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SUMMARY

The effects of nitrogen mustard (HN2) on DNA amid RNA synthesis in preparations
utilizing purified DNA templates and polymerase enzymes have been investigated in
order to more conipletely define the mechanism of action of antineoplastic alkylating
agents at the molecular level. Pretreatment of native calf thymus DNA with 5 X 10� M

HN2 produced a significant inhibition of DNA template activity in a purified RNA
polymerase system from Escherichia coli. Concentrations of HN2 20-100 times higher
were required to achieve an equivalent amoumit of inhibition of DNA template function

utilizing a DNA polymerase system from E. coil. The template activities of both native
and denatured DNA were inhibited by HN2. The quantity of alkylation of the DNA
templates was determined by measuring the binding of 14C-HN2, and the percent inhibi-
tion of DNA template activity was correlated with the number of alkylations per 10�
nucleotide units. It was found thiat the template function of DNA as it exists in a
nucleoprotein complex isolated from E. coil is relatively insensitive to treatment with

HN2. The possible relationships of these fimmdings to time cytotoxic effects of HN2 are
discussed.

INTRODUCTION

Alkylating agents are known to produce
alterations in the nuclei and nucleic acids

of cells (1, 2). Evidence has accumulated

which indicates that interaction with DNA
may be causally related to the biological

end effects of these drugs (3, 4). Several

investigators have shown that the anti-

mitotic and cytotoxic actions of the alkyl-
ating agent nitrogen mustard (HN2) are
accompanied by a significant inhibition of

DNA synthesis at concentrations which in-
imihit RNA and l)rotein synthesis to a lesser
degree (5-7). Time cross-linking action of
time difunctional alkylating agents has been
suggested as time mechammism for the differ-

ential inlmihitiomm of DNA amid RNA syn-

1 Research supported by USPHS Grant CA-

02992-11.
2 Post-Doctoral Scholar of the .�merirami Cancer

Society.

thesis by HN2, since the degree of cross-
limiking between complementary DNA

chains produced by HN2 may still allow

partial unfolding, permitting RNA synthesis

to occur whereas DNA synthesis could miot

(8). However, there is some evidence that
the biological effectiveness of the mustards

may not bear any quantitative relationship
to the extent of alkylation of DNA and that

attack on the DNA molecule per se may
not be the crucial mechanism of action of

time alkylating agents (9-12).
The present investigation was under-

taken to determine what effect alkylation
of purified DNA and deoxyribonucleopro-
tein has on their ability to act as templates

for DNA amid RNA synthesis in purified

enzyme systems derived from E. coil.

METHODS

E. coil RNA polymerase was prepared
from E. coil B cells (late log phase pur-
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chased fioni Gencial Biocheniicals) ac-

cording to time mmiethod of Chamberlin and

Berg (13). Fraction 4, obtained by chitoma-
tograpimy Oti DEAE-cellulose, was t1�e(1 iii

the expeiimiieimts. Emmzynme dilutioims weme

made with a solution containimig 001 M

Tris-HC1, l)H 7.9, 0.01 711 MgCl�, 0.01 M

2-niercaptoethmanol, 5 x 10-s T�J EI)TA, amid
1 mg/mimI of crystalline bovimme serummi al-
bumin (BSA). The emizyme piepamation was

stoiei1 at 0-2#{176}for several monthms. Under
thmese eonditiomms, the enzyme retailme(l mmmore

than 80% of its activity for up to 2 weeks

and 20-30% of time original activity after 2
nmontiis. The immitial enzyme pmeparatioim had

a specific activity of approximately 487

units per milligram; incorporatiomi of 1.0

ni1tmole of 14CU�fp into RNA PCi mmlii-
grain of emmzyme protein (under time condi-

t.ions described below) was takemi as one
uiiit of enzyme activity. E. coli DNA polymu-
emase was prepared from E. coil B (late
log l)hmmISe) according to the method of

Richardson et al. (14). The enzyme piep-
aration was taken through foum’ pumifica-

t.ion steps, and fraction IV, obtained from
ammonium sulfate fractionation, was

utilized in these experiments. Fraction IV
eommtaimmed 4.5 mg/ml of protein. Enzyme

ihiutiomms were niade with buffer containing
0.05 AT Tris-HC1, pH 7.5, 0.1 AT ammo-

imium sulfate, 0.01 Al 2-mnercaptoethmanol, and

1 mg/nil of BSA. A unit of enzynie activity

was defined as that amount of enzyme
which incorporated 10 m�moles of total

nucleotide into DNA in 30 mimi at 370

under the assay conditions described below.
Fraction IV had a specific activity of 159

imimits per milligram of proteimi amid was
stored frozen for at least 6 monthms without
loss of activity. Protein content was de-

termined by the method of Lowry et a!.
(15).

DNA polymerase activity was routinely
assayed in a 0.3-ml reaction mixture (un-

less otherwise indicated) containiimg: 30

1tnmoles Tris-HCI, pH 7.5; 2.3 �tnmoles
MgCl2; 0.8 1.�moles 2-mercaptoethammol; 100
m/Lmoles each of dATP, dCTP, amid dGTP;
20 m�moles 14C-TTP (0.025 ftC); 11.2 �g

enzymne protein (1.780 units) ; and 2.5-30
ttg calf thymus DNA (Worthimmgton). RNA

i)olYllierase activity was routinely deter-
mnined in a 0.25-mi meactioti mixture wimicim
contained time following ; 10 p.moles Tris-

HC1, pH 8.0; 2 j�niOles MgCl2; 3 pnmolcs 2-
mnercaptoethaimol ; 100 mj.tmoles eachi of
ATP, CTP, and GTP; 50 mnp.moies 1’C-

CTP (0.025 �C) ; 10-50 jig eimzyme pioteimm
� from 2-4 utmits) ; and 2.5-30 �tg calf

tlmvmnus DNA. In sonic exl)eriments ‘4C-

ATP and 14C-CTP weme utilized as labeled

I)tecursors lot time RNA polynierase assay.
lime reaction muixtures for i)Oth polynierase

assays were incubated at 37#{176}for 30 mimm,
tilki time reactions were stopped with 3 mmmlof
i(C cold, 5% tnichloroacetic acid. Time pie-

cipitates were chilled for 10 mm at 0#{176}and

themi filtered on Mihhipome filters 0.45

l)O�C size) . �Fh filtems wete washed witim
cold, 2.5% tnichloioacetic acid three tinmes
and 1)laced ill scintillat.iomm coummting vials.
Time filters were dried overmmight in a desie-

cator. Toluemme scintillator � 10 ml ) was

then added, and time saml)les were counted
on a Packard Tni-Carb liquid scintillatiomi

spectrometer. All assays of enzynie activity
were determimimied in duplicate samples.

Both native amid hieat-(lelmatured calf timy-

nius DNA weme assayed for template ac-

tivity in the DNA and RNA polymimemase
reactions. DNA was (lenatured by heating

time DNA solutions at. 90-100#{176} for 10 mnin
and then rapidly cooling in ice w’ater. 1mm
sonic experiments sanmples of native and

denatured DNA temimplates (300 jig ‘ml)
were preincuhated with various concent ra -

tions of HN2 imm 0.01 AT Tris, pH 7.8, for

1-24 hr prior to assay of activity in time

polymerase reactions. After 24 hi’ of incu-
bation time pH of the reaction mixtutes was

between 7.1 and 7.8. The presence of unre-

acted HN2 in the preincubation nmixtures
was detected by the fluorimetric method of
Mehlett and Woods (16). It was found that.
incui)ation of time drug alone (10�� A!) in

0.05 Tris, pH 8.0, for 40 mm resulted in at
least 95% disappearance of the origimmal

compoumid.

