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SUMMARY

Z1EVE, FRANKLIN J.: Effects of the carcinogen N-acetoxy-2-fluorenylacetamide on the
template properties of deoxyribonucleic acid, Mol. Pharmacol. 9, 658-669 (1973).

Treatment of DNA #n wiro with the carcinogen N-acetoxy-2-fluorenylacetamide (N-
acetoxy-2-FAA) drastically reduced the capacity of the DNA to serve as a template for
RNA synthesis. Significant inactivation of template activity occurred within seconds after
mixing the carcinogen with DNA. A given quantity of treated DNA could bind 10 times
more RNA polymerase than the same quantity of control DNA. RNA synthesis directed by
treated DNA ceased after 5 min of incubation, while RNA synthesis directed by control
DNA continued for over 1 hr. Treated DNA was as effective as control DNA in supporting
the exchange of [?P]pyrophosphate into nucleoside triphosphates in the presence of RNA
polymerase. These findings indicated that N-acetoxy-2-IFAA inhibited RNA synthesis by
preventing chain clongation, and that chain initiation was unaffected. Denaturation by heat
or alkali decreased the template capacity of control DNA but increased the template capacity
of treated DNA. In addition, treated DNA was more effective than control DNA in sup-
porting the homopolymerization of adenylic acid by RNA polymerase. It therefore ap-
peared likely that N-acetoxy-2-FAA produced regions of partial denaturation of DNA.
Comparison of the effects of a series of N-acetoxyarylacetamides revealed that abolition of
DNA template activity only occurred when the aryl moiety was greater than one ring in
size and when the nitrogen atom was located para to the aromatic system.

garded as essential to the carcinogenic
process (1, 2). Metabolites of the potent
hepatocarcinogen,  N-hydroxy-2-fluorenyl-
acctamide, are bound to liver DNA upon ad-

INTRODUCTION

The interaction of chemical carcinogens
with cellular constituents has long been re-
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ministration of the carcinogen to susceptible
species (3-9). The functional significance of
this binding and its role in carcinogenesis are
unknown.

N-Hydroxy-2-FAA? does not react to
any significant extent with nucleic acids in
vilro, but its acetate ester, N-acetoxy-2-FAA,

2 The abbreviations used are: N-hydroxy-2-
FAA, N-hydroxy-2-fluorenylacetamide; N-ace-
toxy-2-FAA, N-acetoxy-2-fluorenylacetamide.
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reacts nonenzymatically with DNA under
physiological conditions (10). The major
product of this reaction is DNA-bound 8-(N-
2-fluorenylacetamido)guanine (11). Treat-
ment of DNA with N-acetoxy-2-FAA has
profound effects on the biological properties
of the DNA. For example, Maher et al.
(12) showed that N-acetoxy-2-FAA caused
point mutations, and Troll e al. (13) found

that treatment with N-acetoxy-2-I'AA dras-
tically reduced the capacity of DNA to
support RNA synthesis in the presence of
RNA polymerase.

During a study of this inactivation of
DNA template activity it was observed
that N-acetoxy-2-FAA did not merely in-
hibit RNA synthesis but also altered the
characteristics of the RNA polymerase re-
action. These observations suggested that,
in addition to producing a quantitative in-
hibition of RNA synthesis, N-acetoxy-2-
FAA might have subtler effects on the reac-
tion, which could affect the types of RNA
species synthesized. The experiments de-
scribed in this report deal with the template
properties of N-acetoxy-2-FAA-treated
DNA in the RNA polymerase reaction and
with the structural requirements for the
abolition of DNA template activity.

EXPERIMENTAL PROCEDURE

Preparation of DNA. Two methods were
used to prepare DNA from the livers of
normal male Holtzman rats. The first was
the method of Savitsky and Stand (14).
The final DNA preparation was dissolved in
0.015 M NaCl plus 0.0015 M sodium citrate
(pH 7.0), treated with RNase (40 ug/ml) for
1 hr at 37°, and then incubated with Pronase
(100 ug/ml) for 1 hr at 37°. The mixture was
then extracted twice with phenol in the pres-
ence of 19, sodium dodecyl sulfate, and the
DNA was precipitated with ethanol, dis-
solved in 0.015 M NaCl plus 0.015 M sodium
citrate (pH 7.0), and dialyzed against this
solution. The second method of preparation
was that described by Irving and Veazey
(15). Following RNase treatment the mix-
ture was treated with Pronase and extracted
with phenol as described above, and subse-
quently precipitated with 2-propanol (15).
No significant differences were noted be-
tween DNA preparations of the two types.
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The DNA solutions were stored in liquid
N,.

