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ABSTRACT: Tomaymycin is an antibiotic that reacts at guanine N2 in the minor groove of the DNA helix.
The number and type of tomaymycin-DNA adducts present on natural sequence DNA were identified
using time-resolved fluorescence spectroscopy. At low bonding density, only two discrete species were
observed with lifetimes of 4.3 and 7.1 ns and relative amplitudes of 40% and 60%. These two lifetime species
are proposed to represent either RS or S5 and S3’ binding modes at the preferred bonding sequence
5-AGA. R and S denote the configuration at C11 of tomaymycin, and 5/ and 3’ describe the orientation
of the aromatic ring on the covalently modified strand. These two species were present over a range of
solution conditions, including pH, nucleotide to drug ratio, DNA concentration, and DNA size. They have
the same emission spectra, but slightly shifted absorption spectra. The weak temperature dependence of
the fluorescence lifetimes presumably is due to the excited-state proton-transfer reaction that quenches
tomaymycin fluorescence. The rate of formation of the longer lifetime species of DNA adduct is about
twice as fast as that of the shorter lifetime species. Under saturating conditions, the fluorescence decay
shows a bimodal lifetime distribution whether analyzed by least-squares assuming a Gaussian distribution
model or by the maximum entropy method. The two groups of lifetimes are centered around 2-3 and 6-6.6
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ns, reflecting multiple species on different bonding sequences.

Tomaymycin belongs to the group of pyrrolo[1,4]benzo-
diazepine antitumor antibiotics. The antitumor activity of
these drugs is probably due to their ability to alkylate DNA
(Hurley & Needham-VanDevanter, 1986). There are two
chiral carbon centers in tomaymycin: C11 and Clla. Clla
has an S configuration. The crystal structure of tomaymycin
methyl ether shows an R configurationat C11 (Arora, 1981).
Inproticsolvents, facile epimerization occursat C11, producing
a mixture of 11R and 11S diastereomers, whose relative
populations depend on the solvent (Barkley et al., 1986). The
epimerization mechanism is proposed to be nucleophilic
substitution through an N10—C11 imine intermediate (Figure
1). DNA adducts presumably form by a similar mechanism,
yielding an aminal bond from C11 of tomaymycin to N2 of
guanine in the minor groove of B-form DNA (Petrusek et al.,
1981; Barkley et al., 1986). The covalent linkage between
tomaymycin C11 and guanine N2 was definitively established
by 'H NMR of the tomaymycin—d(CICGAATTCICG),
adduct (Boyd et al., 1990).

Despite the specific reaction with guanine, the pyrrolo-
[1,4]benzodiazepines do not alkylate all guanine residues in
a DNA sequence with the same frequency (Hertzberg et al.,
1986; Hurley et al., 1988; Pierce et al., 1993). The relative
reactivity of a particular guanine depends upon the antibiotic
as well as the proximal bases on the modified strand. The
most preferred bonding sequence is 5-PuGPu. Chemical
footprinting with MPE Fe(II)! showed that the drugs protect
a 3-4 base pair sequence (Hertzberg et al,, 1986). The
enhancement of MPE Fe(II) cleavage between some bonding
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! Abbreviations: Pu, purine; Py, pyrimidine; EDTA, ethylenediamine-
tetraacetic acid; MPE, methidiumpropyl-EDTA; TOM, tomaymycin;
TME, tomaymycin 11-methyl ether; P/D, nucleotide to drug ratio;
FWHM, full width at half-maximum; POPOP, 1,4-bis(5-phenyloxazol-
2-yl)benzene; BBO crystal, 8-BaB,O4; BBO, 2,5-bis(4-biphenylyl)oxazole;
Aex, €Xcitation wavelength; Aem, emission wavelength; MEM, maximum
entropy method.

sites suggests a drug-induced change in DNA conformation.
Tomaymycin modified 29% of guanines in the 363 base pairs
analyzed, with a sequence preference of 5-PuGPu > 5-PuGPy
> 5’-PyGPu > 5'-PyGPy. More detailed sequence specificity
was determined with an exonuclease III stop assay, where
30% of guanines in a 117 base pair restriction fragment were
modified, most frequently at 5-AGG = 5-CGC > 5-GGA
> 5-AGT (Hurley et al., 1988). Recently, a somewhat
different sequence specificity was observed by UvrABC
nuclease incision analysis; 80% of the guanines on the single
labeled strand of a 238 base pair fragment were modified,
primarily at 5-AGA > 5-GGC > 5-TGC > 5-AGC = 5'-
GGA > 5-AGG (Pierce et al., 1993).

There are four possible binding modes of pyrrolo[1,4]-
benzodiazepines at guanine bases on DNA: an R or §
configuration at C11 with the aromatic ring of the drug
pointing toward the 3’ or 5’ end of the modified DNA strand.
The binding mode of tomaymycin at 3 of the 16 possible 3
base pair sites has been determined by fluorescence, two-
dimensional 'H NMR, and molecular modeling studies of
oligodeoxynucleotide adducts (Cheatham et al., 1988; Boyd
et al., 1990; Wang et al., 1992; M. D. Barkley, K. Maskos,
and Q. Chen, manuscript in preparation). The combination
of these techniques is particularly powerful for determining
the structure of drug—~DNA complexes in the case of multiple
binding modes (Remers et al., 1992). The fluorescence
lifetimes of tomaymycin adducts with unique bonding sites
appear to be more sensitive to the binding mode than to the
flanking base sequence (Barkley et al., manuscript in prepa-
ration). Thelifetimes groupintwoclasses. The major lifetime
component usually has a longer lifetime of 5-8 ns, and the
minor component has a shorter lifetime of 1.5-5 ns. The
longer lifetime in oligonucleotide adducts has been assigned
to the 118 diastereomer and the shorter lifetime to the 11R
diastereomer. The lifetime difference among binding modes
has been attributed to excited-state proton transfer (Chen &
Barkley, 1994; Barkley et al., manuscript in preparation).
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FIGURE 1: Proposed mechanism for the reaction of tomaymycin and DNA.