The amount. of binding of HN2 to time
DNA preparations was determined by in-
cubating DNA with various concentrations

of 14C-HN2 (sp. act. 0.064 mC/mnmole) in
0.01 A! Tris, 1H 7.8, as described above.
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r#{231}� reactions were stO�)ped with 3 ml of

COl(1 5C/0 t.ricimloroacetic acid. Time precil)i-
tates were chilled for 10 mimi at 0#{176},filtered

on T\Tillipome filters, wasime(I, ammd coummted as
(lesctibe(l IIi)OVe.

H ibosomimes and the deoxynii)onucleopro-

tent complex were prepared from extracts
of E. coil B (grown in glucose-eimnicimed
Difco broth, harvested in the early log

I)hmase, and extracted by time method of
Niremiherg and Matthmaei) (17) by differen-

tial and gradieimt centrifugation as de-
scril)ed by Shin amid Moldave (18). The

ribosomes were sedimented at 75,000 q for
3 imours, washed twice with stan(lard buffer

(0.01 A! Tris-HCI, pH 7.8; 0.01 M mag-
nesium acetate ; 0.06 A! KCI ; and 0.006 A!
2-mmiercaptoethanol) and timemm wasiied four

times with a buffer containing 0.01 A! Tris-
HCI, pH 7.6; 0.5 Iii NH.,Cl; anl 0.01 A!
imiagnesiummm acetate. The rii)osomes were

timen slmsl)ended in standard buffet’ and
frozemm in small aliquots.

After memoval of the ribosomes, time

supetnatant. fraction was centrifuged at
75,000 (7 for 16 houm’s to obtaimm a nucleo-

i�’otein pellet eontaimmimmg DNA, RNA
polymnemase. and DNA polymerase activity.
Time l)(llets w’ere resuspended in 0.01 M

Tris-aeetate buffer (pH 7.5) commtaining

0.01 A! magnesium acetate and 0.007 AT

2-nmercaptoet.hianol. The suspeimsion was
cemmtrifuged through a linear 8-30% sucrose
gradiemmt. at 25,000 rpm (Spinco SW 25.1

rotor) for 24 hours. Time gradient fractions

containing RNA polymerase activity were
frozen 1mm small portions and tlmaw’ed im-
mediately before use.

RNA iolvmetase activity was assayed
in the mmcleoprotein preparations by de-

termining time incorporation of 14C-CMP or

14C4�MP froimm time tripimosphates immto acid-

insoluble product. Ineubatioims w’ere carried

out lot 30 mum at 30#{176}in a total volume of

0.5 mmmland contained time followimmg com-

potmetmts: 15-20 m1.tnmoles 14C-CTP or “C-

UTP; 100-150 mjinmoles each of ATP, CTP,

and GTP; 40 1tmmmolesTtis-HCI, l)H 7.5; 10

1tnmoles )JgCl�: 5 pnmoles 2-mmmercapto-

etimatmol ; and 72 �g protein of time �olymer-

ase-I)NA coniplex. Tim sonic experiments

mibosonmes (0. 1 6 mug ribosommial l)iOteimm ) were

ad(led to time incui)atioil mixtures l)riOr to
assay of RNA i)OlYmemase activity. The

teactiomis were stOp�)ec1 witim cold, 5%
t ticlmloroacetic aei(l. Time precipitates were
collected on �sIillipoie filtems, washed, amid

(Outmted as above.

DNA polynmerase activity iii time mmucleo-

l)toteimm conmplex was assayed as above witim
time exception that 20 mnj.tnioles of 14C-dTTP
IiIi(i 100 iri�nmoles emichi of dATP, dGTP,
mLIi(1 dCTP ��‘ere utilized as 1)1ecumsors in a

0.45 ml reactiomi mixtume. Time effects of

HN2 on the imucleoprotem conmplex amid
m’ii)OSOIm’leS were determmmined 1w preiimcubat -

ing time compomments with various concen-
tratiotms of di’ug imm 0.02 .�1! Tris i)uffer, pH

7.8, for 60-120 nmimm prior to assay of
activity.

Nitrogen Imiustam’(l and actimmomycin D
weme donated i)V i\ierck and Company,

R ahway, New’ Jersey. “C-Labeled nitrogen
nmustard (sp. act. 11.5 nmC ‘nmnmole; 1,2_14C)
was obtained fronm Tracerlab amid diluted

w’ith unlal)eled HN2 ptior to use. The
ra(hioactive precursors employed were pur-

eimased from New England Nuclear Cor-
pomation and had time following specific
activities (mC/mnmole) : uridimie-2-14C 5’-

triphmosplmate, 24.9; thmvnmidimme-2-”C 5’-tri-
pimosphate, 303; cytidimme-1 �C (ui.) 5’-tri-
phosphate, 331; and adeimosine-”C (ui.)
5’-tripimosphmate, 425.

R ESULTS

(‘haracteristics of the D.VA and RNA
Pal ipnerase Reactions

The data ptesemmted in Table 1 indicate

that. time DNA imolynmerase reaction requires
template DNA aimd time preseimce of deoxy-
rihonucleoside t riphmosphates. Time amount
of enzyme employed in these experinments

appeamed to be saturated by 15 j.tg of
DNA template. Time cimaracteristics of the

RNA polymerase reactiomi are presented in
Table 2. This polynmerase reaction required
tenmplate DNA amid ribommucleoside tniphos-

phates, was imihihited by act.inomycin D,
amid was essentially saturated above 15 j.tg
of DNA.
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TABLE 1

Characteristics of the D.V4 polymerase reaction

Rea(tion niixt tires for experiment I contained

30 �g of native calf thymus DNA, 11.2 �g of I)NA

polymerase protein, 100 m.�moles each of (IATP,

dCTP, dGTP, and 5 mMmoles ‘4C-TTP in addition

to the other components specified in the Methods.

Reaction mixtures for experiment 2 (ontained

various amounts of DNA template and 20 m�moles

of ‘4C-TTP; amounts of other constituents were

the same as those described in the Methods. All
iticul)ations were for 3() miii at 37#{176}.In experiment 2,

the control without DNA contained 81 cpni.#{176}

‘4C-TMP (�ij.imoles)

�‘sIodificainiiis incorporated into 1)NA

Experiment 1

Complete 32S()

-DNA 92

-dATP 76

-rICTP 164
-dUTP 40

-r1ATP, (1CTP, (l(FP; 288

+ ATP, (‘TP, (TP

Experiment 2

5 �ig DNA 2758

10 �g I)NA 4040

15 �g DNA 5179

3() �g DNA 49:33

C Jfl Tables 1-10, the activity (cpm) of samples

without DNA template or zero time cotitrols were

subtracted before calculation of the data presetlte(l

in each table.

