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CERTAIN BACTERIAL. STRAINS ARE CAPABLE of ELIHINATING ULTRAVIOLET 

LIGHT-INDUCED THYMINE DIMERS FROl4 DNA, A PROCESS Wiil CM MAY HAVE GREAT 

SIGNIFICANCE IN THE RECOVERY OF CELLS FROM THE EFFECTS OF THE RADIATION 

(SETLOW AND CARRIER 1964, BOYCE AND HOWARD-FLANDERS 1964). IN VIEW OF 

THE PRONOUNCED SIMILARITIES OF THE BIOLOGICAL ACTIONS OF ULTRAVIOLET 

LIGHT AND RAD~ON~METIC ALKYLAT~NG AGENTS (E.G - -* INHIBITION OF CELLULAR 

DNA SYNTNESI S, I NI T I  ATI ON OF POST-TREATMENT DEGRADATION OF DNA, F I LAMENT 

FORMAT I ON, CROSS-RESISTANCE OR CROSS-SENSI.TIVITY OF SOME MUTANT STRAINS, 

ETC.) I T  SEEMS REASONABLE TO SUPPOSE THAT OTHER TYPES OF DNA DAMAGE MIGHT 

ALSO BE ELIMINATED. IF TRUE, THE EXCISION PHENOMENON MIGHT BE CONSIDERED 

AS PART OF A GENERAL MECHANISM FOR REPAIRING GENETIC DEFECTS. 

tN THE PRESENT COMMUNICATION WE PRESENT EVIDENCE THAT: (I) SULFUR 

MUSTARD-TREATED g. COLI I5T’A-U- DEPOLYMERI ZE A SIGNIFICANT PORTI ON OF - 

THEIR DNA DURING POST-TREATMENT MfTABOLlSM; (2) THE RATE OF LOSS OF SULFUR 

MUSTARD PRODUCTS INITIALLY BOUND TO DNA IS MORE RAPID THAN THE RATE OF 

OVERALL DNA DEGRADATION; (3) SEVERAL SULFUR MUSTARD-DNA ALKYLATION PRODUCTS 

(1 NCLUDI NC MONOFUNCTIONALLY AND 81 FUNCTIONALLY ALKYLATED GUANINE) ARE 

ELiuiNATEo To EQUAL EXTENTS; AND (4) SULFUR MUSTARD-TREATED BACTERIA 

AFTER A LAG RECOVER THE CAPACITY TO SYNTHESIZE DNA, SUGGESTIVE OF A 

CAUSATIVE RELATIONSHIP BETWEEN THE EXCISION OF ALKYLATION PRODUCTS FROM 

DNA AND RESUMPTION OF DNA REPLICATION. 

* 
SUPPORTED IN PART sy THE U.S. ARMY EDGEV~OD ARSENAL CHEMICAL RESEARCH AND 

DEVELOPMENT LABORATORIES IN-HOUSE LABORATORY INDEPENDENT RESEARCH PROGRAM 
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MATERIAL AND METHDDS 

THE BACTERIAL STRAIN USED: ESCHERI CHIA COLI 157A-U’ (THYHI NE, 

ARGININE AND URACI L REQUIRING) WAS A GIFT FROM PROFESSOR S. S. COHEN, 

UNIVERSITY OF PENNSYLVANIA. BACTERIA WERE GROWN I N THE GLUCOSE-AMMONIA- 

SALTS MEDIUM OF HERSHEY (1960) WHICH WAS SUPPLEMENTED AS REQUIRED WITH 

3,,6 THYMIDI NE, 1%~ URACI L AND 20,~ L-ARGI NINE PER ML. 13H3- THYMIDI NE 

(SCHWARTZ BIO RESEARCH, INC.) WAS ADDED TO THE MEDIUM (5LLc/~~) FOR STUDIES 

OF DNA SYNTHESIS AND DNA BREAKDOWN. THE GENERATION TIME IN A FULLY 

SUPPLEMENTED MEDI UH WAS 60 Ml NUTES. VIABILITY WAS DETERMINED FROM COLONY 

COUNTS FOLLOWING OVERNIGHT INCUBATION ON NUTRIENT AGAR PLATES. MEDI UN 

SHIFTS WERE RAPIDLY ACHIEVED BY FILTRATION ON HI LLIPORE FILTERS AND 

RESUSPENSION 0F BACTERIA IN THE APPROPRIATE, PREWARMED MEDIUM. THE 

COMPOSITION OF MEDIA WITH RESPECT TO REQUIRED NUTRIENTS IS DESIGNATED BY 

THE CONVENTION ESTABLISHED BY MAAL~E AND HANAWALT (1961). FOR EXAMPLE, 

IF g. COLI I5T-A-U- BACTERIA WERE CULTURED IN A MEDIUM CONTAINING THYMIDI NE, 

BUT LACKING ARGININE AND URACIL, THE DESIGNATION IS (+T,-AU). 

