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Physical Studies of N-Acetoxy-N-2-acetylaminofluorene-

Modified Deoxyribonucleic Acidf

Chiang-Tung Chang, Stephen J. Miller, and James G. Wetmur*

ABSTRACT: Denatured T4 phage DNA was reacted with
N-acetoxy-N-2-acetylaminofluorene. The rate of reaction was
determined using the change in the melting temperature of
renatured DNA as an indicator of the percentage of modifica-
tion. The renaturation rates of a series of modified DN As were
investigated. This rate is reduced by a factor of 2 when the
melting temperature is lowered 15°. The absorption at 305
nm, the negative circular dichroism band around 300 nm, the
melting temperature change, and the buoyant density shift

I)revious studies have shown that N-2-acetylaminofluorene
a carcinogen, when administered in vivo, is converted in rat
liver to the reactive carcinogenic ester, N-2-acetylamino-
fluorene N-sulfate. N-AcO-AAF! is used as an analog for
N-sulfate-N-2-acetylaminofiuorene as the analog reacts slower
with nucleophiles, hydrolyzes slower, but forms the same
products (Cramer er al., 1960; Miller er al., 1961 ; Marroquin
and Farber, 1962, 1965; Henshaw and Hiatt, 1963; Willard
and Irving, 1964; Irving er al., 1967; Kriek, 1968; Agarwal
and Weinstein, 1970). The N-AcO-AAF reaction site on DNA
has been demonstrated to be the C-8 position of guanine with
AAF present in the product (Kriek er al., 1967). Recent work
has shown that adenine nucleotides and N-AcO-AAF may

T From the School of Chemical Sciences, University of Illinois, Ur-
bana, Illinois 61801. Received October 9, 1973. Supported by Research
Grant GM 17215 from the National Institutes of Health. 8. J. M. is a
predoctoral trainee supported by 2T1-GM-00722 from the National
Institutes of Health,

! Abbreviations used are: N-AcO-AAF, N-acetoxy-N-2-acetylamino-
fluorene; AAF, the N-2-acetylaminofluorene residue; AAF-DNA, the
N-2-acetylaminofluorene residue covalently linked to DNA bases; CD,
circular dichroism; ED, electric dichroism.
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due to modification were investigated. From these data, we
conclude that the melting temperature change due to 1%
modified base pairs is 0.9°. Electric dichroism of modified
DNA was studied in an alternating field. From the dichroism,
we calculate the angle between the aminoacetylfiuorene resi-
due 305-nm transition moment and the DNA helix axis to be
60 = 4° under conditions where the 305-nm band is optically
active. The aminoacetylfluorene residue must be located in an
asymmetric potential field outside of the DNA helix.

react to some extent, although with lower reactivity than
guanine nucleotides (Miller and Miller, 1969; Marroquin and
Coyote, 1970; Kapuler and Michelson, 1971; Kriek and
Reitsema, 1971 ; Michelson er al., 1972).

The effects of various mismatched base pairs and chemically
modified bases on the thermal stability of nucleic acids have
been investigated (Kotaka and Baldwin, 1964; Bautz and
Bautz, 1969; Laird er a/., 1969; Uhlenbeck er al., 1971; Fink
and Crothers, 1972; Lee and Wetmur, 1973; Hutton and
Wetmur, 1973; Gralla and Crothers, 1973). The effect of
N-AcO-AAF modification of DNA on the melting tempera-
ture has been studied by Troll er al. (1969) and Fuchs and
Daune (1971, 1972). Because of the methods used to separate
the hydrolysis products of N-AcO-AAF from the modified
DNA, the melting temperature change resulting from modifica-
tion was substantially underestimated. Recently, Fuchs and
Daune (1972) interpreted their results on the optical proper-
ties of AAF-DNA to indicate that the AAF residue was in-
serted into the DNA helix.

In this work, we present data on the time course of the reac-
tion of N-AcO-AAF with denatured DNA, measurements of
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the physical properties of native AAF-DNA, together with a
correlation between these properties and the fraction of DNA
bases modified, and ED studies of AAF-DNA which indicate
that the AAF residue is not inserted into the helix.