Effect of 11N2 on DNA Template Activity

in the DNA and RNA Polymerase

Reactions

Figure 1 depicts time effect of varying

concentratiomms of HN2 omi DNA synthesis
using the purified DNA polymerase system.
The template3 activity of native calf
thymus was inhibited by preincubation with
10� and 10� M HN2 for 4 hr at 37#{176}.

Inhibition occurred when the concentration
of tenmplate was either subsaturating or

saturating with respect to the polymem’ase
enzyme (Table 1). Similar observations
were made whemi the template activity of

‘Since the products of the DNA polymerase

reaction probably do not represent true replica-

tion of template DNA (see text), no attempt has

been nmade to distinguish between the terms

“template” and “primer” in this paper.

TAIThE 2

(‘Ii(Ila.cteristics of the R.VA poiymera.se reaction

H ea(tiOn mixt ures contained various amounts

of native calf thymus DNA, 100 mMmoles each of

ATP, CT!’, and GTP, 50 mMmoles �f 14C_lTTp, and

10 �g of HNA polymerase protein. Amounts of

other constituents were the same as those (lescribed

in the Methods. All iticuhations were for 30 mm at.

37#{176}.In experiment 2, the control without DNA

contained 25 cpm.

Modifications

“C-UMP (MMmoles)

incorporated

into H NA

Expetiment 1

Complete (+30 �g l)NA) 470

-DNA 50

- ATP 346

-(‘TP 578

-(TP 562

- ATP, (‘TP, (�TP; l6()

+(IATP, (ICTP, rl(�1’P

-F- .Actinomycin 1) (5 pg/mI) 3t)()

1�xI)erinle1it 2

2.5pgDNA 989

5 pg DNA 1237

15 pg DNA 1800

30 pg DNA 2060

.z

0

0

0

�g DNA

5

FIG. 1. Effect of nitrogen niustard on the tern-

plate activity of native DNA in the DNA polym-

erase reaction

Calf thymus DNA (300 pg/nil) was prcincu-

bated with various concentrations of HN2 in 0.01

M Tris-HC1, pH 7.8, for 4 hr at 37#{176}.Various

amounts of alkylated DNA and nonalkylated l)NA
were assayed for template activity in the I)NA

polymerase system described in the Methiods. A

sample without DNA (190 cpm) was used as a

control. This experiment was repeated 4 times

with similar results.
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native DNA was assayed in time RNA

polymerase reaction (Fig. 2). However, the
template actwity of DNA for RNA

synthesis was considerably mote sensitive
to time drug timan template activity for
DNA synthesis; inhibitiomm was observed

at 5 X 10� amid 1 X 106 A! HN2 in the

RNA polymerase system.

pa DNA

1mn. 2. Effect of nitrogen 11lU.St(Il(l 00 the tein-

plate activity of native DNA in the RNA polyin-

erase reaction

Calf thymus I)NA (300 ug/ml) was 1rein-

cubated with various concentrations of HN2 iii

0.01 111 Tris-HC1, 1H 7.8, for 4 hr at 37� Various

amounts of alkylated and nonalkylated DNA were

assayed for template activity in time R.NA polym-
erase system descrih)cd in the Methods. Each

assay reaction mixture contained 10 pg of RNA

iol�tntase. A satiii�lt without DNA (35 epn�)
\%215 ltse(l as a control. This experiment was re-

iicated 3 tinies with sinilar results.

The effects of HN2 on time template

fummctiomm of native and hicat-denatured calf
thynmus DNA ame compared in Figs. 3 and
4. Both native amid heat-denatured DNA
were pteitmcui)ated with alkylatimig agent

for 4 1mmptior to assay of activity. Teimiplate
functiomm of time treated saimipies w’as

compared to conttol samples which imad
heemm pmeincubated under the same con-

ditiomms. In all cases subsaturating amounts

of template (2.5 1Lg) were employed in time
polynmerase reactions. In the DNA poiynm-
em’ase meaction denatured DNA was a

mote efficiemmt ptimmiem than native DNA

(2.97 m1moles TMP incoiporated by
delmatute(1 vs 1 .92 m1tmmmoles by native

DNA). and it appeared thmat.time template

function of the denatured iriimmer was more

sensitive to HN2. In the RNA poiynierase

�-6 �Q-5

CONCENTRATION OF HN2 (M)

FIG. 3. Effect of 11N2 on the template activity

of native and denatnred DN.4 for DNA syn-

t/USi.5 in a DNA po!yrnerase system

Both native and heat-denatured calf thvnms

DNA (300 pg/mi) were preincubated with HN2
in 0.01 M Tris-HC1, pH 7.8, for 4 hr at 37#{176}prior

to assay of template activity in the DNA polym-
erase system described in the Methods. Each

assay reaction mixture contained 2.5 pg of either

alkylated or nonalkylated DNA. The results are

exl)t-essed as the mean percent change fi-orn con-

ti-ni ±SE (.Voo3-6).

CONCENTRATION OF HN2(M)

Fin. 4. Effect of HN2 on the template actwity

of na/tie and tienature�i D.VA for RNA syn-
tlie�i� in a RNA po!ymema.ae .cystem

Pteincubations and enzyme assays were carried

out as described for Fig; 3.
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reaction, Imowevem’, native DNA was the
preferred primer (2.88 m��moles UMP

incorporated by native vs 1.80 mpmoles
by denatured DNA), and its template
function for RNA synthesis was signifi-
cantly more sensitive to the alkylating
agent than that of denatured DNA. The

data presented in Figs. 3 and 4 also
indicate that the template function of

native DNA for RNA synthesis is more

sensitive to alkylation than the template

function for DNA synthesis.

Kinetics of the DNA and RNA Polym-

erase Reactions Utilizing Alkylated and

Nonalkylated DNA as Templates

The data presented in Fig. 5 show that

incorporation of labeled triphosphate into
DNA was linear over a 30-mm period
when native DNA was utilized as a

template. Incorporation did not appear to
be linear for longer than 10 mm when

denatured or alkylated templates were
employed. The inhibitory effect of HN2 on
template activity was constant when the
duration of incubation exceeded 10 mm.

Fia. 5. Kinetics of the DNA polynierase reac-

tion using alkylated and nonalkylated DNA as

templates

Both native and denatured calf thymus DNA

(300 pg/ml) were preincubated with various con-
centrations of HN2 in 0.01 M Tris-HC1, pH 7.8,

for 4 hr. Ten micrograms of DNA was assayed for
template activity in the DNA polymerase system

described in the Methods. Zero time controls (8&-

200 cpm) were subtracted before calculation of

millimicromoles incorporated. A repeat of this

experiment gave similar restmlts.

In time RNA polymerase reaction incor-

poration of labeled precursor was linear
for 10 mm (Fig. 6). There was not a sub-
stantial difference in the inhibitory effect

of HN2 at any of incubation periods
examined.

NATIVE DNA

- DENATURED DNA
800

TIME (mini

Fio. 6. Kinetics of the RNA polyinerase ieac-

tion using alkylated and nonalkylated DNA as

tent plates

Preincubations were carried out as described
for Fig. 5. Ten micrograms of DNA was assayed

for template activity in the RNA polymerase sys-
(em described in the Methods. Zero time controls

(50-200 cpm) were subtracted before calculation

of micromicromoles incorporated. A repeat of this

experiment gave similar results.