Preparation of RNA polymerase. RNA
polymerase from E. coli B was purified by
the method of Burgess (16). The final puri-
fication was achieved by glycerol gradient
centrifugation. The enzyme incorporated 680
nmoles of AMP per milligram of protein in
the assay system described below, using 200

pg/ml of calf thymus DNA as template.

Preparation of compounds. N-Acetoxy-2-
FAA, m.p. 110-112° (17), and N-hydroxy-2-
FAA, m.p. 150.5-151.5° (18), were prepared
by published methods. N-Hydroxy-2-FAA
was further purified by conversion to its
copper chelate (19). The chelate was decom-
posed with hydrogen sulfide, and the product
was recrystallized from aqueous ethanol,
m.p. 149-151°.

The remaining hydroxamic acid esters
were gifts from Yul Yost, to whom I am
deeply indebted. N-Acetoxy-1-fluorenylacet-
amide, m.p. 77-79° (20), N-acetoxy-3-fluo-
renylacetamide, m.p. 104-105° (21), N-ace-
toxy-4-biphenylylacetamide, m.p. 118° (22),
and N -acetoxyphenylacetamide, m.p. 36-38°
(23), were prepared by published procedures.
The new compounds, which were prepared
by acetylation of the respective hydroxamic
acids in pyridine with acetic anhydride (20),
were N-acetoxy-4-fluorenylacetamide, m.p.
108°, \ELOH 261 (e 15,200), 296 (e 8600), and
303 (e 10,000) nm, 527 1793 (0—C=0) and
1693 (N—C=0) em™!; N -acetoxy-2-biphen-
ylylacetamide, m.p. 101-102°, Agi2® 232
(e 32,200) nm, »EB" 1790 (O—C=0) and
1685 (N—C=0) em™; and N-acetoxy-3-
biphenylylacetamide, m.p. 83°, AE:OH 242
(¢ 26,000) nm, B 1795 (O—C=0) and
1685 (N—C=0) cm™'. All the new com-
pounds had the correct elementary com-
positions.

Reaction of DNA with N-acetoxy-2-FAA.
Incubation mixtures contained 50 mm Tris-
Cl (pH 7.9), 15 mm NaCl, 1.5 mm sodium
citrate, 309, (v/v) ethanol, 5%, (v/v) di-
methylsulfoxide, 100 ug/ml of DNA, and
N-acetoxy-2-FAA as indicated. The volume
of the mixture was typically 1 ml, and incu-
bation was carried out for 1 hr at 23°. After
incubation the DNA was precipitated by the
addition of 100 ul of 5 M NaCl and 2 ml of
959, ethanol. The precipitate was washed
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four times with 3 ml of 959, ethanol and
dissolved in 200 ul of 15 mm NaCl plus 1.5
mum sodium citrate (pH 7.0). The solution
was extracted four times with 1 ml of chloro-
form and twice with 1 ml of water-saturated
ether, and finally dialyzed overnight against
15 mu NaCl plus 1.5 my sodium citrate
(pH 7.0). Control DNA was treated in ex-
actly the same manner, but without the
addition of N-acetoxy-2-FAA. This control
DNA was indistinguishable from untreated
rat liver DNA in its thermal melting profile
and in its template capacity for RNA syn-
thesis.

RN A polymerase assay. The reaction mix-
ture (75 pl, final volume) contained 40 mxm
Tris-Cl (pH 7.9), 4 mm MgCl:, 1 mm
MnCl;, 1 mu dithiothreitol, 0.5 mg/ml of
bovine serum albumin, 0.4 mm GTP, 0.4 mu
CTP, 0.4 mm UTP, 0.4 mm [“CJATP (5
mCi/mmole), and DNA and enzyme as indi-
cated. Incubation was performed for 10 min
at 37°, and acid-insoluble radioactivity was
determined by the method of Bollum (24).