SULFUR MUSTARD (BIS~CHLOROETHYL SULFIDE) WAS OBTAINED FROM EDGEWOOD 

ARSENAL, MD., AND C%]-SULFUR MUSTARD (30 HC/MHOLE) WAS PURCHASED FROM 

NUCLEAR CHICAGO CORPORATION. MUSTARD TREATMENTS WERE PERFORMED BY SUSPENDING 

BACTERIA IN 5x1&4 PHOSPHATE BUFFER - O.l5M NACL, PH 7.65 AND ADDING AN 

APPROPRIATEQJANTITY OF A FRESHLY PREPARED SOLUTION (IN THE SAME BUFFER) OF 

SULFUR MUSTARD. FOLLOWING EXPOSURE (I HOUR AT ROOM TEMPERATURE) CELLS 

WERE MI LLI PORE-F1 LTLRED, WASHED WI TH UNSUPPLEMCNTED MEDI UH AND ASSAYED 

FOR VIABLE CELLS OR, I N OTHER EXPERIMENTS, CULTURED IN THE DESIRED POST- 

TREATMENT MEDI UU. FOR DETERUINATION OF SULFUR MUSTARD BOUND TO DNA, 

BACTERIA PREVIOUSLY LABELED IN THE I R DNA WITH [3H]-THYHIDI NE WERE EXPOSED 

TO 2x1044 c35s7 SULFUR MUSTARD, MILLIPORE-FILTERED TO ELIMINATE RADIO- 

ACTIVE HYDROLYSIS PRODUCTS, RESUSPENDED IN A (-T,-AU) MEDIUM AND TIMED 

ALIQUOTS WERE ANALYZED FOR TCA-~NSQLUBLE, DNAAsE-D~GCSTIBLE (I%G/HL) - 

RADIOACTIVITY. CONTROL EXPERIMENTS SHOWED THAT SULFUR MUSTARD-DNA 

REACTION PRODUCTS (35s RADIOACTIVITY) REMAINED BOUND TO DNA DURING PRECIPITATION 
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WITH COLD TCA AND WERE QUANTITATIVELY CONVERTED TO ACID-SOLUBLE PRODUCTS 

BY ONAA~ 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 TO - 

THE METHOD OF BROOKES AND LAWLEY (1961), RADIOACTIVE ZONES BEING IDENTIFIED 

WITH THE AID OF A THIN WINDOW TRACERLAB STRIP COUNTER. OTHER RADIOA~TI VI TY 

MEASUREMENTS WERE MADE I N A PACKARD SCINTILLATION SPECTROMETER. 

RESULTS AND DlSCUSSlON 

EFFECTS OF SULFUR MUSTARD ON VIABILITY. 

FIGURE I ILLUSTRATES THE HIGH TOXICITY OF SULFUR MUSTARD FOR 

EXPONENTIALLY GROWING E. HOWEVER, THE SURVIVAL OF HUSTARD- 

TREATED CULTURES DEPENDED TO A LARGE DEGREE ON POST-TREATMENT GROWTH 

I I ’ I ’ ’ 
0 5 IO IS ‘20 25 30 35 40 45 \ -x 1O-5 MOLAR 

SULFUR MUSTARD CONCENTRATION 

FIG I. LOSS OF VIABILITY DUE TO EXPOSURE OF EXPONENTIALLY GROWING 

I5T-A-U- TO SULFUR MUSTARD. 
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CONDITIONS (FIG 2). THUS IN A FULLY SUPPLEMENTED HEOIUM (+T,+Au) SURVIVORS 

