experiments,
125I-labeled T4 DNA was stored at -196°C either tightly packed as intact phage,
or greatly extended as extracted DNA. These storage conditions should maximize
and minimize, respectively, the self-irradiation dose from ionizing radiation
to a phage genome from an *25I decay. After varying amounts of decay, both
single- and double-strand breaks were measured, using alkaline and neutral
sucrose gradients, respectively. We confirmed our earlier finding that there
was one DSB per 125I decay for either intact phage or extracted DNA. However,
there were 3-4 SSB's per genome equivalent per decay for intact phage compared
with nearly two SSB's per decay for extracted DNA.
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CONCLUSIONS

These experiments narrowly bracket the frequency of occurrence of SSB's
from 1 2 5I decay in T4 DNA. Because of the low ratio of SSB's/DSB's for intact
phage, they provide very strong evidence that the severe damage to phage DNA
from 125i decay is primarily due to local molecular damage from the decay.
They further demonstrate that 125I decay in extracted DNA can induce DSB's
with maximum efficiency (a = 1.0) while inducing no SSB's at all, other than
the two that, together, constitute each DSB. This latter finding indicates
that external ionizing radiations play essentially no role in the severe dam-
age to phage DNA from the decay of incorporated 1 2 5T.
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II. EFFECTS OF 1 2 5I DECAY IN E. COLI

Robert E. Krisch and Frank Krasin

PURPOSE AND METHODS

We have previously examined the lethal effects of *25I in four different
strains of E. ooli with varying genetic deficiencies in DNA repair and dif-
ferent sensitivities to other forms of radiation (1). These strains showed
corresponding differences in sensitivity to killing from 1 2 5I decay. In view
of our finding that 1 2 5I decay induces double-stranded breaks (DSB's) in
coliphage DNA with approximately unit efficiency (part I), these differences
in killing efficiency suggested a remarkable capability by wild-type E. aoli
to repair DSB's induced in its DNA, since unrepaired DSB's in the bacterial
genome are presumably incompatible with survival.

In order to study directly the induction and repair of DSB's in the DNA
of E. aoli and their correlation with survival, we have adapted a technique
for the isolation of intact or nearly intact bacterial genomes (2). The tech-
nique involves treatment of cells on the surface of a neutral sucrose gradient
with lysozyme and detergent.

In addition, we have recently developed a purification technique that
now enables us to obtain accurate measurements of the specific activity of
125I-labeled bacterial DNA. This technique involves a sequence of enzymatic
treatments followed by passage through a hydroxyapatite column. The DNA
concentration is then measured by a very sensitive fluorometric method (3)
and the radioactivity is measured by a standard gamma scintillation detector.
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PROGRESS REPORT

With these techniques, we are correlating the induction of DSB's in
bacterial DNA by 125I decay with loss of viability. E. ooli K12 AB2487, a veoA
mutant, is compared with the corresponding i>ee+ strain, AB2497. Results to
date are consistent with an efficiency of 1.0 per decay for the induction of
DSB's by 1 2 5I decay in either bacterial strain, as found earlier for 1 2 5I
decay in the DNA of T4 phage. However, the results to date for bacteria are
subject to considerably greater uncertainty than the results for phage, due
to technical problems caused by the much larger bacterial genome. The lethal
efficiencies per decay appear to be approximately 1.0 for the reoA mutant
and 0.3 to 0.5 for the wild-type, strongly suggesting that there is repair
of DSB's in the rea+ strain, but not in the veoA mutant. Preliminary physico-
chemical assays for repair have been carried out with both strains by incubating
samples of stored, labeled cells for 1 hour in rich medium prior to DNA extrac-
tion and comparing the results of these assays with those on unincubated cells.
The results have been difficult to interpret because of extensive DNA break-
down induced in the veaA cells by the experimental procedure. Nevertheless,
these experiments do provide evidence for significant repair of *25I-induced
DSB's in wild-type cells and no evidence at all for repair in the reoA cells.
These observations suggest that biological repair of DSB's is a crucial factor
in the survival of wild-type E. ooli labeled with 1 2 5I and that a pathway
requiring a functioning veoA gene is involved in such repair.
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III. EFFECTS OF ll*C DECAY IN COL I PHAGE T4

Robert E. Kvisdh

PURPOSE AND METHODS

Carbon-14 decays by the emission of a beta particle of relatively low
mean energy (0.045 MeV). The biological effects of this decay have not been
widely studied but are of considerable interest because of the ubiquitous
occurrence of ^ C in the biosphere. We have incorporated 1LfC into the DNA of
thymidine-deficient E. ooli by supplying it in the growth medium as thymidine-
2-ll+C. A comparison of killing and damage to DNA is being attempted with
coliphage T4 grown on ^C-labeled E. ooli.

