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ABSTRACT: The reaction of only a few molecules of H with T2 bacterio-
phage both in vitro and in vivo causes the virus to rapidly lose its
ability to reproduce and to initiate viral DNA synthesis, Most of the
lethal reactions are localized in the genetic material (DNA), Indi-
vidual genetic markers as well as the ebility of the virus to initiate
the biosynthesis of new enzymes are about 5-10% as sensitive to H as
is the ability of the particle to reproduce. It is suggested that DNA
replication and DNA function may have similar scnsitivitics to the
agent.

The effect of H on the in vitro synthesis of DNA was also
investigated. The only component of the reaction significantly af-
fected by H is the DNA primer. Although DNA synthesis eventually re-
covered when H-treated primer and purified polymerase are employed,
considerably less recovery took place with H-treated primer and impure
preparations of polymerase. The later enzyme preparation was seriously
contaminated with phosphodiesterase and other nucleases which degraded
H-treated DNA primers prlor to recovery. Secondary degradation of DNA
was also observed with H-treated E., coli., It is suggested that the
nuclease~-mediated, secondary degradation of H-damaged DNA is responsible
for a large segment of the H-toxicity to cells,
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ETFTECTS OF
MUSTARD GAS¥ON T2 BACTERIOPHACE AND DNA* SYNTHESLS

B. PAPIRMBEISTER
USA CHEMICAL RESEARCH AND DEVELOPMENT LABORATORILS
ARMY CHEMICAL CENTER, MARYLAND

The investigation of mustard gas has covered more than half
a century and has engaged the eif~rts of many investigators in many
laboratories. Initially, intcresi was directed to the vesicant and
protoplasmic poisoning actions of this compound. But in the past
15 years, the scope of its interest has been broadened consideraglg
by the discovery th%tlH and other alkylating agents are rmutagens—’
and anticarcinogens 70904 have blological actions similar to those
produced by ionizing rgd%agigns. In spite of repeated obscrvation
and extensive review5’ »12%27 of these effects, the mechanism ofl
cellular toxicity of H is still unknown.

While the elucidation of the mechanism of action of H is an
enormous task, it must precede the logical development of a therapy
for the mustard burn and the reversing of systemic intoxication with
the agent, problems of continuing concern to the Chemical Corps.
Although there are certain gross similarities between the vesicant
action of H on skin and the radiomimetic behavior of H on other cells
and organisms, much more must be learned before a valid correlation
between the two can be made. With the goal of augmenting the limited
knowledge concerning the radiomimetic actions of H, the authors
undertook the present investigation of the mechanism of inhibition of
T2 bacteriophage by H.

* Mustard gas (Cl-CHp-CHo=S-CHpo-CHo-CL) is also known as sulfur
mustard and yperite, and it will be denoted in the nresent report
by the symbol H.

DNA-~deoxyribonucleic acid.
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The present discussion is concerned mainly with matters of
general importance for elucidating the mechanism of the inhibition of
T2 bacteriophage by H and also includes some observations on the tox-
icity of the agent for DNA synthesis in vivo and in vitro.**

Summary of Effects of H on T2 Bacteriophage

The effects of H on some properties of the T2 bacteriophage
system are graphically summarized in figure I. To provide a more
meaningful basis for comparing the sensitivities of H of the varilous
properties, the information in figure I is divided into two cate-
gories: phage particles that were H-treated before infection (dashed
lines) and after infection (solid lines). This distinction is
necessary because extracellular H-treatment produces secondary
damages that prevent some of the particles from penetrating suscept-
ible hosts and limits the progress of the intracellular events of the
infective cycle one may wish to investigate. Although some of these
complications are overcome when partlcles are exposed to H after
adsorption (when many of the H-sensitive steps assoclated with pene-
tration are already completed), the interpretation of results obtained
with phage-bacterium complexes is more difficult because of the con-
comitant exposure of the host cell. Recognizing that exact quanti-
tation is not possible in every instance, the authors feel that certain
neeningful conclusions nevertheless can be drawn.

By examining the relative slopes of the inactivation curves
in figure I, one will note the following features with respect to the
action of H on the '[2 bacteriophage system:

1. When singly infecting bacteria, the abilities of
T2 bacteriophage to reproduce (curves 1 and 3) and to synthesize
viral DNA (curve 2) are equally inhibited Ly H and are the most
H-sensitive properties found.