Materials and Methods

DNA Preparation. Bacteriophage T4M41 was a gift of Dr.
D. A. Goldthwait. The phage were then grown according to a
scaled-down version of the method described by Carroll et al.
(1972). The phage were released from the concentrated in-
fected cells by vigorous aeration in the presence of lysozyme
and chloroform and were purified by two cycles of differential
sedimentation. T4 DNA was prepared by phenol and chloro-
form extraction of the phage, dialysis, and sonication with a
Bronson power sonifier.

Reagents. N-AcO-AAF was a generous gift from Professor
J. A. Miller, McArdle Laboratory, University of Wisconsin.
Proflavine and d-10-camphorsulfonic acid were obtained from
Sigma and Aldrich, respectively. All other chemicals used
were reagent grade.

N-AcO-AAF Treatment of DNA. T4 DNA (30 ml; 220
ug/ml), in 0,01 M NaCl-0.002 M sodium citrate buffer (pH
7.0), was denatured by heating for 5 min at 100° and quenched
in ice. The DNA solution was mixed with 30.8 mg of N-AcO-
AAF dissolved in 28 ml of 1009 ethanol and incubated at
37°. At various time intervals, aliquots were removed,
quenched in ice, and dialyzed at 4° for four changes (24 hr)
against the same 50 % ethanol solution as used for the reaction
and then into the buffer solution alone. After dialysis, the
solution was sedimented at 40,000g for 1 hr to remove aggre-
gated DNA-AAF which causes light absorption or scattering
at 340 nm (Kapular and Michelson, 1971) and to remove any
aggregated reagent hydrolysis products.

Studies of the time course of the reaction were also carried
out under the same conditions with varying N-AcO-AAF
concentrations. Control DNA was carried through the proce-
dure with no N-AcO-AAF and with incubation at 37° for the
largest time used for any of the samples. Neither the melting
temperature nor the renaturation rate of the control DNA was
affected by the treatment.

Melting Temperatures. Modified and unmodified T4 DNA
samples were exhaustively dialyzed at 4° against 0.4 M NaCl-
0.002 M sodium citrate buffer (pH 7.0). The melting tempera-
tures were taken in a Beckman Acta III spectrophotometer as
described before (Hutton and Wetmur, 1973),

Renaturation Kinetics. Renaturation rates were measured as
described before (Hutton and Wetmur, 1973). The renatura-
tion temperature was 60°, Renaturation and melting cycles
were repeated for each measurement.

Buoyant Densities. Buoyant densities were measured in
neutral CsCl solutions in a Beckman Model E analytical
ultracentrifuge using native Escherichia coli DNA as a refer-
ence.

Absorption Spectra. Absorption spectra were measured at
10°in a Cary 15 spectrophotometer.

Circular Dichroism. CD spectra were measured at 10° in a
Jasco ORD/UVS with CD attachment. The CD spectra were
calibrated with a 0.19 aqueous solution of 4-10-camphor-
sulfonic acid (Yang and Samejima, 1969).

Electric Dichroism. Measurements of ED were carried out
using the alternating field birefringence apparatus described
elsewhere (Miller and Wetmur, 1974) with the analyzer and
Fresnel rhomb removed and with the polarizer set at 0° with
respact to the electric field ; 7.7-kHz pulses of 10-msec duration

were used. The root-mean-square field strength, kept constant
throughout each spectrum, was 4-6 kV/cm. The melting
temperature and circular dichroism and absorption spectra
were measured before dialysis at 4°, 70-90 ug/ml of DNA, to
2 X 107* M NaEDTA buffer (pH 7.0). After dialysis, cold
glycerol was added to 58 % by weight as determined by mea-
suring the refractive index of an aliquot at 20° using an Abbe
3-L refractometer. ED, CD, and absorption spectra were
measured at 10°. The CD and absorption spectra agreed with
the spectra measured before dialysis.

With the polarizer set parallel to the electric field, the electric
dichroism, AA4, is given by

A4 = (3/2)llog (1 + AL/I))] M

where [ is the initial light intensity and A7} is the change in
intensity upon application of the field. Jy and Al are mea-
sured in volts at the output of the cathode follower and read
off an oscilloscope tracing.