PROGRESS REPORT

An experiment has been running for more than a year in which T4 phage,
labeled with a measured (average) number of lkC atoms per phage genome, have
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been stored at -196°C and periodically assayed for loss of viability and for
the induction of DSB's in DNA. The techniques for measuring DNA breakage
seem to be considerably more sensitive and reproducible than those for
measuring loss of viability. Results to date indicate that a(DSB) for ll*C
decay in T4 is between zero and 0.01, with 95% confidence. As far as we know,
this is the first data anywhere on DNA scission by 1>*C decay.

LETHAL AND HUTAGENIC EFFECTS OF NEAR-ULTRAVIOLET RADIATION

Robert B. Webb

Pyrimidine dimers (1,2) and single-strand breaks (or alkali-labile
bonds) (3) are induced in bacterial DNA by 365 ntn radiation. Furthermore,
the photoreactivation (PR) enzyme (A) and dark-repair enzyme (5) can be dam-
aged by 365 nm radiation within the biological dose range. Damage to dark-
repair mechanisms would be expected to enhance the biological effects of repair-
able DNA lesions. The absence of PR after 365 nm inactivation in wild-type
and uVr (5,6), together with the strong oxygen dependence for lethality in
these strains (7), suggests that dimers may not be important lethal lesions
for these strains. Further elucidation of lethal and mutagenic lesions induced
in DNA by near-ultraviolet radiation was obtained by examining the oxygen
dependence and photoreactivation of these lesions in Esaheviahia aoli B/r Her.

Radiation at 365 nm was provided by a 2.5 kW Hg/Xe arc lamp coupled to
a 500 nm Bausch and Lomb monochromator with a Corning 0-52 filter to reduce
stringently the stray radiation of wavelengths shorter than 350 nm. Anoxia
x<ras provided by passing prepurified nitrogen over copper filings heated to
500cC. Photoreactivation light was provided by a 500 W quartz iodine lamp in
a slide projector. Procedures have been described (1,8).

PROGRESS REPORT

Oxygen dependence and photoreactivation of lethality and mutagenicity by
365 nm radiation in Esahepiehia aoli B/r Her (a strain deficient in excision
repair) are shown in Figure 11.1. The large oxygen enhancement for lethality
shown is typical of this strain and the related repair proficient strain
B/r (7). The oxygen dependence for the induction of mutation of tryptophan
independence is strikingly different from that for lethality. At relatively
low doses, less than 3 x 106 J m~2, the induced mutant frequencies are signifi-
cantly reduced in the presence of oxygen; but at high dosages, the mutant yield
appears to be greater in the presence of oxygen. This relationship is a result
of mutation induction curves that were approximately dose squared when oxygen
was present and almost linear in its absence (Figure 11.1).

Photoreactivation of lethal and mutagenic lesions induced by 365 nm ra-
diation also is shown in Figure 11.1. Survival was slightly less after the
aerobically irradiated cell suspensions were exposed to photoreactivating
illumination. Cells inactivated under anoxic conditions showed a small but
significant PR sector. In contrast to the small PR effect on lethal lesions
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Fig. 11.1. Inactivation and muta-
tion to tryptophan independence
induced in E. aoli B/r Her by 365
nm radiation (0°C). Irradiance,
1200 W m~2. Photoreactivation
illumination (380-430 nm), 30 min
at 100 W nT2 (25°C).

OOSE. Jin-* (XI0-*)

induced in both the presence and absence of oxygen, mutational lesions were
reduced almost to the spontaneous background by exposure of the 365 nm irra-
diated cells to photoreactivating light. Photoreactivation of the mutational
lesions demonstrates that the PR enzyme was not inactivated in these station-
ary phase cells at the dosages given. In log phase cells PR enzyme activity
is effectively inactivated by a dose of 2 x 106 J m~2, but stationary phase
cells contain more PR enzyme molecules than log phase cells (2), so larger
doses of 365 nm radiation would be required to inactivate all PR activity in
stationary phase cells. If photoreactivation is taken as evidence for
pyrimidine dimers, data shown in Figure 11.1 are evidence that reversion to
tryptophan independence induced by high fluences of 365 nm radiation occurs
through the production of pyrimidine dimers.

The relationship between mutagenicity and lethality in strain B/r Her
at 254 nm and 365 nm is depicted in Figure 11.2. Under aerobic conditions,
mutation induction relative to killing is six times more efficient at 365 nm
than at 254 nm. Under anoxic conditions, mutation induction at 365 nm is 18
times more efficient than at 254 nm relative to lethal effects. It is evident
that the tnutagenic effect of dimers relative to their lethal action differs
greatly under these three sets of conditions.