2. Most of the properties of the virus particle
directly or indirectly attributable to functions of viral protein arc
inhibited by H to similar extents (curves 4, 5, 6, 7, and 8). An
exception is the ability of the particle to adsorb on susceptible
hosts (curve 15). However, these properties are much less sensitive
than the ability of the virus to reproduce (curve 1).

*%  For experimental details the rcader is referred to CRDL Special
Publication 2-45, October 1961, "On the Mechanism of Inhibition
of T2 Bacteriophage by Mustard Gas."lO Reprints are available
from the author on request.
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PAPIRMEISTER

3« The ability of singly infected cells tc reproduce
T2 phage is much less sensitive to H when the agent is administered
9 minutes after infection (curve 9) than when applied at an earlier
stage (curve 3).

R L R LA B )

b, Limited mainly by the action of H on the cell's
capacity to support phage development (curve 12), the abilities of
multiply infected cells to reproduce 42 bacteriophage (curve 10) and
to synthesize viras DNA (curve 11) arc fairly resistant to H.

5. 'Uhe sensitivity to H of a genetic marker, i.c.,
the ability of an H-inactivated parental particle to comibribute the
marliier to progeny in a mixed infection with viable carrier phage, is
only about 8% of the sensitivity of the particle to reproduce
(compare curves 13 and 3).

6. 'The ability of an H-inactivated particle to
initiate the biosynthesis of an cnzyme charscteristic of the infecuved
cell is only about 5% as sensitive to H as is the ability of the
particle to reproduce (compare curves 1h and 3).

The possible meaning of thesc and some other findings and
their bearing on the mechanism of action of I will now be discussed.

The Site of Action of H in ‘T2 Bacteriophage

The current Tindings support the idea that the most {
H~sensitive target in 12 bacteriophage is viral DHA and that protein i
functions are also affected. The evidence is the following:

|

1. Particles are rapidly inaccivated by low doses of
H either when free or when preadsorbed on host cells (figure I,
curves 1 and 3), indicating a relatively small effect on protein
functions. This conclusion was reinforced by determining that
individual properties associated with the viral protein such as kill-
ing sbility, injection of DNA, adsorption, etc., are much less
sensitive to H than the ability of the virus to reproduce (figure I,
curves 4, 5. 6, 7, 8, and 15).

2. At an H dose corresponding to 1 phage-lethal-hit,
a minimum of U5 molecules of H react with viral DNA and approximately
30 molecules alkylate viral protcin (table I).

3. H-treated DNA is unstabilized to heating at 74°C,
a temperature that does not affect normal pNA.10

k. The capacity of the bacterium to support phage
reproduction and to synthesize viral DNA is not especially sensitive
to H (figure I, curve 12), showing that the enzymic machinery of the
host is not seriously impaired by the agent.
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5. Vegetative phage becomes abruptly resistant to H
after 6 to 9 minutes of metabolism (figure I, curve 9), resembling e
findings with other agents that are thought to act on viral DNA
(Wtraviolet or X irradiations, decay of incorporated P32, ete.).

5. Phage particles that contain H-treated DHA but
Tunctional protein are noninfective. Such particles are in mapy ways
similar to particles that have veen cxiposed to H while intact.

7. H produces damages that are localized in the
genetic material of T2 and Th bacteriophages. An individual marker
is about &% as sensitive as is the ability of the particle to repro-
duce (figure I, curve 13).

8. H-inactivaled T2 particles can be made to multi-
plicity reactivate with high efficiency, showing that a geuctic
reconstitution process can be invoked to reconstituie a viable genome
from undamaged poriions surviving the H-treatment.

9. I significantly meodifies the priming activity of
DNA in the in vitro DNA synchesizing reaction catalyzed by L. coli
polymerase (table II1). Since DNA synthesis is also inhibited by H in
vivo (figure I, curve 2), the finding provides independent evidence
that H acts on a "template" function of DNA.

e chemical reaction(s) of H with DNA that may actually be
responsible for toxicity of the agent is(are) not clear at the present
time. Although alkylations of gu?Einc, adenwnF pr;mﬂvv phosphate s
groups, ete., have been reported,—? 12,713, 1%, Rutman, ct al.,™
suggest that the extent of alkylation probably does nol obear any
quanbltablvc relation vo the bilological effecltiveness of mustards ond
that the type of recaction appears to be morc important than the
extent. This view is supported Ly the author's Tinding (table I) that,
with an H dose sulficicnt to produce one phage-lethal-hit, there
occur 40 or more comvinations per phagc equivalent of DHA. It is
probavle that only one ol these combinations is responsible for
toxieity and that, consequently, most of the other reactions are
nonlethal, although some of them may "mutate" the DNA molecules.

