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CERTAIN BACTERIAL STRAINS ARE CAPABLE OF ELIMINATING ULTRAVIOLET
LIGHT~INDUCED THYMINE DIMERS FROM DNA, A PROCESS WHiCH MAY HAVE GREAT
SIGNIFICANCE IN THE RECOVERY OF CELLS FROM THE EFFECTS OF THE RADIATION
(SeTLow aND CARRIER 1964, Bovce anp Howaro-FLanpers 1964). In view of
THE PRONOUNCED SIMILARITIES OF THE BI1OLOGICAL ACTIONS OF ULTRAVIOLET
LIGHT AND RADIOMIMETIC ALKYLATING AGENTS (E.G. INHIBITION OF CELLULAR
DNA SYNTHES!S, (NITIATION OF POST-TREATMENT DEGRADATION OF DNA, F(LAMENT
FORMATI ON, CROSS-RESiSTANCE OR CROSS~SENSITIVITY OF SOME MUTANT STRAINS,
ETC.) | T SEEMS REASONABLE TO SUPPOSE THAT OTHER TYPES oF DNA DAMAGE MIGHT
ALSO BE ELIMINATED, IF TRUE, THE EXCISION PHENOMENON M{GHY BE CONSIDERED
AS PART OF A GENERAL MECHANISM FOR REPAIRING GENETIC DEFECTS.

IN THE PRESENT COMMUNICATION WE PRESENT EVIDENCE THAT: (1) SuLFuR
MUSTARD-TREATED E. coOL| I5TTA"U” DEPOLYMERIZE A SIGNIFICANT PORTION OF
THEIR DNA DURING POST-TREATMENT METABOLISM; (2) THE RATE OF LOSS OF SULFUR
MUSTARD PRODUCTS INIiTIALLY BOUND TO DNA 1S MORE RAPID THAN THE RATE OF
OvERALL DNA DEGRADATION; (3) SEVERAL SULFUR MUSTARD=DNA ALKYLATION PRODUCTS
(!NCLUDING MONOFUNCTIONALLY AND BIFUNCTIONALLY ALKYLATED GUANONE) ARE
ELIMINATED TO EQUAL EXTENTS; AND (4) SULFUR MUSTARD-TREATED BACTERIA
AFTER A LAG RECOVER THE CAPACITY TO SYNTHES!ZE DNA, SUGGESTIVE oF A
CAUSATIVE RELATIONSHIP BETWEEN THE EXCISION OF ALKYLATION PRODUCTS FROM

DNA AND RESUMPTION OF DNA REPLICATION.

*
SUPPORTED IN PART BY THE U.S. ARMY EDGEWOOD ARSENAL CHEMICAL RESEARCH AND

DEVELOPMENT LABORATORIES |N-HOUSE LABORATORY INDEPENDENT RESEARCH PROGRAM
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MATERIAL AND METHODS

THE BACTERIAL STRAIN USED: ESCHERICHIA coLt I5TTATU™ (THYMINE,
ARGININE AND URACIL REQUIRING) WAS A GIFT FROM PrOFESSOR S. S. COHEN,
UNIVERSITY OF PENNSYLVANIA, BACTERIA WERE GROWN IN THE GLUCOSE~AMMONIA-
saLTS MEDIuM oF HErsHEY (1960} wHICH WAS SUPPLEMENTED AS REQUIRED WITH
336 THYMIDINE, 106 URACIL AND 20,6 L-ARGININE PER ML. [3H]- THYM{ DI NE
(ScuwarTz Bio RESEARCH, INC.) WAS ADDED To THE MEDIUM (5uc/ML) For sTupiES
oF DNA sYNTHESIS AND DNA BREAKDOWN, THE GENERATION TIME IN A FULLY
SUPPLEMENTED MEDIUM WAS 60 MINUTES. VIABILITY WAS DETERMINED FROM COLONY
COUNTS FOLLOWING OVERNIGHT INCUBATION ON NUTRIENT AGAR PLATES. -MEDIUM
SHIFTS WERE RAPIDLY ACHIEVED BY FILTRATION ON MILLIPORE FILTERS AND
RESUSPENSION OF BACTERIA IN THE APPROPRIATE, PREWARMED MEDIUM. THE
COMPOSITION OF MEDIA WITH RESPECT TO REQUIRED NUTRIENTS 1S DESIGNATED BY
THE CONVENTION ESTABLISHED BY MAALBE ANo HanawairT (1961). FoR EXAMPLE,
tF E. coLt 15T ATU” BACTERIA WERE CULTURED IN A MEDIUM CONTAINING THYMIDINE,
BUT LACKING ARGININE AND URACIL, THE DESIGNATION is (+T,-AU).