RESULTS

In agreement with the findings of Troll
et al. (13), the incubation of native rat liver
DNA with N-acetoxy-2-FAA substantially
reduced the ability of the DNA to serve as
a template for RNA synthesis. Figure 1
shows this inhibition of template activity as
a function of the concentration of N-acetoxy-
2-FAA with which the DNA was incubated.
In these experiments the DNA concentiration
was kept constant at 100 ug/ml and the
N-acetoxy-2-FAA concentration was varied
through the range shown on the abscissa.
Concentrations of N-acetoxy-2-FAA as low
as 10 M inhibited DNA template activity
significantly, while concentrations of 1 mat
and above almost completely abolished RNA
synthesis.

Troll et al. (25) have also reported a sub-
stantial decrease in DNA template activity
following incubation with N-hydroxy-2-
FAA. Under the present conditions N-hy-
droxy-2-FAA had no effect on template ac-
tivity at concentrations below 1 mm and
produced a maximal inhibition of 189, at
higher concentrations (Fig. 1). The N-hy-
droxy-2-FAA used in these experiments was
purified by conversion to its copper chelate.
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Fi1c. 1. Inhibition of RN A synthesis by treatment
of DNA with N-acetoxy-2-FAA or N-hydrozy-2-
FAA

DNA was incubated with the indicated concen-
tration of N-acetoxy-2-FAA or N-hydroxy-2-FAA
for 60 min at 23°. The remaining components of the
reaction mixtures were as described under EXPERI-
MENTAL PROCEDURE, except that the concentra-
tion of dimethylsulfoxide was 109 (v/v). RNA
polymerase assays contained 10 ug of enzyme and
4 ug of DNA in a volume of 75 pl. Under these con-
ditions 2400 pmoles of AMP were incorporated into
RNA in 10 min at 37° in the presence of untreated
rat liver DNA.

When apparently homogeneous N -hydroxy-
2-FAA which had not been purified by
chelate formation was used, a maximal in-
hibition of 459, was observed. This is com-
parable to the 509, inhibition reported by
Troll et al. (25), who used a preparation of
N-hydroxy-2-FAA which had not been puri-
fied.

Figure 2 shows the time course of the in-
activation of DNA template activity by
N-acetoxy-2-FAA. DNA incubated with N-
acetoxy-2-FAA for 30 sec at 23° exhibited a
significantly reduced capacity to support
RNA synthesis, and 509, inhibition was
achieved within 3 min. The inactivation pro-
ceeded at a diminishing rate throughout the
incubation.

The rat liver RNA polymerases are inac-
tivated following a single injection of N-hy-
droxy-2-FAA (26). Because of this inactiva-
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F16. 2. Time course of inactivation of DNA
template activity by N-acetoxy-2-FAA

DNA was incubated at 23° with 1 mm N-
acetoxy-2-FAA for the indicated time periods.
The composition of the reaction mixtures was as
described under EXPERIMENTAL PROCEDURE. RNA
polymerase assays contained 10 ug of enzyme and
4 ug of DNA in a volume of 75 ul.

tion in vivo, it was relevant to ask whether
the observed inhibition of RNA synthesis in
the present experiments ¢n vitro might be
due to inactivation of the enzyme by traces
of N-acetoxy-2-FAA which were carried
along with the DNA through the washing
procedure. To test this possibility, an RNA
polymerase reaction mixture was set up
which contained sufficient control liver DNA
to saturate the enzyme. The mixture was
incubated for 10 min at 37°. Under these
conditions all the enzyme present is bound
virtually irreversibly to the DNA (27). After
10 min of incubation the reaction mixture
was divided into three aliquots. To one of
these was added buffer, to the second addi-
tional control DNA, and to the third DNA
treated with N-acetoxy-2-FAA. If the inhi-
bition of RNA synthesis were due to enzyme
inactivation, one would expect the addition
of treated DNA to depress the rate of RNA
synthesis from control DNA. The results
shown in Fig. 3 indicate that this was not
the case; addition of treated DNA had no
effect on the rate of transcription of control
DNA. Therefore the inhibition of RNA syn-
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F1G. 3. Effect of N-acetoxy-2-FAA-treated DN A
on transcription of control DNA