Polyfunctional vs. Monofunctional Agents

Polyfunctional mustards of both the sulfur and nitrogen
types are several orders of magnitude more toxic to '2 baclteriophage
than the monofunctional mustards, supporting a cross-linking
mechanism.10 Aside from considerations of dose, the two agent types
appear to differ also in the mechanism by which they inhibit phage
reproduction. Polyfunctional agents cause only very localized lesions
in the phage genome and leave the greater portion of the genome
intact, available for rescue by genetic recomvination processes such
as multiplicity and cross-reactivations.tO On the other hand, some

174




ot

PAPIRMEISTIER

single~armed agents inactivate phage particles largely by inhibiting
protein function thal are essential for infection. A single-armed
mustard that acts in a different way is 8 -chloroethyldiethylamine
(semi-HN). While still retaining its preferential action on viral
DNA and in this respect resembling the action of a polyfunctional
agent, it produces lethal damages to phages that are, however, not
multiplicity reactivateble (unpublished observation). This finding
suggests that the lethal demages produced by semi~-HN, in contrast to
those produced by the polyfunctional agents, may not be highly
localized within the genetic structure and that viral DNA might be
inactivated only after extensive reactions involving the greaber
portion of the genome.

though cross-alkylation of DNA appears to oe an important
First step in inhibiting the reproduction of T2 bacteriophage, a
different mechanism is provably responsible for other biological
actions of the mustards. Single-armed agents are very efficient gs
mutation producers,ls 2, 17 and also retain vesicant properties.l
There is limited evidence that some of these effects may also
originate from an initial attack of the agent on DNA. 'Thus one could
suppose that a single alkylating attack (by a single-armed agent or by
a half-reacted double-armed agent) may modify a base such as guanine,
altering its basc-pairing characteristics, and in this way producing
a mutationdo? A single alkylation of a base in DNA probably does
not affcect the structural integrity of the macromolecule but merely
modifies the genetic information, whereas a single cross-linl would
produce a profound change in DHA, Eutting the molecule out of action
and finally killing the organism.l

Unfortunately, little can ve said at present regarding the
underlying basis for the vesicant action of the mustards and, indeed,
a great deal more information than is now available is required to
relate a particular viological effect of H to a specilic reaction of
I with cellular components.

Interaction of H-treated DNA with Bliologically Important Proteins

An indication thalt H affects the structural integrity of the
DNA molecule is the observation that I-damaged DNA loses 1ts ability
to agsociate with various lypes ol proteins. The evidence that protein
attachment to DNA is impaired by H was derived from 3 different
experiments, and a blologlcally important process was inhibited in
every casc. The results of these experiments were:

1. Vhen viral protein synthesis waes resumed following
treatment with a moderate dose of H of phage precursor DHA (formed in
the absence of protein synthesis), intact particles were not formed.
In similar experiments employing ultraviolet irradiation instead of H,
Tomizawal? obscrved efficicnt production of finished phages, although
most of them were noninfective. These results demonstrate that,
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although UV-irradiated DNA can, H-treated DNA camnot, interact pro-
ductively with viral protein.

2. Vhen singly inflected cells are exposed to H
9 minutes after infection, the ability of the virus to reproduce is
more resistant to H than when the agent is administered at an iarlier
time (compare figure I, curves 9 and 3). Uchida and Stent®
obtained a similar result with phages that were killed by decay of
incorporatedAP32, and they showed that the acquisition of resistance
at the ninth minute might be due to the association with viral DNA of
a nevly synthesized protein. It is probable that a similar mechanism
is responsible for protecting viral DNA from being lethally damaged
by H when the agent is epplied at the ninth minute. However, no
protection is afforded at the earlier times when the protective
protein has not yet been synthesized. The question of whether
H-inactivated partieles are capable of synthesizing the protective
protein has not been answered, but it should be recalled that such
particles do initiate the biosynthesis of several enzymes (figure I,
curve 14t). Even if the protective protein were similarly synthesized,
it might fail to associate with H-damaged DNA and thus fail to pro-
tect.