Calculation of the Orientation Angle. The angle, o, between
the transition moment of the chromophore and the symmetry
axis can be related to the reduced dichroism, A4/4, where A4 is
absorbance by the equation (Yoshioka and Watanabe, 1964)

Ad/4 = (3/2)3 cos?a — 1)® @

where P, the orientation, is the fractional orientation of the
sample. ® will vary from zero to one as the sample varies
from random to perfect orientation. As the sample cannot be
completely oriented,  must be calculated. If the chromophore
of interest (AAF), ¢, is bound to DNA

®(c) = P(DNA) 3

We assume that «(DNA) = 90° and measure A4/4 where
A(DNA) > A(c) and where the transitions involved in
A(DNA) are in the plane of the bases. @ is determined from
eq 2. a(c) may then be determined by measuring A4/4 where
A(c)>> A(DNA), For cases where the DNA and chromophore
absorption spectra overlap, absorbance and ED values are
determined by comparison with a reference sample of DNA
alone.

Results and Discussion

Labeling Kinetics. The rate of reaction of N-AcO-AAF with
DNA has been studied under one set of solvent conditions.
The effect of initial N-AcO-AAF concentration on the prog-
ress of the reaction is shown in Figure la. The amount of
modification is indicated by AT, the decrease in DNA melt-
ing temperature due to the modification. A fraction of base
pairs modified, p, is shown below to be related to ATy, by

p = 0.011ATy C)]

Three reactions need to be considered. The hydrolysis of
N-AcO-AAF (F) with rate constant k;. The reaction of gua-
nine residues (G) with N-AcO-AAF with rate constant ks,
and the reaction of adenine residues with N-AcO-AAF with
rate constant k.’

—d(G)/dt = k«(GXF) (52)

—d(A)/dt = k'(A)(F) (5b)

~d(F)/dt = ki(F) + k(G)F) + k.'(AXF) (50
Combining eq 5a and 5b and integrating

(G)(Go) = (A/(ANF/* (62)
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FIGURE 1: (a) The extent of modification of DNA by N-AcO-AAF, indicated by AT, the decrease in melting temperature due to modification,
is shown as a function of time. The initial N-AcO-AAF concentrations were (A) 8. 10 X 1074 M, (B) 1.96 X 1073 M, and (C) 3.35 X 1073 M.
The initial DNA nucleotide concentrations were (A) 1.32 X 107¢ M, (B) 3.23 X 10~¢ M, and (C) 3.68 X 10~¢ M. The solvent was 0.01 M
NaCl-0.001 M citrate buffer (pH 7.0), 50 % ethanol, 37°. (b) Rate plots for the reactions shown in parta: 1, C; 2, B: 3, A.

The limit of this result when time goes to infinity is
(GL)/(Go) = [(A)/(AgJ¥/*Y (6b)
Kapuler and Michelson (1971) found that

(Go) = G)[(Go) _ 045 _
[(Ay — (A)/(Ap)  0.195

(7)

which is in fairly good agreement with the result of Kriek and
Reitsema (1971) that the relative reactivity of poly(G) and
poly(A) with N-AcO-AAF is about 3. We will accept the
literature value of 2.3 and investigate the resulting kinetic
equations. Combining eq 6b and 7, we obtain

ky = 0.36k, (®)
As T4 DNA has 34%, G + C content, we know that

(Ao) = (0.66/0 .34)(Go) = 1.94(Gy) )
Combining eq 5a, 5c, 6a, 8 and 9, we obtain
b _
ks

[(F)) — )] — [(Go) — (G)] — 1.94(G)( — [(G)/(Go]**)
In [(G)/(G)]

When time goes to infinity, (F) goes to zero, or

ki

ks

(Fo) = [(Go) — (G)l = 1.94(Go)1 — [(G=)/(Go)l* )
In [(G)/(G )]

(10b)

The relation between percentage modification and AT, eq 4
may be rewritten as

1 — 0.34[(G)/(Go)] — 0.66[(G)/(Go)l*** = 0.011AT, (11a)
or
1 —~ 0.34[(G)/(Go)]l ~ 0.66[(G.)/(Go)** =