010 NOi IWEDIATELY RESUME WLT~PL~CATION AT THE RATE NOTED FOR UNTREATED 

CONTROLS, SUGGESTING THE PRESENCE OF REVERSIBLE DAMAGE SINCE THESE BACTERIA 

EWENTUALLY DID RECOVER AND PRODUCED NORMALLY APPEARING COLONIES ON PLATES 

FOLLOWI NG OVERNI GHT I NCUSAT I ON. CONTRARIWISE, DAMAGED SURVIVORS NOT ONLY 

FAILED TO RECOVER IN NUTRITIONALLY DEFICIENT MEDIA, BUT INDEED UNDERWENT 

EXTENSIVE LOSSES OF VIABILITY (LATENT KILLING). THE HOST EXTENSIVE LATENT 

KILLING TOOK PLACE IN A (-&-Au) MEDIUM WHICH COMPLETELY BLOCKED ANY 

RESIDUAL DNA SYNTHESIS AND EVEN CAUSED UNTREATED BACTERIA TO succu~s 

UNTREATED BACTERIA UNTREATED BACTERIA 

\ 

I: IO6 

5 6-----o---& 

2 
2 

MUSTARD- TREATED 
2 ro5- \ ‘\ 

\ \ 

BACTERIA 

2 ‘Y- \ 
IO4 

\ 
I ‘I 

o--4 
\ 

\ 
*. 

. -x. --X 

IdOli 

INCUBATION TIME (MINUTES) 

FIG 2. EFFECTS OF NUTRITIONALLY SELECTED POST-TREATMENT GROWTH CONDITIONS 

ON SURVIVAL Of SULFUR MUSTARD-TREATED g. 

l (+T,+AU); 0 (*T,-Au); x (-T,-Au); A (MINUS GLUCOSE). 

-4 
SULFUR MUSTARD CONCENTRATION WAS 1.5~10, 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 (MAAL~E AND HANAWALT 1961). 

THESE RESULTS SUGGEST THAT RESUMPTION OF DNA SYNTHESIS IS A NECESSARY, 

BUT NQT SUFFICIENT, REGUIREMENT FOR THE RECOVERY OF UUSTARD-DAMAGED 

BACTERIA. 

THE RECOVERY AND LATENT KILLING EFFECTS OBSERVED WITH UUSTARD-DAWAGED 

BACTERIA PROMRTED US TO LOOK NEXT FOR CONCOMITANT CHANGES OF CELLULAR 

DNA SYNTHESIS ANO DNA STABILITY SINCE DNA 18 PRESUMED TO BE THE SENSITIVE 

TARGET. WE VISUALIZED THAT RECOVERY RESULTS FROH REMOVAL OR CIRCUMVENTION 

OF INTERFERING ALKYLATION PRODUCTS IN DNA, ANALOGOUS TO THE RESTORATION OF 

DNA SYNTHESIS FOLLOWING EXCISION qF ULTRAVIOLET LIGHT-I NDUCED THYHI NE 

DINERS (SETLOW ET AL 1963). -- ON THE OTHER HAND, LATENT KILLING HAY BE THE 

CONSEQUENCE OF DEFECTIVE OR INEFFICIENT REPLACEMENT DNA SYNTHESIS, WHICH 

WOULD TEND TO AHQLIFY THE MUSTARD-INDUCED DNA DANAGE. 

RELATIONSHIP BETWEEN SYNTHESIS AND BREAKDOWN OF DNA IN MUSTARD-TREATED BACTERIA 

SULFUR MUSTARD STRONGLY INHIBITED BACTERIAL DNA SYNTHESIS (FIG 3). 

HOWEVER, WHEN POST-TREATNENT INCUBATION WAS CARRIED OUT IN A FULLY 

SUPPLEMENTED MEDIUM (+T,+Au), DNA SYNTHESIS RECOVERED AFTER A LAG OF 

APPROXIMATELY 45 Ml NUTES. SUCH RECOVERY OF DNA SYNTHESIS IS CONSISTENT 

WITH THE PREVDUS FINDING (FIG 2) THAT IN A COMPLETE MEOI UN MUSTARD-OAWAGED 

SURVI VDRS RETAINED THEi R CAQACI TY FOR REPRODUCTI ON. ON THE OTHER HAND, IN 

A NUTRITIONALLY DEFICIENT MEDIUM (*T,-AU), IN WHICH EXTENSIVE LATENT 

Kl LLI NG WAS NOTED, ONLY A LIMITED ANOVNT OF DNA SYNTHESIS TOOK PLACE. 