3. The ability of' DNA to prime the in vitro
synthesis of DNA that is catalyzed by E. coli polymerase is sigpifi-
cantly modified by H (table II, also see reference 10). VWhen
H-treated DNA was used as primer, DNA synthesis was inhibited for a
time hut was then renewed at a rate similar to that observed with
untreated DNA. The findings suggest that H-treated DNA has a lower
affinity for polymerase than does normsl DNA. If it should develop
that the association of DNA and polymerase are also impaired by H
in vivo, the mechanism of the temporary inhibition of DNA synthesis
would be explained. Although the DNA synthesis finalI% recovers,
cells would be killed because of "unbalanced growth.

Some Genetic Consequences

A significant proportion of the H-induced lethal damages to
T2 bacteriophage appear to be located in the genetic structure of the
parti¢le. VWhen particles are exposed to the agent before adsorption,
only a maximum of 30% of the lethal damages are sustained by viral
protein, some of which may prevent the particle from penetrating the
host bacterium (figure I, compare curves 1 and 8). When particles
are treated after adsorption, only a very small fraction of the lethal
damages result in inhibition of thecell's capacity to support phsege
development (figure I, compare curves 3 and 12). These results
suggest that the majority of the lethal damages to T2 bacteriophage
probably occur in the viral genome, and the author was able to con-
firm this conclusion by more direct evidence. Results from marker
rescue experiments show that H inactivates individual genetic markers
and that the sensitivity of a given marker is about 8% of the semsi-
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tivity of the whole genome (figure I, compare curves 3 and 13).
Because several markers at different sites within the genome are
about equally affected, H seems to produce genetic damages randomly
along the chromosomal structure. The highly localized nature of the
genetic lesions produced by H means that ilnactive particles contain
considerable stretches of undamaged genetic material, a notion that
is compatible with tge observed high efficiencies of multiplicity and
cross reactivations. 0 It should be stressed that such reactivations
probably are not due to chemical reversal of H damages but rather are
due to genetic mechanisms that are capable of reconstituting a viable
genome from undamaged genetic sections derived from several parents.
A similar mechanism can also reactivate particles that have begn

- killed by ultraviolet or X irradiationg, agents that producc their
lethal damage by different reactions.

The ability of H to produce mutations was not investigated
in the present work. However, in a recent report Bautz and Ireese
indicated that the eihylation by alkylating agents (presumably of the
7-N position of guanine) of DNA from '+ bacteriophage increased Lhe
mutation rate. These investigators suggested that the eventual
elimination from DNA of a base by secondary hydrolysis of the N-
glycosidic bond might have becn responsible for the mutation. They
further hintcd that reactions with primary phosphoryl groups of the
DNA backbone proasbly do not have mutagenic consequences for they would
fracture the molecule by wreaking the sugar phosphate bond that links
two adjacent nucleotides. Although such a mechanism might ove involved
when lethal DNA damages are produced by the decay of incorporated P32,
it has not bcen demonstrated to be mutagenic. It is interesting that
Bautz and Freese found single-armed alkylating agents to be quite
potent as mutagens while the author 'showed thate similar monofunction-
al mustards are not nearly as toxic to these same particlec as »oly-
functional compounds. It therelore appears that alkylaling agents
can modify the DNA molecule in at least two distinct ways: one type
of reaction, e.g., a single alkylating attack on guaninc, lcads to a
point mutation; and the other type of reaction, e.g., a crossalliylat-
ing attack by a polyfunctional mustard, culminates in a lethal event
and entirely inactivates thc affectcd genc.

Some Metabolic Conscquences

1. The effect of H on the host cell and its capacity to
support phage development.

The most H-sensitive properties of E. c¢oli B bacteria
are the abilities of cells to reproduce and to synthesize DHA.
However, H-treated bacteria %re still able to inecrease in size,24
syntheslze RNA and protei862 carry out respiratory metabolism, and
produce adaptive enzymes. Coupled with the observed inhibition of
DNA synthesis (vhich may be only temporary“’), the otherwise normal
metabolism apparently leads to an imbalance, which may ultimately
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kill the cell by "unbalanced growth."22 The death-by-unbalanced-

growth theory is compatible with the author's recent finding (unpub-

lished) thaet significantly larger bacterial survivals can be obtained

by permitting H-treated E. coli B to metabolize at a slower rate. It -
is suggested that cells have & limited ability to repair or circum-

vent some {although not all) of the lethal H damages.