Effect of Treatment of Polymerases with

HN2 on Their Enzymatic Activity

Neither of the polymerase enzymes were
particularly sensitive to preincubation with
HN2 (Tables 3 and 4) . In both cases it
took concentrations of 10� M 11N2 to
inhibit enzyme activity 30-35% below
control levels. Thus the polymerase enzymes
involved in nucleic acid synthesis do not

appear to be nearly as sensitive to alkyl-

ation as the DNA template.

Relationship of the Amount of Alkylation

of DNA to Its Template Activity

The amount of aikylation of DNA

samples was determined by measuring the

binding of 14C-HN2 to DNA after pre-

incubation with labeled alkylating agent
for 1-24 hr (Table 5). The number of

HN2 residues chemically hound per 10�

nucleotide units was found to be concen-
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TABLE 3

Effect of HN2 on DX.1 polymerase

I)NA polymerase (120 pg/mI) was preiil(uI)ated

with 11N2 in Tris buffer (0.01 lU p11 7.8) foi 60

nun at#{149}37#{176}prior to assay of enzyme a(tivity. Enzyme

assay mixtures (0.35 ml) contained 37.5 pg of native

DNA, 11.2 pg of enzyme protein, 50 m�n�o1es each

of dATP, dCTP, and dGTP, atid 5 mpmoles of

‘4C-TTP. Amounts of other constituetits were the

same as (les(ribed in the Methods. Similar results

were ohtaine(1 in three additional experiments. All

determinations were done in duplicate in experiment

1, and the data are expressed as meat) ± ratige. A

sample containing no DNA was used as a control in

both experiments (10-30 cpm).

Modifications

‘4C-TMP

(ppmoles)

incorporated

Experiment 1

Enzyme preincuhated without drug 1814 ± 87
Enzyme preincuhated with HN2

10� It! 1863 ± 56

10� Ii! 1607 ± 327

It! 1176 ± 74

Experiment 2

Enzyme not preincubated 1173

Enzyme preincubated with 936

Tris buffer

ttatiotm (lel)emm(leilt over time rammge of 10�
to It)’ �1I I1N2, amid mimttxiiiimtl 1)in(Iumg of

i1N2 occurred after 4 hr of reactiotm with
DNA. However, after 24 hr of incubation,
time itmmioutmt of HN2 i)Outmd to mmative DNA
was (1e(temtsed below timat observed after 4

imi Timi s suggests that alkylatiomm products

from the immtemaction of HN2 amid DNA

Weie hydrolyzed and released from the
DNA mmmoiecule. 13tookes afl(I Lawley (1)
ilitYC simowim that a 35-45% loss of aikyinted
products, mimostly in time fom’mmm of 7-alkyl-

gua i i i ties , occums when mustard-treated
DNA is incui)ated at pH 7.1 for 24 hr. This
loss of alkylation products is similar iii

(Xtellt to time decrease iii �4C-iTN2 bound
to DNA observed after 24 hr of incubation

(as eonmpaied to time maximal amouimt i)oulmd
after 4 1mm) in our expetimetmts. Further-

nmore, there w’as a miiamked increase in time

a nmon mit of ()D2-ahsorbah le material

passing timtouglm the Millipote filters after
24 lmt of incubation of DNA with drug,

suggesting a loss of alkylated bases from
DNA rather than a simple hydrolysis of

bound 14C-HN2. It should be noted that
the quantity of alkylation of DNA reported

here is sinmiiar to, i)ut somewhat greater
than, that found by Koimn et al (19) , who
incubated Bacillus subtilis DNA with 14C_

HN2 for 2 hr at 25#{176}and pH 7.2. Our

incubations were carried out at 370 and

pH 7.5.

TABLE 4

Effect of HN2 on RNA polyinerase

RNA polymerase (130 pg/mI) was preincubated
with HN2 for 60 mm at 37#{176}in 001 M Tris, pH 7.8,
prior to assay. Each assay reaction mixture (0.35 ml)

contained 72.5 pg of native DNA, 13 pg of enzyme
protein, 100 mpmoles each of ATP, CTP, and GTP,

and 10 mpmoles of 0C-FTP. Amounts of other

constituents were the same as described in the

Methods. The control without. DNA contained

34 cpm.

\Iodifi(at oilS

‘4C-UMP
(ppnioles�

incorporated

Enzyme not preilicullated 473

Enzyme preincuhated without drug 403

1�nzyn�e preii ciii )itt ((1 ‘Vii ii 11 N2

21! :387
10� /t! 390

10� 21! 291

rn t.lata in Table 5 also iimdicate that

(IeiI(ttUted 1)NA houtid 1(55 14C-HN2 than
time native fotimi arid timat no loss of boummd
1’(1HN2 ftonm (letiatl.lte(1 1)NA oeetttied

after 24 Imr of immcubation its compared to
4 lmr. �fhe fitet timat native DNA 1)ound

limOte 1’C-HN2 tlmaii (Iemmature(l DNA sug-
gests that time commfornmation of native DNA
is such that it can more readily interact

witlm HN2 thami denatured DNA.4
Time relatiommshmip of chimm’atiomm of pie-

immeul)ation witim HN2 to time tetimplate
activity of mmative DNA is (lemotmstrated
iii T�ti)1e 6. It \\‘iiS a�)pamemit thitt inhibition

Sntmmples of detmatuteti and tmat ive 1)NA pre-

cipitated in trichioroacitic acid (to not appear to

1145 though the Millipore filter. Thus the differ-
enee between the binding of TTN2 to denatured

DNA. ammd to native 1)NA cannot. be explained on

tliiii basis.



TABlE 5

Binding of ‘4C-HN2 to calf thynziis DX.t
}i(�Ii reaction mixture contained 300 pg/ml of calf thymus DNA in 0.01 .1! Tris, pH 7.8, and ‘4C-11N2

tsp. act. 0.064 mC/mmole) in various concentrations. Incubations were carried out at 37#{176}.At selected time

intervals, aliquots containing 150 pg of DNA (0.5 ml) were withdrawn, acidified with cold 5% trichloroacetic

acid, and filtered on Millipore filters as described in the Methods. The pH of the reaction mixtures after 24 hr

of incubation was 7. 1-7.2. The zero time controls, subtracted before data calculation, were 5, 1 1 , 65, and 668

cpm for 10�, 10�, 10�, and 10� M HN2, respectively, in experiment 1. The zero time controls itm experimetmt
2 were 137 cpm with native and 35 cpm with denatured DNA. The greater amount of alkylatioti of native

DNA compared to denatured DNA was observed in two other experiments in which different concentrations

of 11N2 were employed.

Number of 14C-HN2 residues bound per l0�

DNA nucleotide units.

Expt. no. Type of i)N.�

Incubation time

(hr)

Concetitration of ‘4C-HX2 (It!)

10 106 l0�� l0��

1 Native 1

2

4

6

24

0.5

0.9

1.0

0.7

0.3

2.9 28.0

4 6 44.2

5.9 56.4

5.9 53.2

3.�! 31.5

248

366

457

457

193

Native 1
4

-

-

28.8

- 55.3 -

2

24 - - 362 -

Denatured 1 - - 15 . 7 -

4

24

-

.