The small oxygen dependence for the 365 nm inactivation of E. aoli K12
AB2480, a UV sensitive strain deficient in both excision and recombination
repair of pyrimidine dimers, is shown in Figure 11.3. The large photo-
reactivation sector of 0.75 shown by these results, and reported previously
(1), is evidence that pyrimidine dimers are the major 365 nm lethal lesion
for this double mutant strain. The small oxygen dependence shown can be
entirely accounted for by the nonphotoreactivable sector of lethal damage.
Thus the photoreactivable (dimer) component of lethal damage is the same in
the presence and absence of oxygen. These results indicate that the induction
of pyrimidine dimers at 365 nm is not enhanced by oxygen.
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lethality and mutagenesis (tryp-
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Fig. 11.3. Photoreactivation
after 365 nm inactivation (0"C) of
£. aoli K12 AB2480 in the presence
and absence of oxygen. Irradiance
at 365 nm, 300 W m~2. Photoreacti-
vation illumination (380-430 nm),
30 min at 20 W m~2 (25°C).
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Dimers are induced by 365 nm radiation and clearly account for a major
part of the inactivation in strains deficient in both excision and recombin-
ation repair (Figure 11.3). However, lesions other than dimers probably cause
most of the 365 nm inactivation in repair proficient and uvr mutant strains.
Consistent with this mechanism is the observation that single-strand breaks
(or alkali-labile bonds) are induced in DNA by 365 nm radiation (3). Single-
strand breaks were not detected when cells were irradiated under anoxic
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conditions. The large oxygen dependence of near-UV inactivation suggests
that single-strand breaks may be the major lethal lesion induced by 365 nm
radiation in repair proficient and uvr', reo+ strains.

Damage to repair systems may be oxygen dependent. If so, some but not
all of "the oxygen dependence for 365 nm lethality could be accounted for by
enhanced damage to repair systems.

There are striking differences between near-UV mutation induction in
chemostat cultures by low chronic exposures (9) and in stationary phase sus-
pensions subjected to large acute lethal fluences at very high irradiances
(Figure 11.1). It is likely that mutagenesis at continuous low irradiances
of near-UV (< 6 J m~2s~1) is caused by different lesions from mutations
induced by very high irradiance (1000 J m~2s *) in stationary phase cells.
Mutational lesions induced at high irradiances are photoreactivable (Fig-
ure 11.1), implicating pyrimidine dimers. It is unlikely that dimers are
involved in low irradiance mutagenesis, as the very small numbers of dimers
that might be induced at the near-UV fluences used would be largely photo-
repaired concomitantly. If the chromophore(s) responsible for low irradiance
mutagenesis are light labile and destroyed quickly by the high acute irradi-
ances used, the low irradiance chromophore(s) would be not be expected to
contribute significantly to the high irradiance responses observed.
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BIOLOGICAL CONSEQUENCES OF PYRIMIDINE DIMERS INDUCED BY NEAR-ULTRAVIOLET
RADIATION

Mickey S. Brown and Robert B. Webb

PURPOSE AND METHODS

Past studies have given evidence for the presence of pyrimidine dimers
in Esaheriohia aoli cells following near-ultraviolet radiation (1,2), but
gave little or no evidence for photoreactivation (PR) of wild-type strains
and uvr strains when irradiated in air. Damage to the PR enzyme was suggested
to account for the absence of PR after 365 nm inactivation in these strains (2).
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It was also possible, however, that synergistic reaction between the PR and
near-UV wavelengths obscured the PR effect, especially since strong synergistic
interactions are known to occur between different near-UV wavelengths (3).

To examine these possibilities, we tested for an aerobic synergistic
interaction between the inactivating wavelength (365 nm) and the photoreacti-
vating wavelength (405 nm) and investigated the role of oxygen in this interac-
tion. In addition, we tested for damage to the PR enzyme by 365 nm radiation.

Strains of bacteria used were E. aoli K12 AB1157 (wild-type) and E.
ooli K12 AB1886 (uvr). The assay method for near and far-UV was the same as
described previously (1). PR was carried out using a wavelength of 405 nm
with the mercury - xenon lamp (Hanovia 2.5 kW) in combination with a pre-
dispersion prism (Schoeffel) and a 500 nm grating monochromator (Bausch and
Lomb). For PR irradiation under anoxia the cells were flushed with nitrogen
before and during irradiation to eliminate oxygen.

PROGRESS REPORT

Evidence of a synergistic interaction of 365 nm and PR light is demon-
strated in Figure 11.4 in which survival is shown as a function of time of
exposure to PR light (405 nm). PR illumination does not cause inactivation
of the more resistant wild-type strain (£. aoli K12 AB1157) when the cells
are exposed to only PR light at a dose rate of 350 W m~2 (3,500 ergs•mm"2"sec"1).
However, when these cells were exposed to 365 nm radiation prior to PR illumina-
tion in air additional inactivation was obtained. Figure 11.4 also shows
that synergistic response is greater at 25°C than at 0°C.