DNA SYNTHESIS ALSO FAILED TO RECOVER IN THE PRESENCE OF CHLDRAWQHENICOL. 

THESE RESULTS ARE COMPATIBLE WITH THE VIEW THAT MUSTARD-TREATED BACTERIA 

FAIL TO COMPLETE THE ALREADY-INITIATED DNA SYNTHESIS (PRESUMABLY BY 

VIRTUE Of I NTTERFLRI NG I NTERSTRANO CROSSLI NKS) AND THAT CULTURAL CON01 TI ONS 

WHICH FAVOR THE INITIATION OF A NEW ROUND OF DNA REPLICATION ARE REQUIRED 
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FIG 3. INHIBITION AND RECOVERY OF DNA SYNTHESIS BY SULFUR MUSTARD- 

QT-A-U- . .,a (+T,+A'J); A ,A (+T,+AU,+CM); 

I ,Q (+T,-AU). SULFUR MUSTARD CONCENTRATION WAS 2x,o-4k 

CHLORAMPHENICOL (CM) WAS 25 LL~/~~. 

FOR THE RECOVERY OF DNA SYNTHESIS (REPLACEMENT SYNTHESIS FOLLOWING EXCISION 

OF LETHAL PRODUCTS?). 

SULFUR MUSTARD INITIATED THE POST-TREATMENT DEPOLYMERIZATION OF BACTERIAL 

DNA (FIQ 4). THE EXTENT OF DNA BREAKDOW WAS LARGELY DEPENDENT ON THE 

PRESENCE OF GLUCOSE IN THE MEDIUM AND VARIED SIQNIFICANTLY WITH CULTURAL 

(NUTRITIONAL) CONDITIONS. RELATIVELY 8w1.1. AMOUNTS OF DNA WERE DEGRADED 

IN A COMPLETE (+T,+Au) MEDIUM, IN WNICH THE LARGEST RECOVERY OF DNA 

SYNTHESIS TOOK PLACE, WHEREAS THE MOST EXTENSIVE BREAKDOWN WAS OBSERVED IN 

THE PRESENCE OF CHLORAMPHENICOL, WHICH PREVENTED RECOVERY OF DNA SYNTHESIS. 

bk SUGQEST THAT DNA DEGRADATION AND DNA SYNTHESIS 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 AND THUS PIRECEDED THE RECOVERY OF DNA SYNTHESIS, 

- I.6 
I- 

- I.? w+ 
t 

-1.6 s 
I 

-1.s P 
x 

- I.4 

- I.3 

- I.2 

- I.1 

613 



Vol. 17, No. 6, 1964 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNlCATlONS 
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FIG 4. INFLUENCE Of POST-TREATMENT GROWTH CONDITIONS ON DEPOLYHERlZAflON 

OF DNA BY SULFUR MUSTARD-TREATED E. COLI 15'rA'U'. SULFUR MUSTARD 

CONCENTRATION WAS 2x10 
-4 

M. CHLORAHPHENICOL (CM) WAS 25 lL~/~~. 

SUGGESTING THAT RECOVERY CAN OCCUR ONLY AFTER INTERFERING SUBSTANCES HAVE 

BEEN ELIMINATED OR CIRCUMVENTED. 

ELIMINATION OF SULFUR MUSTARD-INDUCED ALKYLATION PRODUCT5 FROM DNA. 

M NEXT I NQUlRED IF MUSTARD-l NDUCED ALKYLATI ON PRODUCTS ARE ELIWI NATED 

FROM DNA DURINU THE POST-TREATMENT DEPOLYMERIZATIDN PHASE, AND IF THEY ARE 

ELIMINATED, AT WHAT RATE RELATIVE TO THAT OF DNA DEGRADATION? A DOUBLE 

LABEL EXPERIMENT PROVIDED ANSWERS TO BOTH OUESTIONS. CELLS, PREVIOUSLY 

LABELED IN THEIR DNA WITH r%l-THYHIDINE, WERE EXPOSED TO 2X10 -b c3%J- 

SULFUR NUSTARD AND THE SPECIFIIC ACTIVITY OF ALKYLATION PRODUCTS REMAINING 

I N DNA ($) AFTER VARIOUS TIMES IN A (-T,-AU) MEDIUM WAS DETERWINED 

(SEE MfZTtlGDS). As WILL BE SEPN IN FIG 5, 35s - CONTAINI NO ALKYLATI ON 

PRODUCTS ARE ELlWlNATED FROU DNA AS A FUNCTION OF TIME IN THE POST-TREATMENT 

INCUBATION NEDI UM, THE RATE AND EXTENT OF ELIHI NATION EXCEEDI NO THE RATE 
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FIG 5. FRACTION OF r35S1 RADIOACTIVITY REMAINING IN THE TCA-INSOLUBLE, 