0.011AT., (11b)

From the data in Figure 1a and making use of eq 10b and 11b,
we may calculate ky/k, for the three sets of data. The results
are given in Table 1. The three sets of data give essentially
identical results. If we take the value for ki1/k-, 5.1 X 107%, and
use eq Sc, we see that the first-order hydrolysis is dominant
for the consumption of (F) throughout all of the reactions
studied. Thus

(10a) —d(F)/dt = k(F) (12a)
TABLEI: Reaction Rate Data for N-AcO-AAF Plus DNA.
(Fo) G ATu(=)(O)  kilks k ke .
1 8.1 x 10~ 2.3 X 10-5 8 5.1 x 103 0.9 X 10~ 1.8 X 107 6.5 X 1073
2 2.0 x 103 5.7 X 103 18 5.0 103 1.1 x 10~ 2.2 X 107 7.9 X 1673
3 3.4 x 1073 6.5 X 10~° 27 5.2 10-3 1.2 X 10—¢ 2.3 X 1072 8.3 X 107
2144 BiocHEMISTRY, VOL 13, No 10, 1974
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TABLE II: Melting Temperature Changes.

ATy/
Source of Data 100p

Mabher et al. (1968) 1.5 Only one data point
Troll et al. (1968) 0.33 Incomplete purification
Fuchs and Daune (1971) 0.41 Incomplete purification

Comments

When eq 12a is integrated and substituted into eq 5a, we have

ky G) -t
In [kz(FO) In E—G—OS + 1] = kit

Using eq 11a and 12b and the data in Figure 1a, we obtain
the rate plots shown in Figure 1b, which give values of k;
which are proportional to k. and k.’. The rate constants
appear to have a small systematic error. All of the data is
collected in Table I.

Melting Temperature Changes. The effect of modification of
DNA, to produce AAF-DNA, on the melting temperature has
been studied by Troll er al. (1968), Maher et al. (1968), and
Fuchs and Daune (1972). Their results are summarized in
Table II. AT is the number of degrees that the melting tem-
perature is lowered as a result of modification. 100p is the
percentage of base pairs modified. Maher er al. showed that
extraction with chloroform or ether or dialysis against water
did not remove impurities present following N-AcO-AAF
labeling of DNA. Hence, the AT,,/100p values of Troll et al.
(1968) and Fuchs and Daune (1971) are probably underesti-
mated. The purification procedure used in this work leads to
removal of most of the impurities. Banding in CsCl (Maher
et al., 1968) leads to the same result.

We measured the ratio of the 305-nm to 260-nm absor-
bances (A3qs/Az2e0) for different values of ATy,. The data are
shown in Figure 2. The AT, corresponding to a given A;ps/
Asgo is much larger than that reported by Troll et al. (1968) or
Fuchs and Daune (1971). To further check this result, we
looked at the CD spectra of AAF-DNA as a function of
ATy, The results are shown in Figure 3. The data of Fuchs and
Daune (1971) are shown for comparison. The magnitude of
the 300-nm negative band at a given ATy, agrees, within ex-
perimental error, with the data of Fuchs and Daune (1972),
indicating that the excess absorbance they reported at 305 nm
did not correspond to an optically active material. The magni-
tude of the CD band begins to drop off around AT,, = 15°.
This change is probably because of failure to completely

(12b)

028 - -

024 - —

020

0ls

As05/Aze0

012

008

[sle )

§ I A |

ATy,

FIGURE 2: The correlation between melting temperature depression,
AT, and absorbance of AAF-DNA at 305 nm.
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FIGURE 3: The correlation between melting temperature depression,
AT, and the ratio of the circular dichroism of AAF-DNA at 305
and 270 nm (AAzes/AAdyo): (A) data of Fuchs and Daune (1971);
(@) data from this work.

renature the DNA, in agreement with renaturation rate data
given below. The 300-nm CD band disappears when AAF-
DNA is denatured, leading to a CD spectrum identical with
unlabeled denatured DNA.