DNA was incubated with 1 mmM N-acetoxy-2-
FAA for 60 min at 23° as described under EXPERI-
MENTAL PROCEDURE. The reaction mixture for
RNA synthesis (500 ul, final volume) contained
100 ug of control liver DNA and 20 ug of RNA
polymerase. After incubation for 10 min at 37°,
three 100-ul aliquots, containing 20 ug of DNA,
were removed. These aliquots were mixed with
20 ul of buffer (@—@), 20 ul of buffer con-
taining 20 ug of normal liver DNA (C—O),
or 20 ul of buffer containing 20 ug of N-acetoxy-
2-FAA-treated DNA (O——0). The buffer was 15
mM NaCl plus 1.5 mm sodium citrate (pH 7.0).
After mixing, the incubation was continued at
37°. Samples (50 ul) were taken at 5-min inter-
vals for the determination of acid-insoluble radio-
activity.

thesis by N-acetoxy-2-FAA probably reflects
inactivation of the template rather than of
the enzyme.

Besides being much less able to sup-
port RNA synthesis, the N-acetoxy-2-FAA-
treated DNA differed from the control
DNA in several of its properties. Figure 4
shows the initial rates of RNA synthesis
primed by control and treated DNA as a
function of the amount of DNA added to
the incubation mixture. A constant amount
(10 ug) of RNA polymerase was used in
these incubations. It is apparent that the
treated DNA saturated the enzyme at a
much lower concentration than the control
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F1c. 4. Rates of RNA synthesis as a function of
DNA concentration

DNA was treated with 1 mm N-acetoxy-2-FAA
for 60 min at 23°. RN A polymerase assay mixtures
(75 ul) contained 10 ug of enzyme and the indicated
amount of DNA. A. Control DNA. B. N-Acetoxy-
2-FAA-treated DNA.

DNA. Approximately 0.2 ug of treated DNA
half-saturated 10 ug of RNA polymerase,
while 2 ug of control DNA were required for
half-saturation of the same amount of
enzyme.

The time courses of RNA synthesis di-
rected by control DNA and by DNA treated
with N-acetoxy-2-FAA are given in Fig. 5.
In these experiments sufficient DNA was
added to saturate the amount of enzyme
present. Under these conditions the initia-
tion of RNA chains is negligible after the
first few minutes of the reaction (28). When
control DNA was used as the template (Fig.
5A), the incorporation of AMP proceeded
linearly for approximately 20 min and con-
tinued at a gradually diminishing rate
throughout the period of incubation (1 hr).
In contrast, when treated DNA was used as
the template (Fig. 5B), the incorporation
was virtually complete by the time the first
aliquot was removed after 5 min of incuba-
tion. Thus the AMP incorporation at 5 min
was 829, of the incorporation at 60 min.
Since termination and reinitiation of RNA
chains do not occur under these conditions
(28), the early cessation of RNA synthesis
suggests that the treatment of DNA with
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FiG. 5. Time course of RNA synthesis in the
presence of control or N-acelozy-2-FAA-treated
DNA

DNA was incubated with 1 mM N-acetoxy-2-
FAA for 60 min at 23°. RNA polymerase assay
mixtures contained 2 ug of enzyme and 10 ug of
DNA in a volume of 50 ul. The tubes were incu-
bated at 37° for the indicated times. A. Control
DNA. B. N-Acetoxy-2-FAA-treated DNA.

N-acetoxy-2-FAA inhibits RNA chain elon-
gation.