SULFUR MUSTARD (BISBCHLOROETHYL SULFIDE) WAS OBTAINED FROM EDGEW00D
ARSENAL, Mo., anp [3D5]-suLFur musTarp (30 Mc/MMOLE) wAS PURCHASED FRoM
NUCLEAR CHICAGO CORPORATION. MUSTARD TREATMENTS WERE PERFORMED BY SUSPENDING
BACTERIA IN 5xla3M PHOSPHATE BUFFER - 0.15M NACL, PH 7.65 AND ADDING AN
APPROPRIATE QUANTITY OF A FRESHLY PREPARED SOLUTION (IN THE SAME BUFFER) OF
SULFUR MUSTARD. FOLLOWING EXPOSURE {1 HOUR AT ROOM TEMPERATURE) CELLS
WERE M) LLIPORE~FILTERED, WASHED WiTH UNSUPPLEMENTED MEDIUM AND ASSAYED
FOR VIABLE CELLS OR, IN OTHER EXPERIMENTS, CULTURED {N THE DESIRED POST-
TREATMENT MEDIUM. FOR DETERMINATION OF SULFUR MUSTARD BOUND TO DNA,
BACTERIA PREVIOUSLY LABELED IN THEIR DNA wiTH [3H]-THYM|D|NE WERE EXPOSED
1o 2x10-M [3581 SULFUR MUSTARD, MILLIPORE-FILTERED TO ELIMINATE RADIO-
ACTIVE HYDROLYSIS PRODUCTS, RESUSPENDED IN A (-T,-AU) MEDIUM AND TIMED
ALIQUOTS WERE ANALYZED FOR TCA-iNSoLUBLE, DNAase-oiaesTiaLe (10y6/mL)
RADIOACTIVITY, CONTROL EXPERIMENTS SHOWED THAT SULFUR MUSTARD-DNA

REACTION PRODUCTS (358 RADIOACTIVITY) REMAINED BOUND TO DNA DURING PRECIPITATION
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WwiTH coLp TCA AND WERE QUANTITATIVELY CONVERTED TO ACID~SOLUBLE PRODUCTS

By DNAASE, WHICH DID NOT, HOWEVER, RELEASE RADIOACTIVITY FROM ALKYLATED
RNA OR PROTEIN. PAPER CHROMATOGRAPHIC ANALYSIS OF ALKYLATED DNA PRODUCTS
WAS PERFORMED.AFTER ACID HYDROLYSIS oF THE DNA ASE DIGEST ACCORDING ToO

THE METHOD OF BRoOkES AND LAWLEY (1961), RADIOACTIVE ZONES BEING IDENTIFIED
WITH THE AID OF A THIN WINDOW TRACERLAB STRIP COUNTER., OTHER RADIOACTIVITY
MEASUREMENTS WERE MADE IN A PACKARD SCINTILLATION SPECTROMETER.

RESULTS AND DISCUSSION

EFFECTS OF SULFUR MUSTARD ON VIABILITY,

FiGURE | 1LLUSTRATES THE HIGH TOXICITY OF SULFUR MUSTARD FOR
EXPONENTIALLY GROWING E. coLi ISTTATU"., HoWEVER, THE SURVIVAL OF MUSTARD-

TREATED CULTURES DEPENDED TO A LARGE DEGREE ON POST~TREATMENT GROWTH
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conpiTions (Fie 2). THUS IN A FULLY SUPPLEMENTED MEDIUM (#T,+AU) Survivors
DID NOT IMMEDIATELY RESUME MULTIPLICATION AT THE RATE NOTED FOR UNTREATED
CONTROLS, SUGGESTING THE PRESENCE OF REVERSIBLE DAMAGE SINCE THESE BACTERIA
EYENTUALLY DID RECOVER AND PRODUCED NORMALLY APPEARING COLONIES ON PLATES
FOLLOWING OVERNIGHT INCUBATION. CONTRARIWISE, DAMAGED SURYIVORS NOT ONLY
FAILED TO RECOVER IN NUTRITIONALLY DEFICIENT MEDIA, BUT INDEED UNDERWENT
EXTENSIVE LOSSES OF WABILITY (LATENT KiLLING). THE MOST EXTENSIVE LATENT
KILLING TOOK PLACE tN A {~T,-AU)} MEDIUM WHICH COMPLETELY BLOCKED ANY