In order to calculate ATy /p, we measured the buoyant
density of AAF-DNA as a function of AT.. These data, as
well as the data of Troll er al. (1968), are shown in Figure 4.
These data are included, as AT, circular dichroism and
buoyant density are correlated to AAF-DNA even if the
absorbance spectra include the spectra of impurities. As ex-
pected, most of the data fall on a straight line. Using the result
of Mabher er al. (1968) that the buoyant density shift, Ap, is
correlated with

Ap/100p = 2.85 (13)

we obtain

ATr/100p = 0.9 (14)

T ! i T 1 1

48 -{

a4 |- -

Ap (mg/cc)
R
1
o
!

FIGURE 4: The correlation between melting temperature depression,
AT, and the buoyant density change from unmodified DNA:
(A) data of Maher er al. (1968); (O) data of Troll er al. (1968);
(®) data from this work.
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FIGURE 5: The correlation between melting temperature depression,
ATy, and the rate of renaturation of AAF-DNA. The rates were
measured with T4 DNA in 0.4 M NaCl-0.002 M citrate buffer (pH
7.0) at 60°, Two sets of experiments are shown.

A simple calculation may also be made by assuming that
the extinction coefficient of AAF-DNA at 305 nm is the same
as that of free 8-(N-2-fluoreneacetylacetamino)deoxyguanine,
which is 18,000 (Kapuler and Michelson, 1971), and correct-
ing for DNA absorbance at 305 nm and, when determining
DNA concentration, AAF absorbance at 260 nm. We find that

AT /100p = 0.93 15)

We conclude that the 305-nm absorbance which we study by
ED below is due to AAF-DNA and that we may relate the
fraction of modification of base pairs, p, to the decrease in the
melting temperature, ATy, by

p = 0.011AT (16)

Melting Temperature Changes Resulting from Base Mispair-
ing. The formation of the first base pair in a helix formation
reaction may be considered to involve the product of two
equilibrium steps, a volume parameter, v, involving diffusion
into and out of a volume element, bringing the complementary
base within a contact radius, a, and the equilibrium constant
for formation of the first base pair, o*s, where s is the equi-
librium constant for helix propagation and ¢* is the nucleation
parameter introduced to account for the absence of one stack-
ing interaction with the formation of the first base. The volume
parameter, in 1./mol, is

v = (4/3)ma’(N,/1000) a7

where N;is Avogadro’s number. If a is chosen to be about 7 A,
then v is about 1. v contributes little to log va*.

We may similarly consider the opening of a base pair in the
middle of a long DNA helix to be described, to a first approxi-
mation, by an equilibrium constant, K., where

Keq = a*/s (18)

Two stacking interactions are lost in this case, compared to
one for opening one-end base pair. The free energy correspond-
ing to this equilibrium would be

AGy — AGy = —RT ln o*/s (19)
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where AG, — AG, is the difference in free energies of the open
(AG)) and closed (AG,) configurations. If we take o* to be
about 1074, then at 70°

AG; — AGy = 6 kcal/mol (20)

We will use this open base pair as a model for a mismatched
base pair.

Thomas and Dancis (1973) have correctly pointed out that
the weight fraction W(M), of DNA of length less than or
equal to M, with a mismatch randomly introduced at each
end, is given by

W(SM) =1 - (1 =M1 + pM) (21)
which, for large M, may be approximated by
W(EM) =1 — (1 + pM)e ™™ (22)
The midpoint of the helix—coil transition would occur at
W(<M) =0.50rpM = 1.7 (23)

when compared to uniformly spaced mismatches. Using this
result, we may compare random and nonrandom (uniform)
mismatches by

A m m
l (random) = i £ (nonrandom) 24)
100p 1.7 100p

Lee and Wetmur (1973) calculated the relationship between
AT, and AG, — AG, for nonrandom cases to be

ATwn/p = —(Tu%AH)AG, — AGy) (25)

where AH® is the enthalpy of base pair formation of about
—8000 cal/mol. Adding eq 20, 24, and 25, we find that the
introduction of a mispair into DNA might result in

AT/100p = 1.5°/ % base pairs modified (26)

This result is similar to experimental results (Lee and Wetmur,
1973 ; Hutton and Wetmur, 1973) and is similar to the calcula-
tions of Gralla and Crothers (1973) although not at all in