It is possible, of course, that N-acetoxy-2-
FAA might inhibit the initiation of RNA
chains as well as their elongation. As a
measure of chain initiation, the capacity of
control and treated DNA to support the
incorporation of labeled inorganic pyrophos-
phate into nucleoside triphosphates was
tested. Krakow and Fronk (29) have shown
that pyrophosphate exchange occurs at the
dinucleotide level by the successive forma-
tion and pyrophosphorolysis of the first
phosphodiester bond in the RNA chain.
Figure 6 shows the rate of pyrophosphate
exchange catalyzed by RNA polymerase in
the presence of normal and treated DNA.
It is apparent that N-acetoxy-2-FAA had
no significant effect on the capacity of DNA
to support this exchange reaction. The
treated DNA used in this experiment had
less than 59, of the template capacity of
normal DNA, as measured by the incorpora-
tion of AMP into RNA. Hence it appears
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F1G. 6. 32PP;-nucleoside (riphosphate exchange
in the presence of control or treated DN A

DNA was treated with 1 mm N-acetoxy-2-FAA
for 60 min at 23°. For the measurement of pyro-
phosphate exchange, the reaction mixtures (50 ul)
contained 50 mm Tris-Cl (pH 7.9), 5 mm MgCl. ,
0.1 mM dithiothreitol, 0.4 mm each ATP, GTP,
CTP, and UTP, 1 mm 2PP;, 4 ug of DNA, and
10 ug of RN A polymerase. The incubation temper-
ature was 37°. At the indicated time intervals the
reaction was stopped by the addition of 100 ul of
0.1 M EDTA, followed by 1 ml of 10 mm Na,P:0;
(adjusted to pH 6.0 with KH,PO,) containing 5%
(w/v) charcoal. The charcoal was collected on a
glass fiber filter and washed with 10 mm Na,P;0;
(pH 6.0). The filters were dried under an infrared
lamp and counted with the use of a toluene-based
scintillator solution. @, control DNA; O, treated
DNA.

that N-acetoxy-2-FAA inhibits RNA syn-
thesis primarily by preventing chain elonga-
tion, and that chain initiation is unaffected.

The major product of the reaction of
N-acetoxy-2-FAA with the constituents of
DNA is 8-(N-2-fluorenylacetamido)guanine
(11). It was therefore of interest to determine
whether regions of the treated DNA which
did not contain guanine could serve as
templates for the polymerization of ribo-
nucleotides. The DNA-dependent synthesis
of polyadenylic acid, which is thought to
occur by the reiterative transcription of
thymine clusters in DNA (30), affords a
system in which the template capacities of
certain non-guanine-containing DNA regions
can be measured. Figure 7 gives the rates of
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F16. 7. Synthesis of polyadenylic acid by RNA
polymerase in the presence of control or N-acetory-
2-FAA-treated DNA

DNA was incubated with 1 mM N-acetoxy-2-
FAA for 60 min at 23°. The synthesis of poly-
adenylic acid was assayed in reaction mixtures
(50 ul, final volume) containing the standard com-
ponents of the RN A polymerase assay, except that
GTP, CTP, and UTP were omitted. There were
2 ug of enzyme and 10 ug of DNA present, and the
incubation temperature was 37°.

polyadenylic acid synthesis by RNA polym-
erase in the presence of control and treated
DNA. The treated DNA supported a some-
what greater rate of AMP polymerization
than the control DNA, in sharp contrast to
the decreased ability of the treated DNA to
support RNA synthesis in the presence of
all four nucleoside triphosphates.

The homopolymerization of AMP is
thought to require single-stranded DNA as
a template (30). The increased rate of poly-
adenylic acid formation in the presence of
treated DNA raised the question whether a
major effect of N-acetoxy-2-FFAA treatment
could be to denature the DNA. Troll et al.
(25) have reported that N-acetoxy-2-FAA
decreases the temperature of half-melting of
DNA. The thermal melting profiles of nor-
mal rat liver DNA and of DNA treated with
two different concentrations of N-acetoxy-2-
FAA are shown in Fig. 8. Treatment of
DNA with 10 mm N-acetoxy-2-FAA low-
ered the Ty by 7.4° and reduced the relative
hyperchromicity on melting by 10%. In
contrast, treatment with 1 my N-acetoxy-2-
FAA had no discernible effect on the melting
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FiG. 8. Effect of N-acetoxy-2-FAA on thermal
melling profile of DNA
DNA was incubated with N-acetoxy-2-FAA for
60 min at 23°. The concentration of the carcinogen
was 1 mM (A——A) or 10 mM (C——O). Melting

profiles were measured in 15 mm NaCl plus 1.5 mm *

sodium citrate (pH 7.0) after the DNA samples
had been dialyzed against this buffer for 48 hr.
@®—@, control DNA.

profile. Both these treated DNA prepara-
tions had less than 109, of the template
activity of control DNA, as shown in Fig. 1.
It therefore appears that the inhibition of
template activity for RNA synthesis can
take place in the absence of detectable de-
stabilization of the double-helical structure
of native DNA.