RESIDUAL DNA SYNTHESIS AND EVEN CAUSED UNTREATED BACTERIA TO SUCCUMB
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Fig 2. EFFECTS OF NUTRITIONALLY SELECTED POST-TREATMENT GROWTH CONDITIONS
ON SURVIVAL OF SULFUR MUSTARD-TREATED E. coul 15T ATU” .
® (+1,+aU); o© (+T,-aU); x (-T,-AU); A (Minus Grucose).

SULFUR MUSTARD CONCENTRATION WAS |.5x10 M.
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DUE TO THYMINELESS DEATH., LATENT KILLING WAS ALSO OBSERVED IN A (+T,-AU)
POST~TREATMENT MEDIUM IN WHICH UNTREATED BACTERIA REMAINED VIABLE,
WERE ABLE TO COMPLETE THEIR ALREADY INITIATED DNA SYNTHESiS, BUT FAILED
TO INITIATE A NEW ROUND oF DNA RepLicATion (MAALAE AnD HanawaLt 1961).
THESE RESULTS SUGGEST THAT RESUMPTION OF DNA SYNTHESIS IS A NECESSARY,
BUT NOT SUFFICIENT, REQUIREMENT FOR THE RECOVERY OF MUSTARD=DAMAGED
BACTERIA.

THE RECOVERY AND LATENT KILLING EFFECTS OBSERVED WITH MUSTARD=DAMAGED
BACTERIA PROMPTED US TO LOOK NEXT FOR CONCOMITANT CHANGES OF CELLULAR
DNA sYNTHESIS AND DNA STABILITY SINCE DNA 18 PRESUMED TO BE THE SENSITIVE
TARGET. WE VISUALIZED THAT RECOVERY RESULTS FROM REMOVAL OR CIRCUMVENTION
OFf INTERFERING ALKYLATION PRODUCTS IN DNA, ANALOGOUS TO THE RESTORATION OF
DNA SYNTHESIS FOLLOWING EXCISION QF ULTRAVIOLET LIGHT=INDUCED THYMINE
ptMeRs (SETLOW ET AL 1963). ON THE OTHER HAND, LATENT KILLING MAY BE THE
CONSEQUENCE OF DEFECTIVE OR INEFFICIENT REPLACEMENT DNA SYNTHES!S, WHICH

WOULD TEND TO AMPLIFY THE MUSTARD-INDUCED DNA pamace.

RELATIONSHIP BETWEEN SYNTHESIS AND BREAKGOWN OF DNA |N MUSTARD-TREATED BACTERIA

SULFUR MUSTARD STRONGLY INHIBITED BACTERIAL DNA synThesis (Fie 3).
HOWEVER, WHEN POST~TREATMENT INCUBATION WAS CARRIED OUT IN A FULLY
SUPPLEMENTED MEDIUM {+T,+AU), DNA SYNTHESIS RECOVERED AFTER A LAG OF
APPROXIMATELY 45 MINUTES. SucH RECOVERY oF DNA SYNTHESIS IS CONSISTENT
WITH THE PREVDUS FINDING (F1G 2) THAT IN A COMPLETE MEDIUM NUSTARD-DAMAGED
SURVIVORS RETAINED THEJR CAPACITY FOR REPRODUCTION. ON THE OTHER HAND, IN
A NUTRITIONALLY DEFICIENT MEDIUM (#T,<AU), IN WHICH EXTENSIYVE LATENT
K{LLING WAS NOTED, ONLY A LIMITED AMOUNT OF DNA SYNTHESIS TOOK PLACE.