10°

z
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E Coli KiaABII57

O 365nm, sloffDnoty phose cells, 0°C,
14,000 ergs mm-Ssec"1 ,oir

a Continuoul PR at 0"C 01 3,500 ergs mm-2 sec*1
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405nm in oit
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Fig. 11.4. Inactivation of E.
aoli K12 AB1157 (wild-type) by
365 nm irradiation at 0°C followed
by continuous photoreactivating
light (405 nm) at 0cC and 25°C.
Photoreactivation irradiance was
3,500 ergs-mm"2-sec"1.



When the 365 nm inactivation was followed by a 405 ntn exposure under
anoxic conditions (N2)» synergism was no longer observed. Similar results
were obtained using 405 nm produced by a monochromator instead of 405 nm rad-
iation.

Figures 11.5 and 11.6 show that after inactivating doses of 365 nm radi-
ation neither of the two strains of E. coli (stationary phase) differing in
their repair capabilities showed photorepair upon exposures to PR light under
anoxic conditions. However, upon exposures to PR light following 254 nm
irradiation, a significant degree of repair was demonstrated. Photorepair
was even more effective when cells were exposed both to 365 mn and 254 nm UV
prior to PR light (Figures 11.5 and 11.6). All the maximum photorepair was
reached at moderate PR doses. It is evident that functional PR enzyme remained
aftei the 365 nm doses given in these stationary phase cells. These results
rule out damage to the PR enzyme as the basis of absence of photorepair after
365 nm inactivation. However, these data do not contradict the previous
findings that biological doses of 365 nm radiation inactivated the PR enzyme
in exponential phase cells (2,4), as stationary phase cells contain more PR
enzyme molecules.

KI2 ABII57 ,'WILOTYPE)
o 254 rm, 40 Jm"2, 25«C
a 365 nm, 2.0 x 10s Jm'2, 0*C
A 36S nm PLUS 254 nm
PR <405 nm) 25'C UNDER NITROGEN

20 40
PR (405 nm), min

SO

Fig. 11.5. Inactivation of E.
ooli K12 AB1157 by 254 nm (25°C),
by 365 nm (0cC), and by 365 nm
(0°C) plus 254 nm (25°C) irradia-
tion followed by continuous photo-
reactivation (25°C) under nitrogen.
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Fig. 11.6. Inactivation of E.
ooli K12 AB1866 (uvr) by 254 nm
(25°C), by 365 nm (0°C), and by
365 nm plus 254 nm irradiation
followed by continuous photo-
reactivation (25°C) under nitrogen.

CONCLUSIONS

The PR response following a combination of 365 nm and 254 nm radiations
indicates the presence of functional PR enzyme not observed when these wild-
type and uvr cells are exposed to 365 nm alone. The results further indicate
that an oxygen dependent synergistic interaction occurs between 365 nm and
405 nm wavelengths, but this effect does not account for the absence of PR
under anoxic conditions. These results suggest that pyrimidine dimers induced
at 365 nm may be repaired more efficiently by dark repair mechanisms than are
dimers induced at 254 nm.
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ACTION SPECTRA OF INACTIVATION OF RECOMBINATIONLESS STRAINS OF SALMONELLA
TYPHIMURIUM AND ESCHERICHIA COLI*

Donna Maakayy A. Eisenstark3 and M. S. Brown

Action spectra for lethality of both stationary and logarithmically
growing cells of recombinationless (recA) mutants of Salmonella typhimurium
and Escheriehia coli were obtained. Maximum sensitivity was observed at 260 nm
which corresponds ':o the maximum absorbance of DNA. However, a shoulder
occurred in the 280-300 nm range that departed significantly from the absorp-
tion spectrum of DNA. Between 240 nm and 313 nm, 90 to 99% of the cells were
killed exponentially, but 1 to 10% of the population was resistant. At wave-
lengths longer than 320 nm, the shapes of inactivation curves departed sig-
nificantly from those at wavelengths shorter than 320 nm. Survival curves at
wavelengths longer than 320 nm had a strongly shouldered shape. The special
sensitivity of recA mutants to broad spectrum near-UV radiation may be due to
synergistic effects of differant wavelengths. Parallels between the inactiva-
tion of reaA mutants and the induction of photoproducts of L-tryptophan toxic
for veaA mutants suggest that photoproducts from endogenous tryptophan may be
involved in the high sensitivity of these strains to broad spectrum near-UV
radiation.