In view of the denaturation-like changes
in the template properties of DNA treated
with N-acetoxy-2-FAA, it was of interest to
examine the effect of denaturation on the
template capacity of the treated DNA. De-
naturation was accomplished by treatment
with alkali at 23° or by heating at 95° fol-
lowed by rapid cooling. In agreement with
previous reports (31, 32), the denaturation
of control DNA decreased its efficacy as a
template for RNA synthesis (Table 1). In
contrast, denaturation of treated DNA by
alkali or by heat increased its template
capacity significantly. Native N -acetoxy-2-
FAA-treated DNA had only 129, of the
template capacity of native control DNA,
while alkali-denatured treated DNA had
689, of the template capacity of alkali-
denatured control DNA and heat-denatured
treated DNA had 579, of the template
capacity of heat-denatured control DNA.

FRANKLIN J. ZIEVE

TasLE 1

Effect of denaturation on template capacity of

normal and N-aceloxy-2-FAA-treated DNA

DNA was treated with 1 mm N-acetoxy-2-FAA
for 60 min at 23°. DNA was denatured by treat-
ment with 0.2 N NaOH for 10 min at 23° or by
heating for 10 min at 95° followed by rapid cooling.
RNA polymerase reaction mixtures contained 10
ug of enzyme and 10 ug of DNA in a final volume
of 75 ul. Similar results were obtained with three
different preparations of treated DNA.

Condition of DNA AMP incorporation

Control N-Acetoxy-
2-FAA
pmoles
Native 5067 630
Alkali-denatured 1440 982
Heat-denatured 1913 1093

The carcinogenicity of arylhydroxamic
acids depends upon several structural fea-
tures of the molecule. Among these are the
size of the aryl moiety and the position of
the nitrogen with respect to the aromatic
system (33). The availability of a general
procedure for the synthesis of hindered aryl-
hydroxamic acids and their acetate esters
(34) made it possible to test the effects of
these structural features on the ability of
esters to inactivate the template activity of
DNA in vitro. Table 2 shows the effects of
the acetate esters of fluorenylacetohydrox-
amic acids substituted at various positions
in the fluorene system on the template
capacity of DNA. Only N-acetoxy-2-fluo-
renylacetamide inhibited RNA synthesis sig-
nificantly. Prolonged incubation with con-
centrations as high as 10 mm N-acetoxy-1-,
3-, or 4-fluorenylacetamide had no effect on
DNA template activity.

A similar situation was observed with the
acetate esters of the various biphenylylace-
tohydroxamic acids shown in Table 3. In
this case the only compound which produced
significant inhibition of RNA synthesis was
N -acetoxy-4-biphenylylacetamide. The inhi-
bition observed, however, was significantly
less than that produced under the same con-
ditions by N-acetoxy-2-FAA. Within the
limits of sensitivity of the assay system,
DNA treated with N-acetoxy-2-biphenylyl-
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TaBLE 2
Effects of acetate esters of fluorenylacelohydrozamic acids on template activity of DN A
DNA was incubated with each ester as described under EXPERIMENTAL PROCEDURE for the incubation
of DNA with N-acetoxy-2-fluorenylacetamide. The concentration of the ester was 1 mm, and the incuba-
tion time was 60 min at 23°. RN A polymerase assay mixtures contained 10 ug of enzyme and 4 ug of DNA
in a volume of 75 ul. Each value represents the mean =+ standard deviation for three DN A preparations.

Treatment of DNA

RNA synthesis

AMP incorporation Inhibition
pmoles %
Control 2388 *+ 109 —
0
‘l-'(':-CH
4 3
' 0-C-CHy
w 2507 + 97 0
0
N-Acetoxy-1-FAA3
0
(]
/ \ %{-C-CHa 178 + 31 93
= 0-C-CHy
a "
N-Acetoxy-2-FAA 0
0
L]
a “H-C-CH
N-Acetoxy-3-FAA2 1 3
O-C-CH3
]
]
OQ 2291 + 113 4

N-Ace :oxy-lo-FAAa

o .FAA, -fluorenylacetamide.

acetamide or N-acetoxy-3-biphenylylaceta-
mide was indistinguishable from untreated
DNA. N-Acetoxyphenylacetamide, in which
the aromatic system is a phenyl group, was
also without detectable effect on DNA
template capacity.