020 T -1
016 |- 1
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FIGURE 6: The reduced dichroism spectrum of sonicated T4 DNA
with 129 of the base pairs modified with AAF. The DNA con-
centration was 95 ug/ml. The solvent was 587, glycerol-0.001 M
Na,EDTA plus NaOH (pH 7.0), 10°,
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FIGURE 7: Absorbance (a) and electric dichroism (b) spectra of sonicated T4 DNA with the same solvent conditions as in Figure 6: (@) un-

modified DNA ; (O) DNA with 12 % of the base pairs modified.

agreement with the model of Thomas and Dancis (1973)
which compared chain cleavage with modification.

The experimental results of AT,,/100p for AAF-DNA fall
slightly below the calculated or experimental values for G-C
mismatches, but not so far below that the configuration of the
G residue may be uniquely determined from thermodynamic
arguments.

Renaturation Rates. The rate constant for renaturation, ks,
of AAF-DNA was measured as a function of ATy,. The data
are shown in Figure 5. The renaturation rate is decreased by a
factor of 2 when the melting temperature is lowered 15°, The
shape of the k; vs. AT, curve is the same as previous experi-
mental and theoretical observations in other systems (Hutton
and Wetmur, 1973; Lee and Wetmur, 1973), The drop in
occurs at the same point as the failure to see increased CD at
300 nm as shown in Figure 3.

Circular Dichroism. The strength of the 300-nm CD band is
linear in AAF residue concentration on native DNA and thus
must not result from coupling to other residues. The 300-nm
band depends on the existence of a helical DNA structure.
This result implies that the AAF residue is held into a specific
environment in the native AAF-DNA and is released to rotate
in the denatured state (Nelson et al., 1971). If the G-C base
pair remains relatively intact, the AAF residue may be found,
by model building, to be constrained along the helix winding
angle. In this case, the AT,,/100p observed could be due to the
strained nature of such a structure as well as to changes
in the electronic configuration of the guanine residue due to
C-8 substitution. If the G-C pair is opened, the AAF-sub-
stituted G would be free to take up many configurations, in-
cluding the one suggested by Fuchs and Daune (1972), inser-
tion of AAF into the helix. Of the three possibilities, the free
AAF-substituted G seems to be the least likely to be consistent
with the loss of optical activity following denaturation.

Electric Dichroism. To check that the orientation angle of
AAF could be obtained by ED, we first determined « for pro-
flavine bound to sonicated T4 DNA with a DNA : dye ratio of
25. At this binding ratio, the dye is essentially 1009 inter-

calated (Lloyd ef al., 1968). From the absorbance and ED at
260 and 460 nm, « was calculated to be 86 = 4°, as ex-
pected.

The ED spectrum of sonicated T4 DNA with 1297 of the
base pairs modified with AAF was then examined. The re-
duced ED spectrum is shown in Figure 6. Absorbance and ED
spectra are shown for DNA and AAF-DNA in Figures7a and
7b, respectively. The dichroism of AAF-DNA at 300 nm is
almost the same as that of DNA while the absorbance is sub-
stantially different, immediately showing that « is not 90°,
as is seen for proflavine and would be expected if the AAF
residue were inserted into the helix.

Assuming the absorption at 300 nm was due primarily to
AAF, the absorbance at 260 nm due to AAF was calculated
from the difference spectra of Fuchs and Daune (1972) and
subtracted from the AAF-DNA absorbance to give the DNA
absorbance at 260 nm. Assuming the absorbance of AAF-
DNA and DNA at 260 nm are the same does not significantly
change the results. The absorbance of AAF at 300 nm was
then determined by subtracting the DNA absorbance at 300
nm, corresponding to the 260-nm absorbance, from the AAF-
DNA absorbance. Using the ED data in Figure 7b, A4/4 was
calculated for the AAF residue at 300 nm and for DNA at 260
nm. Using eq 2 and again assuming the 260-nm transition
moment has an « of 90°, the value of « for the AAF residue
was found to be

aaar = 60 %= 4° 27

This result is consistent with the AAF residue being con-
strained to lie along the helix winding angle and not inserted
into the DNA helix.
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