Abstract of a paper to be submitted to Photochemistry and Photobiology.
+
Kansas State University, Manhattan.

University of Missouri, Columbia.

PHOTOREACTIVATION AFTER 365 nm INACTIVATION OF STRAINS OF ESCHERICHIA COLI
DIFFERING IN REPAIR CAPABILITY*

Robert B. Webbt Miekey S. Browns and Rex M. Tyrrell

Photoreactivation (PR) after 365 nm inactivation was attempted in four
strains of Esoheridhia coli differing in repair capability. Photoreactivation
was observed in the reoA strains K12 AB2480 and K12 AB2463 indicating a sig-
nificant role of pyrimidine dimers in the lethal action of 365 nm radiation
in these strains. Significant PR was not observed in the uvr strain, K12
AB1886, or in the wild-type strain, K12 AB1157, after 365 nm inactivation.
Biological evidence indicated that in stationary phase cells the PR enzyme is
not inactivated by fluences of 365 nm radiation ot 2 x 106 J m~2 or less.
Mechanisms are presented to account for the failure to observe PR at 365 nm
doses less than 2 x 106 J m~2 in reo+ strains.

Abstract of a paper to be submitted to Mutation Research.
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NEAR-UV PHOTOPRODUCT(S) OF L-TRYPTOPHAN: AN INHIBITOR OF MEDIUM DEPENDENT
REPAIR OF X-RAY INDUCED SINGLE-STRAND BREAKS IN DNA WHICH ALSO INHIBITS
REPLICATION GAP CLOSURE IN E. COLI DNA*

G. Yoakum, A. Eisenstark, and R. B. Webb

Near-UV photoproducts of L-tryptophan (TP), which are especially toxic
for recombination deficient (reo) mutants, were found to inhibit medium depen-
dent repair of X-ray induced single-strand breaks. This inhibitor also slows
the rate of closure of replication gaps suggesting that these two processes
may have a common pathway (or share a required step which TP can inhibit).

Abstract of a paper submitted for publication in Molecular Mechanisms
for the Repair of DNA. Plenum Publishing Corporation, New York.

University of Missouri, Columbia.

TRYPTOPHAN PHOTOPRODUCT(S): SENSITIZED INDUCTION OF STRAND BREAKS (OR
ALKALI-LABILE BONDS) IN BACTERIAL DNA DURING NEAR-UV IRRADIATION

George H. Yoakum

The experiments presented here provide evidence that photooxidation pro-
ducts of the amino acid L-tryptophan sensitize bacterial DNA, increasing the
rate of 365 nm induction of DNA-strand breaks (or alkali-labile bonds). Evi-
dence is also presented which demonstrates that these sensitized DNA lesions
contribute to the inactivation of Esaheviahia ooli W3110 wild-type, and P3478
polAl. These results suggest that photooxidation products of endogenous L-
tryptophan act as an internal sensitizer responsible for near-UV radiation
induced oxygen-dependent DNA-strand breaks (or alkali-labile bonds) in cellu-
lar DNA.

Abstract of a paper to be published in the Journal of Bacteriology.
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MULTIPLE MUTATIONS INDUCED IN BACILLUS SUBTILIS BY ULTRAVIOLET LIGHT

H. E. Kubitschek and G. Venema

PURPOSE AND METHODS

As reported last year (1), UV-induced mutations to resistance to bac-
teriophage T5 in Eschexn-ehia aoli strain WP2 Her follow a dose-squared response,
in agreement with present interpretations that UV-induced mutagenesis occurs
as a recombinational event. The results indicated that the two UV-induced
lesions responsible for mutagenesis were separated, on the average, by about
200 nucleotide pairs. Because this estimate is the minimal average spacing
of these mutagenic lesions, it seemed that UV may frequently induce recom-
binations over greater ranges of the genome. Experiments were designed to
test this possibility with Bacillus subtilis. The genetic map of this organism
contains a number of antibiotic markers in a localized region replicated very
early ir the cell cycle. Mutations to high-level (1 mg/ml) streptomycin resis-
tance w.re induced by exposure of B. subHlis strain 1G23 trp* uvz> to UV.
Streptomycin resistant mutants were then individually examined for resistance
to each of the other antibiotics, rifatnpicin, neomycin, kanomycin, erythromycin,
and lincomycin.

It was necessary to test between the possibilities that resistance to
more than a single antibiotic might arise either from a single mutation of a
transport gene that decreased the sensitivity of a cell to several antibiotics
or, alternatively, that mutations occurred at each of the observed antibiotic
resistance loc->". This was accomplished by extracting DNA from each mutant
strain tested and using this DNA to transform a recipient strain sensitive at
each of the antibiotic loci. Transformant frequencies were measured for resis-
tance to one or more of the antibiotics. In some experiments, streptomycin-
resistant transformant colonies were replicated to plates containing anoth<=-
antibiotic.