DISCUSSION

N-Acetoxy-2-FAA is capable of almost
completely eliminating the template activity
of DNA, as noted earlier by Troll et al. (13).
In the present system 509, inhibition was

achieved at a concentration of 0.1 mm
N-acetoxy-2-FAA (Fig. 1). Since the con-
centration of DNA in these reactions was
100 pg/ml, this corresponds to a ratio of
approximately 0.3 mole of N-acetoxy-2-FAA
per mole of DNA nucleotide in the incuba-
tion mixture.

No direct measurements were made of the
fraction of DNA guanine residues modified
by N-acetoxy-2-FAA in the present experi-
ments. A maximum value for the extent of
substitution can be obtained by comparing
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TABLE 3
Effects of acelale esters of biphenylylacetohydrozamic acids and of N-hydrozyphenylacetamide
on template activity of DNA
The incubation of DNA with the various esters and the RN A polymerase assays were carried out as

described in the legend to Table 2.

Treatment of DNA

RNA synthesis

AMP incorporation Inhibition
rrmoles %
Control 2388 + 109 —_—
1996 = 52 12
2245 = 96 6
0
[ ]
C-CHg 1504 * 80 37
. s
N-Acetoxy-4-BAA 0
H 2402 = 66 0

0
[ ]
0--&-(3“3

0

N-Acetoxyphenylacetamide

s .BAA, -biphenylylacetamide.

the thermal melting profiles of Fig. 8 with
those obtained by Fuchs and Daune (35)
and by Kapuler and Michelson (36). These
authors found that modification of approxi-
mately 89, of the total guanine residues of
Micrococcus lysodeikticus DNA lowered the
Tx of the DNA by 2° a difference which
would have been detected by the techniques
used in the present work. Treatment of rat
liver DNA with 1 mm N-acetoxy-2-FAA did
not detectably alter the Ty of the DNA, but
reduced its template capacity by more than
909,. It may therefore be concluded that
the modification of less than 89, of the

guanine residues in DNA by N-acetoxy-2-
FAA results in almost complete inhibition
of RNA synthesis.

At a concentration of 1 mm, N-acetoxy-2-
FAA inactivated DNA rapidly, with 3 min
of incubation being required to achieve 509,
inhibition. In the later part of the incubation
the rate of inactivation was drastically re-
duced, which appears inconsistent with the
report by Maher et al. (12) that the half-life
of N-acetoxy-2-FAA in 329, ethanol at pH
7.5 and room temperature was approxi-
mately 2 hr. These authors suggested, how-
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ever, that the half-life of the ester might be
shorter in the presence of DNA.

DNA treated with N-acetoxy-2-FAA sat-
urated a given quantity of RNA polymerase
at a 10-fold lower concentration than control
DNA. The values for half-saturation calcu-
lated from Fig. 4 should not be regarded as
Michaelis constants, since the association of
RNA polymerase with DNA is known to be
irreversible in the presence of RNA synthe-
sis (27). In keeping with this reasoning, the
DNA concentration required for half-maxi-
mal reaction velocity depends on the quan-
tity of enzyme present (37). Hence the
saturation curves in Fig. 4 can best be inter-
preted as reflecting the number of polymer-
ase binding sites on the DNA (37, 38). A
given weight of treated DNA is therefore
capable of binding more RNA polymerase
than the same weight of control DNA. De-
natured DNA also possesses more polymer-
ase binding sites per unit weight than native
DNA, and so does DNA damaged by v-irra-
diation (39, 40), ultraviolet irradiation (41),
deoxyribonuclease (40), and hydroxylamine
(42).