Although sterilized by H and unable to synthesize
bacterial DNA, E. coli bacteria remain capable hosts for T2 bacterio- -
phage, supporting viriﬁ reproduction and synthesizing almost normal
amounts of viral DHNA. The findings confirm similar observations by
Herriott2* and show that the enzymic machinery of the host cell is
not damaged sufficiently by H to prevent it from making its necessary
contributions to sustaining the viral infection. Exactly how T2
bacteriophage is able to overcome the block in the DNA synthetic
mechanism is not known, but it should be recalled that the virus
supplies a new set of functional genes, which establish new synthe%%c
pathways cspecially geared to the synthesis of phage-specific DHA.

2. The inhibition by H of DNA synthesis in vivo and in
vitro, and its bearing on the toxic mechanism.

The inhibition of DNA synthesis by H may be the
metabolic block primarily responsible for the cytotoxicity of the
agent. In bacterial cells, even a temporary interruption of the
process could lead to the unbalancegagrowth situation, culminating in
the eventual death of the organism. In the T2 bactcriophage system,
the ability of the virus to reproduce itself when singly infecting a
susceptible hos® and the capacity of the virus to initiate the
synthesis of viral DNA are equally sensitive to H (figure I, compare
curves 1 and 2), possibly indicating a causal relationship between
these two properties. It is to be noted, however, that the
infectivity of the particle and viral DNA synthesis become more re-
sistant to H when the agent is administered at a later stage of
infection (figure I, curve 9) or vhen cells are infected with more
than one particle (figure I, curve 1l). Although the mechanism
presently is not understcod, resistance is in some way associated
with maintaining the integrity of the parental genome, which may
become asgociated at about the ninth minute with a protective protein
or whic:h,eo:21 once damaged vy H, can be reconstituted by multiplicity
reactivation. The in vivo evidence therefore leads to the conclusion
that H inhiovits DNA synthesis by damaging the "DNA témplate", and an
intact template is need for DNA replication.

H also affects DNA synthesis in vitro, a reaction that .
is catalyzed by E. coli polymerase and which requires a DEA primer.lO
The demonstration (table II) that the priming ability of DHA is the
most ll-sensitive component of the reaction confirms the notion that
the agent interferes with a template function of DNA. The lag
before the in vitro DNA synthesis finally renews is strikingly
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similar to that observed in the proposed reconstitution of an active
genome by multiplieity reactivation. The results suggest that the
effects of H on the in vitro synthesis of DNA are very similar to the
effects observed in vivo and therefore reinforce the belief that a
molecular basis for the cellular toxicity of H is the ability of the
agent to damage DNA.

Another possibility for explaining the inhibition of DNA
synthesis by H would ve that the agent, by damaging gene function,
prevents the formation of enzymes critical to DNA synthesis. (It
should be recalled that the ca&glytic activities of such ef&ymes are
not especially sensitive to H.™”) ‘he author demonstrated™~, howevex
that the ability of T2 particles to initiate the blosynthesis of one
such critical enzyme (phage-specific deoxyguanylate kinase) is only
5% as sensitive to H as is the infectivity (figure I, compare curves
3 and 14). This implies that most inactive particles probably are
not prevented from carrying out the gene functions associated with
enzyme formation. In spite of this discovery and even if H-inactivated
particles were similarly capable of forming other enzymes, one could
not rule out entirely the possibiliiy that DNA synthesis might be
inhivited oy a damage to the enzyme-forming apperatus. Thus, one
could suppose that inactive particles harbor damages at different
genetic sites, remain capable of synthesizing most enzymes, but fail
to produce the complete set of enzymes need for DNA synthesis. Such
a mechanism might be invoked to explain the phenomenon of rumltiplicity
reactivag%on, vwhich restores DNA synthesis. In mutliply infected
cells, in contrast to singly infected cells, several inactive
particles may pool their enzyme-forming potentials to establish a
complete enzyme set, and the inhibited viral DNA synthesis recovers
(figure I, curve 11).