DNA SYNTHESIS ALSO FAILED TO RECOVER IN THE PRESENCE OF CHLORAMPHENICOL.
THESE RESULTS ARE COMPATIBLE WITH THE VIEW THAT MUSTARD-TREATED BACTERIA
FAIL TO COMPLETE THE ALREADY-INITIATED DNA SYNTHESIS (PRESUMABLY BY

VIRTUE OF INTERFERING |NTERSTRAND CROSSLINKS) AND THAT CULTURAL CONDITIONS

WHICH FAVOR THE INITIATION OF A NEW ROUND OF DNA REPLICATION ARE REQUIRED
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Fic 3. INHIBITION AND RECOVERY OF DNA SYNTHES1S BY SULFUR MUSTARD=-
TREATED E. coLt I5T AU . @,0 (+T,+AU); & ,A  (+T,+AU,+CM);
-4
@ ,p0 (4T,-AU). SULFUR MUSTARD CONCENTRATION WAS 2x10 M.

CxLorAMPHENI coL (cM) wAs 25 y6/ML.

FOR THE RECOVERY OF DNA SYNTHESIS (REPLACEMENT SYNTHESIS FOLLOWING EXCIS|ON
OF LETHAL PRODUCTS?).

SULFUR MUSTARD INITIATED THE POST-TREATMENT DEPOLYMERIZATION OF BACTERIAL
DNA (Fia 4). THe exTent oF DNA BREAKOOWN WAS LARGELY DEPENDENT ON THE
PRESENCE OF GLUCOSE IN THE MEDIUM AND VARIED SIGNIFICANTLY WITH CULTURAL
{NUTRITIONAL) CONDITIONS, RELAT{IVELY SMALL AMOUNTS OF DNA WERE DEGRADED
IN A COMPLETE (+T,+AU) MEDIUM, IN WMICH THE LARGEST RECOVERY of DNA
SYNTHES18 TOOK PLACE, WHEREAS THE MOST EXTENSIVE BREAKDOWN WAS OBSERVED IN
THE PRESENCE OF CHLORAMPHENICOL, WHICH PREVENTED RECOVERY OF DNA SYNTHESIS.
WE SUGGEST THAT DNA DEGRADATION AND DNA SYNTHES!S ARE COMPETING REACTIONS,
WITH THE FORMER PROCESS BEING FAVORED WHEN THE LATTER IS INHIBITED. AN
INTERESTING OBSERVATION WAS THAT DNA DEGRADATION BEGAN IMMEDIATELY IN THE

POST~TREATMENT MEDIUM ANDP THUS P‘RECEDED THE RECOVERY OF DNA SYNTHESIS,

613



Vol. 17, No. 6, 1964 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

e (+T,rAL)
701, (-T,-AU)

a (+T,-AU)

A (-T, -AU,+CM)
GOF x {~Glucose)

40}-

3o

% DNA MADE ACID-SOLUBLE

20 g

10

] I R B
0 30 60 S0 i20 50

INCUBATION TIME (miactes)

Fic 4. |INFLUENCE OF POST-TREATMENT GROWTH CONDITIONS ON DEPOLYMERIZAT!ION
oF DNA BY SULFUR MUSTARD-TREATED E. coLi ISTTATU”, SuLFUR MUSTARD

CONCENTRATION WAS 2x10 M. CHLORAMPHENICOL (cM) was 25 y6/mL.

SUGGESTING THAT RECOVERY CAN OCCUR ONLY AFTER INTERFERING SUBSTANCES HAVE
BEEN ELIMINATED OR CIRCUMVENTED,

ELIMINATION OF SULFUR MUSTARD-INDUCED ALKYLATION PRODUCTS FROM DNA,

WE NEXT INQUIRED IF NUSTARD~INDUCED ALKYLATION PRODUCTS ARE ELIMINATED

FROM DNA DURING THE POST-TREATMENT DEPOLYMER!IZATION PHASE, AND 1F THEY ARE

ELIMINATED, AT WHAT RATE RELATIVE TO THAT oF DNA DEGRADATION? A DOUBLE
LABEL EXPERIMENT PROVIDED ANSWERS TO BOTH QUESTIONS. CELLS, PREVIOUSLY

3 ly 135
LABELED IN THEIR DNA wiTH [JH]-THYMIDINE, WERE EXPOSED To 2xI10 [°-81]-
SULFUR MUSTARD AND THE SPECIFIC ACTIVITY OF ALKYLATION PRODUCTS REMAINING

35
IN DNA (3§§) AFTER VARIOUS TIMES IN A (-T,-AU) MEDIUM WAS DETERMINED
35

(see meTHODS). As wiLL BE SEEN IN F16 5, 7S ~ CONTAINING ALKYLATION
PRODUCTS ARE ELIMINATED FROM DNA AS A FUNCTION OF TIME IN THE POST~TREATMENT