- 33.1)

- 33.8

#{149}�

--
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of DNA template function for DNA and
RNA synthesis had achieved a near max-
imal level after only 1 hr of incubation of
template with alkylating agent. It is some-
what surprising that there was only a 5-
10% increase in inhibition between 1 and

4 hr of preincubation of template with

drug since there was a 2-fold increase in
the amount of 14C-HN2 bound to native
DNA over this time iimterval (Table 5).

This can also be observed in Fig. 7, where
the percent. inhibitioim of DNA template
activity has been plotted against time log

of time number of alkylations per 10�

nucleotides. This plot indicates that a 2-
fold immcrease in time amount of alkylation
of native DNA is necessary to achieve a

10% decrease iii template function of
native DNA. In addition this chart ii-
lustrates that it took six times more alkyl-
ations of native DNA to achieve a 50%

inhibit.iomm of DNA syimthesis than it did to
produce the sanme inhibition of RNA

symmthesis. Time data presemmted in Fig. 7
indicate that it would take approximately
25 alkylations per 10� nucleotides or 75
alkylations per molecule to produce a 50%

inimibition of the template activity of one
molecule of native calf thyrnus DNA (ap-

l)ioXiflmate mol. �vt. 1 X 10� with average
nucleotide mol. wt. 325) involved in RNA

symmtimesis. If time 1)lot in Fig. 7 is extrap-
olated to 100% imiimil)ition of the temmiplate

function of native DNA, it can be seen
that it would take 500 alkylations per 10�

nucheotide units to achieve complete
inimii)ition. On timis basis it would take 1500

alkylations with HN2 to completely in-
activate a molecule of native calf thymus
DNA.

Effect of Alkylation of DNA on the Base

Content of RNA Product

The reactivity of time bases of the nucleic
acids toward 11N2 is not equal, but re-
actiomm with guammine i)ases seems to be
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TABLE 6

Relationship of duration of incubation to the inhibiiion of DNA template function by HN2

DNA (300 pg/rnl) was preimmcubated with HN2 in 0.01 It! Tris, pH 7.8, at 37#{176}.Control samples were

preincubated under the same conditions but without HN2. Template activity of DNA (10 pg) was assayed
in 0.3 ml reaction mixtures for DNA an(1 ENA polymerase as described in the Methods. The millimicro-

moles of labeled precursor incorporated into nucleic acid for the controls were as follows: Experiment 1,

3.55 ‘4C-TMP; experiment 2, 1.82 ‘4C-TMP; experiment 3, 3.70 ‘4C-CMP; experiment 4, 4.69 ‘4C-IJMP.

All determinations were done in duplicate. Results are expressed as the percent decrease from controls ±

range as compared to an averaged duplicate control. The controls varied ± 4% in experiments 1-4. The

controls without DNA contained 10-30 cpm.

Expt. 110. Polymerase

(,‘ommc. of HN2
(It!)

Duration of

preincubation
(hr)

Percent decrease
from control

1 DNA 5 X105 1

2

4
48

65±10

70±2

75±3

87±1

2 1)NA 3 x 10� 4

48

120

75 ± 3

75±2

78±1

3 RNA 1 X 10-6 1

2
4

25 ± 4

21±1

30±1

4 RN:� 5 x 106 4

24

48

120

68 ± 2

66±1

68±1

70±3

favored ( 1 ) . The reaction with guanine

moieties may produce (a) steric hindrance

of enzyme binding or base pairing due to
insertion of bulky alkyl groups on the DNA
chain, (b) interstrand or intrastrand
cross-linking between guanine bases, (c)
loss of alkylated guanine products from
the DNA chain, and (d) chain scission
(20) . Thus the commsequences of alkylation
of DNA might produce an inhibition of the

template function of DNA which would

be more prommounced in guanine-rich areas
of the DNA chain. Assuming that RNA
polymerase may have multiple initiation
sites along the DNA chain thereby allow-

ing the enzyme to bypass aikylated sites
(21), or that the enzyme can “slip” around

alkylated portions of the DNA template,
the imihibition of template function should
he reflected by a greater decrease in the
incorporation of CMP into RNA relative

to other precursors whose incorporation is

directed I)V pyrimimidines. Furthermore, if

alkylated guanine is misread as adenine as
has beemm proposed (20) , a relative increase
in the incorporation of UMP might be

expected.

To test this hypothesis, time template
activity of subsaturating amounts of native
calf thymus DNA was assayed in the RNA
polymerase system after incubation of
template with HN2 for 4 hr. The incor-

poration of 14C-labeled ATP, CTP, and
UTP into RNA was determined. The
results expressed in Table 7 indicate that

the incorporation of all three precursors was
inhibited to a similar extemmt. These data

suggest that RNA polymerase does not
bypass alkylated guanine moieties to an

extent sufficient to produce a differential
inhibition of purine and pyrimidine precur-
sors into RNA. It appeams that the tran-
scription of alkylated DNA stops when

RN.& polymerase reaches an alkylated site.
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FIG. 7. Relationship of tile extUilt (if (1!kyllJtU)1l

of native DNA to tile inhibition of 1)NA turn-

p!ate function for nucleic aci(1 s11,itiic’sis in

D.VA and RA’_4 pohirnerasu .sqsteiiis

The data 11re�nted in this figure ale a coiii-

hination of tile resimlts pres(nt((1 in Figs. 3 and 4,

Table 5. and additional experimental t(Siilts oh-

taine(l as described in tile Methods.

Effect of HN2 on the Template Function of

a Deoxyribon ucleoprotein (‘o in pier

Isokited from E. Coli

In order to examine mimore closely time
effects that HN2 might have on DNA

template activity when DNA is present imm
its more natural form as a nucleoproteiim
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TABLE 7

Effect of alkylation of D.\A by HN� On the base content of R.\. t prorlllct

In each experiment native calf tliymus DNA (300 pg/nil) was 1)reincubate(1 with varu)Ils roticetitrations

of HN2 for 4 hr at 37#{176}in 0.01 21! Tris, pH 7.8. Alkylated DNA (10 pg) was assayed for teimmplate activity

in a 0.3 ml reaction mixture containing 20-SO pg EN.� polymerase, 100 m�mo1es of unlabeled nucleoside

triphosphates, and 0.05 pC of labeled precursor as tripimosphate. Other consitititetits were as described in
the Methods. All determinations were performed in duplicate, and the results are expressed as the per(ent

decrease ± range as compared to an averaged duplicate control. The (out rols varied ± 3% in the experiments

presented. The controls without DNA contained 10-30 cprn.

Percent itilmibition of incorporation as

(otmipared to control.