Current studies are dcusigned to obtain more lnformation on
the effect of H on enzyme viosynthesis. Of special concern is the
ability of H-inactivated T27particles to initiate the synthesis of
vhage~specilic poLymerase,e an enzyme peculiar to the infected cell
and primarlly responsible for catalyzing the viral DNA synthesis.

3. The sensitivity to H of phage-vacterium complexes at
different stages of the latent period.

Four major hypotheses (which are not mutually
exclusive) may be offered to explain the develcpment of resistance to
H at the ninth minute after single infection: (1) the parental DNA,
in matings with progeny DNA, may reconstitute a viable genome by
miltiplicity reactivation; (2) the parental DNA may associste with a
newly synthesized protein, which might protect the DNA from being
lethally damaged by an otherwise lethal agent; (3) the genetic
information origlinally carried by the sensitive parental DNA may be
transferred to nonsensitive structures, thus meking the parental DNA
dispensable for sustaining the infection; and (4) all H-sensitive
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functions required for DNA replication may be completed by the ninth
minute, so the agent is no longer lethal when administered at this
time, i.e., all enzymes necessary for viral DNA synthesis are already
present at this stage of the latent period.

Although there is some experimental evidence to support
each of the ! proposals, one cannot presently attribute the 9-minute
resistance to any one, or any combination, of them.

Multiplicity reactivation is an efficient process when
multiply infected bacteria arc exposed to H at a very early stage of
development, but has not yet been shown to occur when the agent is
administered at the ninth minute. Also, whereas a normal multiplicity
reactivation process involves matings between several parental
particles, in the present instance matings would have to be between a
parental and one or more progeny genomes Or between several of the
progeny. It should be stressed that these are unsolved problems and
do not eliminate multiplicity reactivation as a possible agency
respensible for making monocomplexes resistant to H at the ninth
minute.

The formation by infected cells of a protein capable
ol protecting garental T2 particles from being killed by the decay of
incorporated P 2 has been inferred from studies by Uchida and
Stent.”9,21  These investigators also demonstrated that this protein
protects specifically only thosc parental particles responsible for
its formation. It does not protect sccondarily infectilng particles
they would have to synthesize their own protein to become resistant
to PY< decay. These results may inean that such protein becomes
physically associated with the DA of thc parent particle. It may
exert its protective action by bracing the backbone of parental DNA
and thus preventing a complete scission of the macromolecule by P27
decay or, possibly, by other agents. Another possibility is that the
protein proiects DHA by separating the complementary strands
(preparatory to DNA synthesis, which begins al approximately this
time), thus preventing simultaneous damages from occurring at
complemcntary sites of the duplex (i.e., a damage Lo only one of the
two complementary sites may not ve lethal since the genetic information
is still available on one strand). To test some of these notions,
current investigations are under wey in this laboratory to determine
if polymerase can protect the ability of DNA to prime the in vitro
synthesis of DHA from being damaged by H.

Little can be said regarding the proposed transfer of
genetic information from the H-sensitive parental DNA to H-resistant
molecules. The most logical candidate substance would ve KRHA vhich,
begguse of its structural differences from DNA, is more resistant to

.“Y  Although the synthesis of "phage-specific RNA," which mimics
the base composition of parcntal DNA, has been reported29 and is
apparently required for phage reproduction, such RNA has not been
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shown to be a template for the synthesis of progeny DHA. Recent

in vitro findings also point to a definlte role of DNA in the synthesls
of RNA; but, again, & requirement for an RNA primer for DNA synthesis
has not been found. ‘These results suggest that phage-specific RNA
represents an aspect of DNA Tunction rather than DNA replication, and
it may be an important intcrmediatc in the translation of genetic
information from perental DNA inco the amino acid sequence of a pro-
tein or enzyme. Proteins that are generally more resistant to H and
similar agents than are the nucleic acids are not well suited for
carrying the genetic code and will not. be considered here as an
intermediate template in thc synthesis of progeny DNA. However, the
denial ol a genetic role for proteins should in no way minimize the
importance of these molecules as catalysts for DMA or, perhaps, even
as having a function in the determination of the size of the DNA

polymer.