INCUBATION MEDIUM, THE RATE AND EXTENT OF ELIMINATION EXCEEDING THE RATE
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Fie 5. FracTION OF [3551 RADIOACTIVITY REMAINING IN THE TCA-INSOLUBLE,
DNAASE = SENSITIVE FRACTION AT VARIOUS TIMES AFTER EXPOSURE
ofF E, coLt I5T AU 710 [3531-5quun MUSTARD. SULFUR MUSTARD

CONCENTRATION WAS 2x10° M,

AND EXTENT OF OVERALL DNA DEGRADATION, THE PREFERENTIAL ELIMINATION OF
ALKYLATED PRODUCTS SUGGESTS THAT DNA DEGRADATION WAS INITIATED AT OR IN
THE VICINITY OF ALKYLATED SITES. ALTERNATIVELY, DNA DEGRADATION AND
ELIMINATION OF ALKYLATION PRODUCTS ARE TWO INDEPENDENT PROCESSES PROCEEDING
AT CHARACTERISTICALLY DIFFERENT RATES, HOWEVER, THE FORMER INTERPRETATION
1S MORE CONSISTENT WITH OUR FINDING (PAPIRMEISTER ET AL 196Y4) THAT E. coui
BACTERIA POSESS AN EXONUCLEASE WHICH PREFERENTIALLY DEGRADES SULFUR
MUSTARD-TREATED DNA, THE RATE AT WHICH ALKYLATION PRODUCTS ARE EL!MINATED
FROM DNA, A3 WAS ALSO TRUE OF GENERAL DNA BREAKDOWN, WAS ENHANCED WHEN
GLUCOSE WAS INCLUDED IN THE MEDIUM {UNPUBLISHED DATA),

Fle. 6 SHOWS THAT POST-TREATMENT INCUBATION FOR 120 MINUTES RESULTED
IN ESSENTIALLY COMPLETE ELIMINATION OF AT LEAST 3 DIFFERENT ALKYLATION
PRoDUCTS FROM DNA: (1) BIFUNCTIONALLY ALKYLATED GUANINE DIMERS (PEAK 1),

(2) monoFuNcTIONALLY ALKYLATED GUANINE (PEAK 11) anp (3) AN uNiDENTIFIED
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Fic 6. PAPER CHROMATOGRAPHIC ANALYSIS OF “”S - CONTAINING COMPOUNDS
OBTAINED BY ACID HYDROLYSIS OF THE TCA~INSOLUBLE, DNAASE -
SENSITIVE FRACTION BEFORE AND AFTER 120 MINUTES INCUBATION

OF SULFUR MUSTARD~TREATED E. coLt I5T AU .

PRopucT(S) (PEAK 111) WHICH HAS AN RF VALUE SIMILAR TO THAT OBTAINED WITH
PREHYDROLYZED SULFUR MUSTARD {1.E. THIODIGLYCOL) AND THUS PROBABLY REPRESENTS

PRODUCTS OBTAINED FROM THE ACID HYDROLYS!S OF SULFUR MUSTARD WHICH HAD BEEN

ESTERIFIED TO THE PHOSPHATE BACKBONE OF DNA. THE SIMULTANEOUS ELIMINATION
FROM DNA OF SUCH CHEMICALLY DIFFERENT MOIETIES IMPLIES THAT THE EXCISION
oF DNA DAMAGES 1S DUE TO A RELATIVELY NON=-SPECIFIC NUCLEOLYTIC PROCESS
WHICH MAY MERELY REQUIRE AN INITIATION POINT ON THE DNA MoLecule (E.G. A
FREE 3'OH END). SUCH INITIATON POINTS MIGHT BE PRODUCED DIRECTLY THROUGH
THE ACTION OF A YARIETY A PHYSICAL OR CHEMJCAL AGENTS OR, INDIRECTLY,

BY NUCLEASES WHICH MAY BECOME ACTIVATED DURING UNBALANCED GROWTH COND!TIONS

(1.£., WHEN DNA SYNTHESIS 1S INHIBITED).

I. Bovce, R.P., anp HowArD-FLANDERS, P., Proc. NaTL. Acap. Sci. U.S,,

51, 293 (1964).
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