Labeled j)rettrsor

Coiic, of 11N2

Expt. co (It!) ‘4C-AMP “(‘-CMP

1 2.5 x l0-� 7 ± �3 8 ± 2

1 X 10� :30 ± 3 �30 ± I

2 SXI(U7 18±2

3 5 X 10� 13 ± 1 24 ± 0 2() ± 2

5 X 10� S9 ± 1) 64 ± (1 ii ± 10

4 2,5 x l0� 38 ± I 3S ± 2 39 ± I

Not examined.

z

z

0

�LK’�7T �NS PER 0� NUCLEOT DES

comimplex, time deoxyribotiucleopiotein Pie!)-
aration ftoni E. coli described by Shin and

Moldave (18) was utilized. Timis I)iepara-

tion cotmtains eimdogeimous DNA tetimplate

and RNA l)olYlmmerase activity. We imave

(let.ermmmilmed timat time imucleopioteiim l)ehlet

also cotmtaimms DNA polymimerase activity
t Table 8) . Iii a(ldition, amm augnmentation

of RN.� svmmtimesis by ril)osonmes, suggestitig
S a functiomm of rii)osonmes in time control of

Po1�’ribOImuc1eOtide synthesis � 22) , can i)e
denmomistrated ili timis prepamatioim (Table 9)

The tenmplate activity of time nucleo-

Ploteiti conmplex lot DNA sytmtimesis was
relatively insensitive to pretreatnment with

the alkylating agemmt (Table 8) ; a concen-

tratiomm of 10� M HN2 I)toducecl only a
slight inhibition (15%) of DNA synthesis.
Sinmilarlv. RNA svntimesis supported by time

mmucleoprotein preparatiomm was not inhibited

until a cotmcentration of 10� A! HN2 was

attaiimed; however, at this concetmtratiomm
RN.� svntimesis was immimibited 85% (Table

9L 1mm additioim, time stimulation of RNA
svmmtimesis observed after time additiotm of

imighly wasimed ribosomes (no DNA l)teSellt)

was not. significantly affected by pteincU-

hating either the mmueleopmotein or time
ribo�oimmes with ITN2 ptiom to assay of



370

116 ± 15

104 ± 4

122 ± 11
18 ± 3

468

264

628 ± 24

572 ± S

570 ± 19

549 ± 20

468

765 ± 4S

763 ± SI)

727 ± 11

708 ± 16

420

49
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TABLE S

.hfjV(t (If I!.\2 on D.V..1. S!/ntilC.SiS (lzrcctcd by (I.

(I( o.rqribon ucleoprotein complex froni
Lschericina coli

i�l1(1 lulI(1e01)1OteiIl (O11uI)IeX ( NP) (:32 pg DNA

and 72 pg protein) W�t5 isolated fromn E. coli as

described iii the Methods antI preulcui)ated with

11N2 in 0.02 It! Tris (0:3 m1, 1)11 7.2 to 7.8 at 37#{176}

prior to assay of template act ivit V. Assa�. niixtures
were as (lescrilleil�1l the Methrnls. I)ata are expressed

as mean ± range for duplicate samples. Zero time

(Otittols contained 25-51) (Pm.

‘4(-TMP

(ppflioles)

�Io(lih(at mliii incorporated

Experiment 1

NP tlot preincubatetl 1230

�\ P preinc�tbated wit il(lltt (1mg 400 ± 6

for 121) rnmr�

NP preincubatetl with 11N2 for

120 mm
10 .1! 470 ± 2

l0� It! 560 ± 25

10� .1! 342 ± 15

1��xpemmniemit 2

NP not preiticutatted 972 ± 31

NP preimicubated for 61.) nmiti 859 ± 28

svit bout drttg

NI’ l)1’emll(iti)ate(1for 60 numi with 737 ± 3

5 X l0� .1! 11N2

R NA l)olYmerase activity. Actimmonmycin D

nmarkedly inhibited the syimthesis of RNA in
the presence of ribosomes.

We had noted earlier (23) tlmat pre-

iiicuhation of E. coli ribosonmes with 5 X

10� ]�1 HN2 produced a 66% inimibition
of t.imeir abilitY to l)RItiCiPitte in polv T�T

chmected protein symmtlmesis and a 50%
decrease imm their capacity to i)nmd �H-
poly ‘U. Apparently’ time fumictional sites of
the ribosome involved in the direction of
protein synthesis and binding of mRNA

are distinct from those involved in the

enhancement. of RNA polynmerization.
Table 10 illustrates the amoumit. of

alkvlat.ion of nucleopmoteimm timat occurs

after treatment. with 14C-HN2. From timese

data a comparisotm can he made betweemm
time (juamitit.v of alkylatiomi of time DNA
present iii time mmcleoproteimi conmplex and

the quantity of alkylation of an equivaieimt

TABLE 9

Effect of H.\�2 On R.VA synthesis directed by a

deoxyribonucleoprotein complex front

Escherichia coli

The nucleoprotein complex (32 pg DNA and 72 pg

protein) was premncul)ated with HN’2 for 120 mm

(experiment 1), or 60 mm (experiment 2). ‘4C-UTP

was utilized as precursor in experiment 1, and

‘4C-CTP was used in experiments 2, 3, and 4.

Reaction mixtures were as (lescribed in the Methods.

In some experimermts 0.16 mg ribosomal protein was

added (with or without preincubation with HN2 for
60 mm) prior to assay of polymerase activity.

Determinations were (lone in duplicate where

indicated. A repetitiomi of experiments 2 and 3

produced similar results. Zero time controls con-

tamed 50-60 cpm.

Labeled

(ppnsoles)

I)re(ilrSOr
�\Iodm ficat ioi is iiicorporated

Experiment 1

NP not I)remticuhate(l

NP preincui)ated for 120 nlin

without drug
NP preincltt)ated with lIN2

1 X 10’-� 11!

1 X 10”� It!

1 X 10-s 111

Experiment 2

NP not preincubated

NP preincubated for 60 mmmi
without drug

NP preiticubated + iii it somues

NP preitlcul)ate(l wit ii

11N2 + ribosonles

5 x 10-6 21!

5 X 10� It!

5 X 10� It!

Experiment 3

NP

NP -i-. ribosomnes premnculated

without drug

NP + ribosomes preincubated

with HN2

5 X 10� .11

5 X l0�’ It!

5 X 10� 211

Experimetit 4
NP + ribosomes

NP -4-- rilosomes + act mtiomvciti I)

(20 pg/mI)
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TABI.E 11)

Binding of 1i(’_H.V2 to deoxyribonucleoprotein. calf tiyiniis D.V.t, and boiine serum olbuiiun

Each reaction mixture �0.3 ml) containe(1 either E.s-ciiericiiia coli deoxvrmh)onu(Ieoprotemn (onll)lex (32 pg

DNA, 72 pg proteiti), calf thymEls DNA (32 pg), bovine serum albumin (72 pg), or both calf thynius DNA

(32 pg), and BSA (72 pg) together with various concentrations of ‘4C�HN2 (623 (l)mfl/flSpflSOle) in 0.02 21!

Tris, pH 7.8. Incubations were carried out at :37#{176}.The procedure for the determination of amount of bound

14C-1-1N2 is described in the Methods. After itlcui)ation with ‘4C-HN2, some of the nttcleoprotemn samples

were heated to 80-90#{176} for 15 mitt to remove the I)NA prior to filtration on Millipore filters. The amottnt of

‘4C-11N2 bound per 10� nttcleoti(leS was determined from tIme dmfferetices iti the quantity of 14C41N2 1)01111(1

before and after heating.

Preparatioti
incubated

Cone. of

HN2

(21!)