PROGRESS REPORT

Of 136 streptomycin resistant colonies examined, 135 were multiple
mutants resistant to one or more of the other antibiotics rifampicin, neo-
mycin, kanomycin, or erythromycin. Some UV-induced mutants were resistant
to each of these antibiotics. However, none were resistant to lincomycin,
which has a locus located at a greater distance along the genetic map. An
important feature of the antibiotic resistance patterns of these mutants is
that resistance did not occur at random. Instead these patterns invariably
were bunched in the manner that would be predicted from one double crossover
event.

Seven multiple mutants for streptomycin, neomycin, and kanomycin resis-
tance were examined by transformation. In every case, transformant frequencies
for resistance to only one of the antibiotics were much greater than those for

Genetics Institute, University of Groningen, The Netherlands. Work
performed while Ij^st author was on leave from Argonne National Laboratory.
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simultaneous resistance to two or more of the antibiotics; that is, very
few of the transformants carried resistance to more than a single antibiotic.
Thus the induced mutations are separable, and represent mutation at each of
the individual antibiotic resistance loci. In addition, streptomycin resis-
tant transformants were examined for erythromycin resistance by replica plat-
ing, and these mutations also were separable.

CONCLUSIONS

The interpretation that UV induces mutations in B. subtilis 1G23 by an
error-prone recombinational process that can extend over several cistrons is
supported by the three kinds of observations reported above.

1. All but one of 136 UV-induced mutants were multiply mutated, in two
or more cistrons.

2. Mutational patterns in multiple mutants invariably agreed with
predictions of a double crossover event.

3. Transformation tests showed that the mutations were separable, and'
had occurred at each of the individual antibiotic loci.
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TESTS FOR DEOXYRIBONUCLEIC ACID SYNTHESIS IN TOLUENIZED BACILLUS SUBTILIS
CELLS*

Tatsuo Matsushita and Noboru Sueoka

Several tests were devised to further characterize deoxyribonucleic acid
(DNA) synthesis in toluenized Bacillus subtilis cells. Vigorous agitation of
toluenized cells (localization test) demonstrated that the DNA replication is
exclusively a cell-associated process. A DNA "repair" condition was also
applied to toluenized cells and shown to be distinct from DNA replication
in its DNA polymerase I dependency and its ability to synthesize DNA on a
template which is either cell associated or free, outside the cell. This
repair condition was used in conjunction with the localization test to demon-
strate the penetration of deoxyribonuclease I and possibly DNA polymerase I
into toluenized cells. Therefore, we suggest that the localization test can
be used to test the penetration of proteins into toluenized cells for both
the DNA repair and replication processes.

(1974).
Abstract of a paper published in the Journal of Bacteriology 118, 974

University of Colorado, Boulder.
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DNA PQLYMERASE II-DEPENDENT DNA SYNTHESIS IN TOLUENIZED BACILLUS SUBTILIS
CELLS

Tatsuo Matsushita

Toluenized cells have been used to study semi-conservative DNA replica-
tion in both E. ooli and B. subtilis. In B. subtilis, this ATP-dependent
process represents only elongation of preexisting replication forks. There
is no chromosome initiation or background repair under these conditions. How-
ever DNA repair can be induced in toluenized B. subtilis by introducing
exogenous DNase I to nick the chromosome while simultaneously inhibiting DNA
replication with sulfyhydryl group reagents such as p-chloromercuribenzoic
acid (PCMB). Under this "repair condition," the polA+ strain 168TT ..:hows DNA
repair in both the presence and absence of ATP but polA~ mutant strains NB841
and HA101(59)F show no DNA synthesis. This suggests a polA repair function
in B. subtilis analogous to E. ooli.

Attempts to duplicate this repair synthesis assay by substituting
6-(p-hydroxyphenylazo)-uracil (HPUra), a known replication inhibitor for PCMB,
unexpectedly revealed residual ATP-stimulated DNA synthesis in the NB841 polA~
mutant. Since 770 pM HPUra completely inhibits ATP-stimulated DNA synthesis
(replication) in the absence of DNase I, this residual DNA synthesis could
not be due to incomplete inhibition of DNA replication. We conclude that this
HPUra-resistant, DNase I-stimulated activity in toluenized polA~ cells is
exclusively due to DNA polymerase II activity since HPUra is known to inhibit
DNA replication in toluenized B. subtilis cells and inhibits only DNA poly-
merase III in vitro. Thus, in the absence of polymerase I and by inhibiting
polymerase III with HPUra, polymerase II-mediated DNA synthesis can be demon-
strated in toluenized B. subtilis polA~ cells. This polymerase II synthesis
occurs when exogenous DNase and ATP are added. It appears as if the polymerase
II-mediated repair in toluenized B. subtilis is similar to the UV-stimulated
polymerase II-mediated repair demonstrated by Masker and Hanawalt in toluenized
E. ooli which is also ATP-dependent and which they suggest is responsible for
"long patch" repair.