An intripguing possibility is that the resistance at
ary for viral DNA synthesis are present by this.time. When Turther
protein synthesis is inhibited by chloramphenicol added at the ninth
minute, suvsequent DNA synthesis is not appreciably affected although
the antibiotic does PTEVGHB the initiation of DNA synthesis when
given at an earlier time.”” The similarities in the time spectrum
relative to the action of chloramphenicol (an agent that inhibits
protein synthesis) and of the radiations or U (agents that affect
DNA directly) lead one to suspcct that the resistance of monocomplexes
to H is also related, in an as yet cbscnure manner, to an inhibition
of the biosynthesis or function of onc or more oi' the important
proteins or enzymes required for viral DNA synthesis. In this
connection it wes found, however, that most H-inactivated T2 particles
retain their ability to initiate the biosynthesis of several of such
enzymes. Current studies arc designed to investigate further the
biosynthesis of proteins and their importance for the development ol
the H-resistance at the ninth minute.

Regardless of mechanism, the discovery that not all
stages of phage development are equally sensitive to H emphasizes the
importence of studying the action of a nuecleotoxic substance in a
synchronized system. Pevrhaps some of the conflicting results in the
literature relative to the effects of H in other systems are due to a
failure to work with synchronized cell populations.

i, The ability of H-inactivated T2 particles to initiate
the blosynthesis of enzymes and the importance of this
phenomenon for relating gene function to gene replica-
tion.

Following infection of L. coli B with T2 bacteriophage,
several new enzymes appear that are not present in uninfected cells, 20
It appears likely that these enzymes represent products of the
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phenotypic function of viral DNA. Iven in single infection {i.e., in

the absence of multiplicity reactivation) H-inactivated phage are

capable of initiating the biosynthesis of several of these ecnzymes.

For example, when enzyme activity was assayed 15 minutes following -
infection, the abilitglof the particle to synthesize phage-specific

deoxyguanylate kinase”™ was never found to be greater than 5% as

sensitive to I as were the abilities to reproduce amdto synthesize

DNA (figure I, compare curves 2, 3, and 14). Whether or not these

enzyne assays quantitatively reflect the biosynthetic potentials of .
H-inactivated virus, it is apparent (assuming that these enzymes arc

products of gene function) that gene function precedes gene replica~-

tion and may even be manifested in its absence.

D il ST

The separation of the 2 most important attributes of
genetic material, gene function and gene replication, may explain the
nueleotoxicity of H. To wit, most H-treated cells, although sterile,
continue to grow in size, synthesize protein and RNA, and carry out
almost normal respiratory activities. At least some of these
metavolic processes are directly or indirectly controlled vy the
genetic material. While a single H damage to DNA is sufficient to
inhibit the reproduction cf all the genetic material, thus prevenbing
cell multiplication, the remaining undamaged portions of the genome
continue to carry out their phenotypic functions, providing the cell
with almost all the lactors needed for growth.

The finding that gene function precedes gene replica-
tion (all enzymes needed for viral DNA synthesis are present »y the
ninth minute) may mean that double-stranded DNA is responsibvle Tor
vhenotypic action. Contrariwise, soon after parental DNA becomes
single~stranded (at about the ninth minute), DNA synthesis begins and
enzyme biosynthesis ceases. ‘The possibllity that enzyme biosynthesis
is therefore controlled by the state of the parental DNA is supported
vy the discovery that particles killed by UV irradiation cannot
synthesizg, DNA but continue to produce enzymes f‘ﬁ much longer periods
and in much larger amounts than do viable phagess The author is
presently studying these phenomene using H-treated particles.

It is of interest that the ability of a single genetic
marker to reproduce itselfl in matings with viable cerrier phage
(marker rescue experiments) was only slightly more sensitive to II
than was the gbility of the particle Lo initiate the synthesis ol an .
enzyme (figure I, compare curves 13 and 1k). ‘'his Tinding suggests
that a single lethal event may be responsible for inhibiting gene
replication and gene function, and that a particle harboring such a
lethal damage is rendered sterile. However, the ability of the
particle to reproduce itself can be restored when damaged genctic
sections are replaced by functional components through matings among
several particles (multiplicity or cross-reactivations). Thus, Tor
phage viapility, one requires a completc set of genc functions
{enzymes, phage proteins, etc.) as well as at least one intact genome
to serve as a primer for its own duplication.
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Reversal of the H-Damages

There are a number of indications that E. coli B bacteris,
T2 bacteriophage, and DNA have a limited capacity for repairing or
circumventing ll~-induced damages to the replicating mechanisms. The
survival of H-treated E. coli B partially depends on the medium on
which organisms grow following exposure. Unpublished results
demonstrate that highest bacterial survivals are obtained on a
purely synthetic medium (inorganic salts and glucose) and lowest
survivals on a nubritionally rich medium (yeast extract). In
addition, chloramphenicol added to either medium has a small
beneficial effect on survival, but a mixture of ribonucleotides
{although not of deoxyribonucleotides) added to the synthetic medium
lowered the survival of H-treated cells. Generally speaking, the
findings suggest that wher the growth rate of H-treated bacteria is
sloved, survival is favorcd by delaying the onset of "unbalanced
growth"22 vhile permitting some repair of the H-damages to procced.