Duration of

umcubat ion

(hr)

Cpm ‘4C-H N2

hound

(‘pm 1(-11N2

bound after

heating

“C-i1N2 residites

1iound per lO�

nucleotide units

Deoxyribonucleoprotein 10-i 1 323 255 11

10-i

10-i

10-s

10-s
10-s

2

4

1

2
4

425

420

2194
3:314

2978

298

-

1375

2452
�.

22

--

132

139

Calf thymus DNA 10-i

10-s

2

2

1332

7251

S7

616

20))

11)7))

Bovine serum albumin

Calf thymus

10-i

1O�

10-’

2

2

2

540

:3:396

1409

567

3416

544

-

139

DNA + bovine 10-s 2 9908 4351 893

seruns albumin

Not determined.

amount of purified DNA in time presence of

the same amount of proteimm as found in
the nucleoprotein complex. It can be seeti
that the conformation of the nucleoproteiim
complex must provide for the protection of
DNA from attack by HN2, since addition
of an equivalent amount of protein (bovine
serum albumin) to a solution containiimg

purified calf thymus DNA did not protect

the DNA from alkyiation to nearly time
same extelmt. In fact, purified DNA seemed
to compete for binding of HN2 more
effectively than protein, an observation

which most likely reflects the higher density
of sterically available nucleophilic moieties
in DNA.

From ol)serving the amoummt of alkylatioim

of DNA ill time nucleoprotein and determin-

ing the percent change from commtrol

template function for purified DNA which
had been alkyiated with the same amoummt

of HN2 per 1Q� nucleotides (Fig. 7), it
was expected that pretreatmeimt. with 10� M

HN2 would pioduce a 45% ilmlmii)itiolm of
DNA synt hesis ( ol)setved = I 5�/e inhihi-

tion) an(1 fl 75% decrease iii RNA svtmthesis
(ol)�erve(1 �: 83%) . Likewise, preitmcui)ation
wit#{149}iml0� �1I HN2 should imave produced no

effect on DNA syntimesis (observed = 0%)
amid a 45% decrease in RNA synthesis

(ohsetved = 0%) . Timus it appears that

equivalent amounts of alkylatiomm do not

produce the sammie decrease in teimmplate
fummction of E. coli DNA, as it exists imm a
nucleoprotein complex, and purified calf
thvmus DNA.

DISCUSSION

Tim aim attemmmpt to define miiore conmpletely

the meeimanism of action of time antine-
oplastic alkylating agemmt at time mmmolecular
level, time effects of HN2 ommDNA ammd RNA
svmmthesis hi preparations utilizitig purified
DNA templates aimd r�olYmerase etmzymes

imave been i mivest.i gut ed

Our data indicate that pretteatnment of
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calf thymus DNA with commcelmtlations of

HN2 as low as 3 x 1OD A! (3.4 alkylatiomis

per 10� nucleotides) will plo(ltmce a sigimifi-

cant inhibition of DNA template activity
in a purified IRNA polynmerase system. It
took concemittatiomis of HN2 20-100 times
higimer to achieve an equivaleimt amount of

inhibition of DNA synthesis utilizing time

DNA polymerase system. Chnmielewicz et

al. (24) have also repol’te(I that the
template function of calf thymimus DNA for

RNA synthesis is more sensitive to alkyi-
atiomm wit.im HN2 timami its teimmplate fummction

in DNA symmthesis. However, timese investi-

gators found imo sigmmificant inhibition of

RNA synthesis until DNA was pmeincu-
i)ated witim 4 X 10� .31 HN2. amid the

�)rinming activity of I)NA, mmmeasuted imm a

regenerating rat liver DNA polyimmerase
system, did not show any decrease upon

treatment witim HN2 (25) . It should be

pointed out that the RNA polymerase
systenm used by these investigators was
from a different source (Micrococcus

lqsodeikticus) and appareimtly had a some-

what (hifferent specific activity than the

E. coli RNA polymerase enmployed iii the

experinments reported here . Furthermore , the
DNA polymerase utilized by these authors
was taken from time 106,000 q supernatant
without further purificatiomm before use (25).

This may explaimm the greater sensitivity of
DNA template function to alkyiation
observed in out’ experinmemmts.

Our observations conflict with time data
obtained in intact cells since it has been
demonstrated that DNA symmtimesis is more
sensitive to HN2 treatment than RNA syn-

thesis (5-7) . It nmay be that there is a more

specific inhibitiomm of synthesis of mRNA’s

involved in the synthesis of DNA repli-
cat.immg enzymes as suggested by Cimmmmieiewicz

et a!. (24) or timat. the DNA polymerase en-

zyme preparat.iomm employed is not the ac-
tual DNA replicating enzyme. There has
been recent evidemmce to suggest timat,in fact,

the DNA polymerase preparation utilized
by us and by other workers is not the true
DNA repliease but a repaim’ emmzyme (26,

27). Thus it mmmay well he that the studies

(lone to date, utilizing cell-lice systems or
purified enzynmes, (10 not reflect time actual

sensitivity of DNA synthesis to HN2 and

other agents.

The template activities of both native

and denatured DNA were immhibited by

HN2. Denatured DNA was umore sensitive

to HN2 timan native DNA in the DNA
polymerase , in wimicli deimatured

DNA is the preferred template, and native
DNA was more sensitive in the RNA
polymerase reaction where the native form

is the more effective primer. In both cases,

tlmemm, the nmore active form of DNA is the

one w’imose activity is niore susceptml)le to

an itmimibitory actioim of time drug. It should
b)e noted that oime possii)le explanation for

time lower seimsitivity of denatured DNA

as a template iii time RNA polymerase re-
actioti is that deimatured DNA binds 25
tinmes mote RNA polymerase than does

imative, helical DNA (21). Conceivably,
timeim, it would take mammy more alkylations

to inimibit time function of denatured DNA
as a template for RNA synthesis.

The mechanism for the inhibition of
DNA template function by HN2 nmay

involve: (a) interstrand or intrastrand
cross-linking by the drug, (b) steric
hindrance of enzynme binding or base pair-
ing at alkylated sites, (c) deletiomi of

alkylated bases, (d) chain breakage, (e)
denaturation or changes in the secondary
structure of DNA. Brookes and Lawley
(1, 28) have reported that bifunctional

alkyiating agents inactivate genetic material

primarily by interstrand cross-linking of

double-stranded DNA and that intrastrand
cross-linking does not occur to a sigimificant

extent. However, Yamamoto et at. (29)
have suggested that alkylation with HN2

immactivates single-stranded phage DNA by

forming immtrastran d cross-links between
mmeighhoriimg coils on the same, single

helix. They also observed that double-
stranded DNA pha ges were inactivated

sonmewhat mmmore rapidly timan single-

stranded phmages. Our data indicate that the

template capacity of denatured DNA is
sensitive to alkylatioim, mmd in the case of

time DNA polynmerase reaction it is even
nmore sensitive than native DNA. This

evidemmce suggests that immterstrand cross-

hiimking hetweemm time strands of the double
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helix in DNA is not the only and perhaps
not the most important mechanism of

inhibition of DNA template activity. Kohn
and Green (30) reported that nitrogen

mustard-cross-linked Bacillv,s subtilis DNA
retains a high degree of activity for genetic
transformation ; transforming activity re-
mains even in molecules with at least two

cross-links. The latter data also suggest

that interstrand cross-linking per se does
not abolish the biological activity of DNA.