DNAASE - SENSITIVE FRACTION AT VARIOUS TIMES AFTER EXPOSURE - 
- - - 

l5T A U TO r 35 Sl-SULFUR MUSTARD. SULFUR MUSTARD 

CONCENTRATION WAS 2X10 -4 M. 

AND EXTENT OF OVERALL DNA DEGRADATION. THE PREFERENTIAL ELIMINATION OF 

ALKYLATED PRODUCTS SUGGESTS THAT DNA DEGRADATION WAS INITIATED AT OR IN 

THE VI Cl NITY OF ALKYLATED SITES. ALTERNATIVELY, DNA DEGRADATION AND 

ELI HI RATI ON OF ALKYLATI ON PRODUCTS ARE TWO INDEPENDENT PROCESSES PROCEEDI NO 

AT CHARACTERISTICALLY DIFFERENT RATES. HOWEVER, THE FORMER INTERPRETATION 

IS MORE CONSISTENT WITH OUR FINDING (PAPIRWEISTER ET AL 1964) THAT E. COLI 

BACTERIA POSESS AN EXONUCLEASE WHICH PREFERENTIALLY DEGRADES SULFUR 

HUSTARD-TRIATED DNA. THE RATE AT WHICH ALKYLATION PRODUCTS ARE ELIMINATED 

FROU DNA, AS WAS ALSO TRUE OF GENERAL DNA BREAKDOWN, WAS ENHANCED WHEN 

GLUCOSE WAS INCLUDED IN THE MEDIUB~ (UNPUSL~SHED DATA). 

FIG. 6 SHOWS THAT POST-TREATMENT INCUBATION FOR 120 MINUTES RESULTED 

IN ESSENTIALLY COMPLETE ELIMINATION OF AT LEAST 3 DIFFERENT ALKYLATION 

PRODUCTS FROM DNA: (I) BIFUNGTIONALLY ALKYLATED GUANINE DIHERS (PEAK I), 

(2) MONOFUNCTIONALLY ALKYLATED GUANINE (PEAK II) AND (3) AN UNIDENTIFIED 
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FIG 6. PAPER CHROHATOGRAPHI c ANALYSI s OF 35, - CONTAI NI NG COMPOUNDS 

OBTAINED BY ACID HYDROLYSIS OF THE TCA-INSOLUBLE, DNAASE - - 

SENSITIVE FRACTION BEFORE AND AFTER 120 MINUTES INCUBATION 

OF SULFUR MUSTARD-TREATED g. 

PRODUCT(S) (PEAK II I) WICH HAS AN RF VALUE SIMILAR TO THAT OBTAINED WITH 

PREHYDROLYZED SULFUR MUSTARD (I.E. THIODIGLYCOL) AND THUS PROBAELY REPRESENTS 

PRODUCTS OBTAINED FROM THE ACID HYDROLYSIS 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 IS DUE TO A RELATIVELY NON-SPECl Fl C NUCLEOLYTI C PROCESS 

WHICH MAY MERELY REQUIRE AN INITIATION POINT ON THE DNA MOLECULE (&.I& A 

FREE 3’OH END). SUCH INITIATIJN POINTS MIGHT BE PRODUCED DIRECTLY THROUGH , 

THE ACTION OF A VARIETY A PHYSICAL OR CHEMICAL AGENTS OR, INDIRECTLY, 

BY NUCLEASES WI CH MAY BECOME ACTIVATED DURI NG UNBALANCED GROWTH CONDI TIONS 

(L-l.9 WHEN DNA SYNTHESIS IS INHIBITED). 

I. BOYCE, R.P., AND HOWARD-FLANDERS, P., PROC. NATL. ACAD. SCI . U.S., 

51, 293 (1964). . 
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