The increased efficacy of the treated DNA
in supporting polyadenylic acid synthesis
suggested that the treatment produced re-
gions of denaturation of the DNA. It is
apparent (Fig. 8 and ref. 25) that high con-
centrations of N-acetoxy-2-FAA produced a
gross destabilization of DNA toward ther-
mal denaturation. The treated DNA used in
most of the present studies, however, had a
thermal melting profile which was indistin-
guishable from that of untreated DNA (Fig.
8). Since this treated DNA had less than
109, of the template capacity of normal
DNA, it may be concluded that the de-
crease in Ty upon treatment with N-ace-
toxy-2-FAA is not directly related to the
decrease in template capacity. Some localized
denaturation is presumably produced by 1
mM N-acetoxy-2-FAA, in view of the in-
crease in template activity for homopolymer
synthesis. The denatured regions must be
relatively short, however, since the melting
profile is unaffected.

The increase in the template capacity of
N-acetoxy-2-FAA-treated DNA upon de-
naturation by alkali or by heat was some-

667

what surprising. It is conceivable that some
fluorenyl adducts were cleaved from the
DNA by 0.2 N NaOH. Indeed, Kriek (7) and
Irving et al. (8) have found that the DNA
adducts formed after administration of N-
hydroxy-2-FAA in vivo are alkali-labile. The
adducts in vivo, however, are deacetylated
(7, 8, 43), while the adducts formed n vitro
from N-acetoxy-2-FAA retain the acetyl
group (11). The increased template capacity
following heat denaturation is less likely to
result from cleavage of adducts, since the
product of the reaction of N-acetoxy-2-FAA
with DNA is unaffected by prolonged incu-
bation at neutral pH (25).

The paradoxical effects of denaturation on
the template capacity of treated DNA might
be due in part to interstrand cross-links pro-
duced by the carcinogen. Such cross-links
have been shown to occur (35), and if they
were present in sufficiently small number,
they might not affect the thermal melting
profile. These cross-links would prevent
strand separation upon denaturation of the
treated DNA, and hence would tend to pre-
vent the decrease in template activity seen
upon denaturation of normal DNA.

Comparison of the effects of the acetate
esters of various arylacetohydroxamic acids
revealed that only the para-substituted com-
pounds (N-acetoxy-2-FAA and N -acetoxy-
4-biphenylylacetamide) produced detectable
inhibition of DNA template activity. Both
these compounds are highly carcinogenic
(44). N-Hydroxy-3-fluorenylacetamide is
also highly carcinogenic (33), but its acetate
ester, N-acetoxy-3-fluorenylacetamide, had
no effect on template activity. This indicates
either that N-acetoxy-3-fluorenylacetamide
did not react with DNA or that, if it did
react, the resulting adducts did not inhibit
RNA synthesis. In support of the first alter-
native is the failure of N-acetoxy-3-fluorenyl-
acetamide to react with methionine at
neutral pH (21). If N-acetoxy-3-fluorenyl-
acetamide is unreactive under physiological
conditions, then it is likely that carcino-
genesis by N-hydroxy-3-fluorenylacetamide
requires metabolic activation of the hydro-
xamic acid by some process other than es-
terification.

The inhibition of RNA synthesis by hy-
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droxamic acid esters was also dependent on
the size and rigidity of the aryl moiety. Thus
replacement of the planar fluorene group by
the more flexible biphenyl group reduced the
degree of inhibition, while replacement by
the phenyl group completely eliminated the
inhibition. These results correlated well with
the carcinogenicities of the corresponding
arylhydroxamic acids (33).

It was shown previously that the adminis-
tration of a single dose of N-hydroxy-2-FAA
to male rats causes a profound inhibition of
liver RNA synthesis (26). This inhibition in
vivo is due to decreased activity of the liver
RNA polymerases rather than to decreased
template capacity of liver DNA. The experi-
ments described in the present report have
shown that N-acetoxy-2-FAA can also pro-
duce profound alterations in the template
properties of DNA. Thus N-hydroxy-2-FAA
and its esters are capable of inhibiting RNA
synthesis both at the level of the enzymes
and at the level of the DNA template. The
production of hepatomas by N-hydroxy-2-
FAA requires prolonged or repeated admin-
istration of the compound. It remains to be
seen whether either or both of these mech-
anisms for altering cellular RNA synthesis
are operative under such conditions of
chronic administration.
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