It was estimated (Fig. 7) that it would
take approximately 75 alkylations per
molecule of calf thymus DNA to produce

a 50% inhibition of RNA synthesis and
1500 alkyhatiomms per molecule to produce
a 100% decrease in RNA syntimesis. Kohn

et a!. (19) have determined that the bind-
ing of approximately 25 molecules of HN2

to DNA is required to produce 1 effective
cross-link. On this basis, it would take 3
cross-links per molecule to produce a 50%
inhibition of DNA template function and

60 cross-links to produce a complete in-

activation.

The second possible mechanisni for time

decreased template ability of alkylated
DNA is that a steric effect might be

produced by the insertion of bulky alkyl
groups on the chain. Our evidence indicat-

ing that there is no apparent difference in

the relative incorporations of AMP, CMP,
and lIMP into RNA in the presence of

aikylated template suggests that this factor
may be important. From this observation

it seems that the RNA polymerase can
move along the template until it reaches an

alkylated site, and then transcription stops.
In addition, we have found (Table 6) that
the deletion of 35-45% of the alkylated
bases from DNA, which was evident after
24 hours of meubation with HN2, does not
produce a significant change in time inimibi-

tion of DNA template activity. In this
regard. Weiss and Wheeler (31) have
concluded, on time basis of their evidence

and that of others (32-34) for decreased
template activity of irradiated DNA as a
primer for RNA synthesis, timat base

destruction or deletion is not a major factor
in the loss of priming activity, since it. is

I)rObable that. at a site of base damage an

availa hie complementary or notmconmple-
nmentary base could be inserted.

In regard to the other potential mecim-
anisms for inhibition of template function,

it is not likely that either chain scission or

other measurable changes in the physico-
chemical properties of time DNA occur at
concentrations at wimich a significant

inhibition of template function is obtained
(24) . Therefore, of the potential mech-

anisnms listed above it seems that (a) and

(b) are the most likely to be involved in
the impairment of template function of

alkyiated DNA.
The activity of the polymerase enzymes

themselves appears to be quite resistant to
alkylation. Smellie et at. (35) have shown

that Lettr#{233}-Ehrhich DNA polymerase is

resistant to 10-i M HN2 in vitro. Papir-
meister (36) reported calf thyrnus DNA

poiymerase to be sensitive to 10� M sulfur
mustard, but that E. coli DNA polymerase

was resistant to this concentration. Our
data indicate that E. coli DNA amid RNA

�olynmerase are resistant up to a concen-
trat.ion of 10� M HN2.

In iimtact cells it has been demonstrated
that DNA synthesis is more sensitive than

R.NA symmthesis, but the question whether
the effects on nucleic acid synthesis are due
primarily to an action on the template, on

enzyme activity. or possibly on an “initi-
ator” of DNA synthesis (37) is not settled.
Goldstein and Rutman (38) have shown
that treatment of mice bearing the Lettr�-

Ehrlich ascites tumor with doses of HN2
sufficient to effect a significant extension of

host survival time produced a marked

iimlmibition of in vitro thymidine-3H incor-
porating capacity by the ascites cells. This

iimhihition resulted from a reduction in
1)0th the enzymatic and primer activities
associated with DNA synthesis, but the
effect on the enzyme system was quantita-

tively time most immiportant. The data of
Wheeler amid Alexander (39) iimdicate that

alkylating agents interfere with the de novo
synthesis of ribonucleotides and the
conversion of ribonucleotides to components
of DNA in drug-sensitive imanister plasma-
cytommias. Tomisek et al (40) have reported
a decrease in DNA polymerase and thymi-
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(lVlate kinase in l)lasimiacYtolmmas treate(I

wit.hm time alkylatiimg agent cyclophosphmam-

ide. All time effects 011 enzymes, however,

could conceivably reflect an inimibition of
DNA-directed nucleic acid svmmthesis. our

data indicate that the template activity
of purified DNA is remarkably sensitive

to aikyiat.ion with concmiet.rations of HN2
which can he achieved in vivo w’itim tuimmor-

inhibitory dose levels.
(in time other iiaimd, time experiments of

Oid and Danielhi (41), usimmg amoebae,

ilm(liCate that. time comiiponemit.s of the cyto-

plasmmi involved itm DNA symmtimesis amid
niitosis am( mmmore sensitive to alkylat.iomm

than time nuel(us of time cell. Time signifi-
eance of this observation is heightened by

the fact timat Prescott. afl(1 Goidsteimm (42)

imave recently demonstrated imm amoebae
that time cytoplasm imas a signifieammt. degree

of control over nuclear DNA synthesis.
Our (xperimmielmtal evi(lenee ilm(hicates timat

the temmmplate ftmnctiomm of DNA as it exists
iim a imueleopmotein complex is relatively iii

sensitive to treatment with HN2. Altimough

it is miot surprising timat time preseimce of

protein iii nucleoproteimi protects time DNA
from alkylatiomm (Table 10) , these data
suggest that. DNA. as it. exists as mmcleo-
protein in time cell. may riot. he the mmmost.
sensitive site to alkvlatioim and thiat other
sites of action nmay also I)e important. for

time cytotoxic effect. of HN2.

To simmmmnmatize time effects of HN2 omm time
i)iosvnthietic nm(clmanisnms ii) tue E. coil cell-

free system. we imave conmpare(1 time l)meseimt

data with data reported earlier omm protein

symithetic immecimammismmms (23) . Time various
components of time h)iosymmthmetic immachinery
are listed (Table 1 1 ) in Om(leI of decreasing

sensitivity, amid time “threshold” (lose of
HN2, i.e. . time lowest. concentm’atiomm which

will rroduce a significant. inhibition as
compared to controls. is also giveim. It’ caim

he seen that time tenmplate activity of native

calf thynmus DNA for RNA symmtimesis is

the niost. semmsitive. Time “amino aeid-polym-
erizimig” emmzynies pmesemmt. imm the S-100

(100,000 q) fraction are next imm semmsitivitv.
followed by time template activity of DNA
imm DNA synthesis. The ability of synthetic
immessemmger RNAs to act as tenmplates for

TABLE 11

Sensitivity of the components of the

Escherich ia co/i B ce/i-free
.si,ste,n to ii itloq(n ;nustar(1

Component

‘Threshold’’

concentration

(211)

Native 1)NA in IINA svtithesis 5 X 10�

8-100 enzymes for amitmo acid 1 X 10-6

polymerizat ioti

Native DNA in DNA svmmthesis 5 X 10�

\Iessemiger l(NA (synthetic) 1 X 10-i

Nucleoprotein (omplex �

flibosomes

1)NA polynmerase

H NA polymerase

1 x 10-s

8-100 enzymes for 5 X 10�
aminoacyl-t HNA sylit hesis

i)IOteilm syntimesis is ilmiiii)ited at 10-s .[�i.
The template activity of the nucleoprotein

complex, the ability of time ribosomes to

support protein synthesis, amid the activities

of DNA ammd RNA polymerase are inhibited

at 10� M. Anmimmoacyl-tRNA synthetases

are time least sensitive of time conmpoiments

examimined, mmot beimmg significantly affected

until a concentratiomm of 5 x 10� Al’ is
emmmployed.
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