Preliminary studies in a B. subtilis mutant GSY 1006 (his-25, trp-16,
reoA) show a much higher toluenized cell DNA repair in the presence of HPUra
and exogenous DNase I, correlating with the "recklass" phenotype of this
mutant. The DNA repair in this case is probably mediated by both polymerase
I and II since this strain is polA^. Under these conditions there appears to
be little difference in the amount of DNA repair in the presence or absence
of ATP in this mutant. Studies are now in progress to determine the mechanism
behind this unusual behavior of DNA repair in toluenized recA cells.

Abstract of a paper to be published in Molecular Mechanisms for Repair
of DNA, Plenum Publishing Corporation, New York.
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*THE PERMANENT LOSS OF CHROMOSOME INITIATION IN TOLUENIZED B. SUBTILIS CELLS

Scott Winston and Tatsuo Matsushita

Initiation of DNA replication is absent in B. subtilis cells penne-
abilized by toluene. A permeabilized-washed system was developed in B. subtilis
which maintained the characteristics of the toluenized cell system in the
absence of toluene. This system was used to see if initiation would recover
in toluenized cells after removal of toluene. The lack of initiation in the
permeabilized-washed cells indicated a permanent loss of initiation in cells
treated with toluene. Protein synthesis was also inhibited permanently by
toluene treatment indicating damage to translation as £ possible mechanism
for loss of initiation in toluenized >;ells.

Abstract of a paper submitted to Journal of Molecular Biology.

Spring 1974 participant in the Undergraduate Honors Research Partici-
pation Program, University of Rhode Island, Kingston.

THE ROLE OF PolA. 5'-3' EXONUCLEASE ACTIVITY IN £. COJJ. CHROMOSOMAL REPLICATION

Tatsuo Matsushita^ George H. Yoakum3 and David W. Rooney

The enzyme E. aoli DNA polymerase I, or the "Kornberg Enzyme," is a
product of the polA gene and contains several enzymatic activities, the most
widely studied being the DNA polymerization reaction. We have been concerned
with what was once considered a less important activity, the 5'-3' exonuclease
(exonuclease II), and report that we have biochemical evidence that suggests
this activity is an extremely important DNA replication enzyme. Our biochemical
evidence consists of the simple in vitro observation that tryptophan photo-
product (s) (TP) inhibits polA exonuclease II activity with absolutely no
inhibition of polA polymerizing activity. This observation is significant
because of the known biological activity of TP on DNA replication. This com-
pound(s) is selectively lethal for Tea mutants and completely inhibits DNA
replication in not only reaA but also in polA. The TP effect on DNA replica-
tion was shown to be involved in gap closure between small DNA replication
intermediates (Okazaki pieces), since TP inhibited the conversion of Okazaki
pieces into large molecular weight DNA. This TP effect on gap closure in vivo
could be explained as (1) inhibiting DNA polymerization to close the gaps,
or (2) inhibiting exonucleolytic removal of the RNA primer from the Okazaki
DNA piece. Our in vitro data with purified E. coli DNA polymerase I show no
effect of TP on polymerizing activity and effectively eliminate this activity
as the site of action of TP in vivo. However, the specific inhibition of
exonuclease II by TP in vitro is an exciting observation since it not only
identifies the probable site of action of TP in vivo but provides strong
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biochemical evidence for the involvement of exonuclease II in chromosome
replication. Furthermore, the inhibition suggests the exonuclease is involved
in gap closure between Okazaki pieces and perhaps participates by removing
the RNA primer from the Okazaki piece. Therefore TP is a novel biochemical
tool for studying the RNA primer role in DNA replication, a subject of great
current interest in the DNA replication field.

A STUDY OF MUTATION RATE IN THE IMMUNOGLOBULIN VARIABLE REGION*

Pattle Pun* David Thompson, Tatsuo Matsushita, and Bernard N.
Javoslow

PURPOSE AND METHODS

It is not known whether the germ cells contain only a small number of
structural genes that code for antibody specificity or whether the germ line
contains a gene for each specific antibody. If antibody diversity in the
variable (V) region of the immunoglobulin light chain is generated by muta-
tional or recombinational processes (1), it is possible that there are certain
sites in the immunoglobulin structural genes that mutate with a high frequency
and thus are comparable to the hot spots observed in the bacteriophage chromo-
some (2). We are testing this possibility by comparing rates of mutation in
the variable (V) and constant (C) regions of immunoglobulin produced by somat-
ic cells after exposure to mutagens.