1?2 bacteriophages can efficiently repair the lethal
H-damages by multiplicity reactivation vhen several inactive particles
pool their undamaged genetic segments to reconstitute a new viable
genome. Furthermore, 12 bacteriophage (even in single infection)
becomes significantly more resistant to H after some 6-9 minutes of
intracellular development, indicating that particles have passed
some H-sensitive stage or are now capable of repairing or circumvent-
ing the I-damages. All chemotherapeutic attempts on H-inactivated
T2 particles were unsuccessful, although some of the compounds used
(notably aminoethylthiouronium bromide ZKLT7 and mercaptoecthyl amine
ZTEA7) had a prophylactic, dose reducing action when administered
prior to or simultanecously with, II.

H-treated DNA spontaneously rcacquires the ebility to prime
the in vitro synthesis of DNA which is catalyzed by E. coli B
polymerase.IO A similar lag before DNA synthesis renews spontaneously
has also been reported in vivo with ll-treated E. coli. 25 It is
proposed that, with the aid of polymerase, new  and functional primers
arc reconstivutbed from the polydeoxynucleotide sections that were
produced by the action of H on DNA. The finding that repalr of the
I-induced inhibition of the ability to synthesize DNA occurs
spontancously is encouraging from a therapeutic standpoint, although
it must be remembered that such newly synthesized DNA has not been
analyzed for genetic competence.

Probably the potentially most fruitful approach to eventual
therapy of H-induced lesions to cells and viruses 1s the elucidation
of the biochemical mechanisms responsible for the H-resistance of
certain mutant strains of E. coli B. Since mutants such as E. coli
B/r are similarly resistanl to all agents that are presumed to exert
their toxie cffects through an action on DNA, the molecular basis for
resistance 18 presently qulte obscure. On the other hand, retaining
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the basic assumption that DNA is the primary target, it is feasible
thut damaged DNA might bz secondarily degraded by nucleases, which
are present in sensitive,but may be absent in resigtant strains,
thus permitting repair to take place in the résistant orgeanisms. A .
similer mechanism was invoked to explain the author's discovery that

the priming ability of heated H~treated DNA does not recover when

impure coli polymerase is used to catalyze the in vitro synthesis

of DNA. Presumably, the contamineting phosphodiesterase is able to

degrade H-damaged DNA. However, when the contaminating phosphodiest= -
erase activity is reduced by further purification of polymerase, the
priming ability of Hetreated DNA recovers after a lag. Recent
findings indicate that secondary breakdown of DNA also occurs wlth
H-treated E. coll B and E. coli 15T7"A"U~ bacteria (sensitive strains)
but is somewhat less with H-treated E. coli B/r organism (resistant
streins). With the hope of clarifying the biochemical basis for
resistance by some mutants of E. coll, the author is presently in-
vestigating nuclease levels in | these organisms.
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IRGEND FOR FIGURE I
Reproduction of T2 following single infection.
Viral DNA synthesis by singly infected cells.
Reproduction of T2 by singly infected cells.
ILysis of bacterial hosts by phage ghosts.
Ability of phage to kill host cells.
Ability of phage to cxeclude other phages. ’
Ability of phage to inhibit bacterial RNA synthesis.
Ability of phage to inject its DNA.
Sensitivity of singly infected cells 9 minutes after infection.
Reproduction of T2 by multiply infected cclls,
Viral DNA synthesis by multiply infected cclls.
Capacity of bacteria to support phage reproduction.
Sensitivity of a host-range'gonetic marker.¥

Ability to initiate the biosynthesis of an enzyme peculiar to
the infected cell.¥

Adsorption on host bacteria.

* These data are corrected for loss of bacterial capacity. The
mltiplicity of infection was 0.1 T2 particle per cell.
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