To compare mutation rates in V and C regions of an immunoglobulin we
must have antibody produced by a single clone of cells. An excellent model
system is the homogeneous population of light chain (the "Bence-Jones" pro-
tein) excreted by Balb/c mice carrying the transplantable myeloma line MOPC-41.
Mice with this myeloma excrete free type K Bence-Jones protein in urine.

Our experimental plan to induce mutation and determine whether it occurs
at the V or C region will proceed as follows:

1) Mutagenesis. Mutagens will be added to mass cultures of MOPC-41
myeloma cells.

2) Preparation of monospecific antisera. Antisera to the original MOPC-41
Bence-Jones protein will be absorbed with appropriate myeloma proteins which
share antigens with MOPC-41 to give a variety of monospecific antisera to the
detectable antigens in the V and C regions.

3) Replica-plating and selection of mutants. Using the principle of the
Lederberg replica-plating technique (3), we will grow the clones of mutagen-
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treated cells in replicate agar overlay plates (4) and an appropriate anti-serum
will be added to each. A precipitate will form around the clone that produces
the original antige'.i, whereas none will appear around the mutated clone. The
replicates, using different classes of specific antisera, will characterize
each clone and will identify the location of any mutation.

4) Verification of mutations. The clone will be grown and injected into
mice to produce tumors which in turn produce large amounts of Bence-Jones
protein for more detailed investigation and verification of the mutation.

PROGRESS REPORT

Progress has been made in obtaining specific antisera to the V and C
regions. The MOPC-41 Bence-Jones protein (BJP) has been purified using DEAE-
sephadex chromatography. We have identified the purified BJP as MOPC-41
specific using the Ouchterlony test and have determined the purity as greater
than 90% by SDS-polyacrylamide gel electrophoresis. We have also obtained
specific rabbit antiserum to the V and C regions using purified MOPC-41 BJP
or commercial BJP. After immunizing with MOPC-41, mouse specific antibodies
are removed by strain RPC-20 lambda light chain absorption. A further absorp-
tion with MOPC-321 kappa light chain removes anti-C and a specific anti-V
(for MOPC-41) antiserum results.

Anti-C (for MOPC-41) has been similarly obtained by immunizing with
MOPC-321 kappa and removing mouse-specific determinants with RPC-20 lambda.
Since MOPC-321 kappa has the same C-region as MOPC-41 (also a kappa C) but a
different V-region, the antiserum will be specific for only the C-region when
MOPC-41 BJP is used as antigen. We have also developed the technique for
hydrolyzing MOPC-41 BJP into the V and C regions and have used these fragments
to demonstrate the specificity of our absorbed rabbit antisera.

We have made progress in developing a replica-plating technique for
selecting V and C-region mutations. Since MOPC-41 has proven difficult to
culture, we have achieved only partial success in serial passage with three
passages accomplished. We have developed the agar overlay technique so that
we can now detect primary cultures of MOPC-41 cells with the absorbed rabbit
antiserum. The primary cultures secrete enought BJP so that a precipitin
line is easily detected by our technique.

To summarize progress in the preparation of monospecific antisera against
all the V and C-region determinants, we have established the basic methodology.
We have obtained anti-V and anti-C antisera containing antibody against MOPC-41
determinants and absorbed with mouse antigens. We will repeat this procedure
and obtain anti-V and C-region antisera from other mouse myeloma strains, and
continue cross-absorptions of all the antisera with other BJP's. Because of
our progress in this area, we can now start accumulating the necessary number
of monospecific antisera needed for mutant selection.

In the replica-plating of the mutagenized cells and selection of mutants,
we have made significant progress in culturing the cells and in developing
the overlay technique of selection. Although the culturing techniques will
need further refinement in order to establish successfully and to subculture
clones, we have basically accomplished the groundwork for the mutant selection



242

system. The technique for making replicas for clones is the remaining major
technique (in this area) to be developed.

CONCLUSION

In addition to yielding information on the genetic mechanism of anti-
body formation, this system should prove invaluable as a convenient eukaryotic
mutagen testing system. Mutagenicity has generally been determined in bacteria,
whereas carcinogenicity has been tested directly in animal tumor systems.
Although ultimate carcinogens are found to be mutagenic, there has been a
lack of correlation between mutagen and carcinogens, arising from the need
for some compounds to be "metabolized" to the ultimate carcinogenic compound
by animal enzymes absent in bacteria. Our myeloma system will allow correla-
tion between mutagens and carcinogens and should be useful for identifying
both. The potential effects of these compounds on the generation of antibody
diversity can also be studied and may reveal some interesting relationships
between neoplasia and antibody formation.
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