This paper examines the bonding of tomaymycin to calf
thymus DNA, which has all 16 bonding sites. We use time-
resolved fluorescence spectroscopy toidentify the number and
type of tomaymycin—-DNA adducts present on natural
sequence DNA. Analysis of the data by least-squares and
maximum entropy methods in conjunction with simulation
resolves the question of whether the fluorescence decay
represents a few discrete lifetimes or a distribution of lifetimes
in the range 2-8 ns. The effects of solution variables on the
bonding reaction are determined. Finally, the observed
lifetimes are assigned to specific binding modes and DNA
bonding sites.

MATERIALS AND METHODS

Tomaymycin-DNA Adduct. (11R,11aS)-TME was a
generous gift from Dr. M. Kohsaka, Fujisawa Pharmaceutical
Co. (Osaka, Japan). Calf thymus DNA (Sigma type I) was
purified by phenol extraction and was dialyzed into 10 mM
phosphate buffer, pH 7.5, containing 0.1 M NaCl and 0.1
mM EDTA. DNA adducts were prepared as described
previously (Barkley et al., 1991). The DNA concentration
in adduct solutions was (0.2-2.5) X 10-3 M nucleotide. P/D
ratios refer to the relative amounts of DNA and tomaymycin
used in the reaction. The amount of tomaymycin actually
bonded to DNA was determined by a difference method, in
which the amount of unbound tomaymycin was measured by
fluorescence after isobutyl alcohol extraction. At P/D =1,
all sites on DNA are saturated at 17-18 nucleotides per
tomaymycin (Hurley, 1977; Barkley et al., manuscript in
preparation). For the sample prepared at P/D = 100, 0.50
mL of adduct solution was extracted four times at 5 °C with
equal volumes of isobutyl alcohol saturated with 10 mM
phosphate buffer, pH 7.5. The isobutyl alcohol layers were
combined and adjusted to a total volume of 5.00 mL at 25 °C.
The fluorescence intensity was recorded ata 319-nm excitation
wavelength and a 400-nm emission wavelength. Tomaymycin
concentration was determined by comparison to a standard
curve obtained under the same experimental conditions. At
P/D = 100, the bonding density is 140 nucleotides per drug.

Unbound tomaymycin was removed prior to fluorescence
experiments by three or four extractions with equal volumes
of ethyl acetate. Traces of ethyl acetate were removed under
vacuum. Photobleaching under laser light was completely
eliminated by the scrupulous removal of oxygen. Adduct
solution was placed in a 4 X 10 mm? cell (Helma, Jamaica,
NY) sealed with the lubricated rubber stopper from a
Vacutainer sterile tube (Becton Dickinson, Rutherford, NJ,
No. 6381). The stopper was punctured by a needle above the
solution. Oxygen gas was removed from the cell by alternative
cycles of vacuum and argon for 0.5 h. High-purity argon gas
was introduced through a copper line containing an Oxisorb
gas purifier (Messer Griesheim, Valley Forge, PA). The

stoppered cell was filled with argon after deoxygenation.
Solutions remain oxygen free for at least 3 days when properly
stoppered. Dissociation of tomaymycin from DNA is neg-
ligibleup to 24 hat 5 °C. Both extraction and deoxygenation
were performed in an ice bath. Sample absorbance at the
lowest energy absorption maximum was <0.15 with a 10-mm
path length.

Time- Resolved Fluorescence Measurements. Fluorescence
lifetimes were measured on a Photochemical Research
Associates time-correlated single photon counting instrument
equipped with a Coherent 701-3 cavity-dumped DCM dye
laser synchronously pumped by a mode-locked, frequency-
doubled Quantronix 416 Nd-YAG laser. The output beam
from the dye laser was frequency doubled by a BBO crystal
and vertically polarized by a half-wave retarder. The
excitation wavelength was selected with a three-plate bire-
fringent filter. Emission was detected bva cooled Hamamatsu
R955 photomultiplier, which was wir- d for an instrumental
response of 360 ps FWHM (McMahon et al., 1992). The
emission polarizer was set at 54.7° in order to eliminate
anisotropiceffects. The emission (8-nm bandpass) wavelength
was selected by an Instruments SA H-10 monochromator.
Data acquisition was controlled by a Macintosh IIcx computer
using a program based on the LabVIEW software package
(Stryjewski, 1991). Sample temperature was controlled by
a circulating bath at 5§ °C unless indicated otherwise.

Fluorescence decays from the sample and reference fluo-
rophore were acquired contemporaneously to (2.5-5) X 10*
counts in the peak channel ((5-10) X 106 total counts). The
counting rate was usually about 6 kHz; the excitation rate
was 760 kHz. Decay curves were stored in 512 or 1024
channels of 0.06 or 0.03 ns/channel, respectively. Solutions
of quenched POPOP (Fluka, Buehs, Switzerland) in 75%
ethanoland 0.8 M KI (containing a trace of sodium thiosulfate
to retard I;- formation) or BBO in ethanol were used as
reference fluorophore. A lifetime of quenched POPOP of
about 0.21 ns and a lifetime of BBO of about 1.24 ns were
determined in separate experiments using anthracene in
ethanol as the monoexponential standard. Data sets at high
P/D ratio as well as different pH, DNA concentration,
wavelength, chain length, and temperature were collected to
about 9 X 103 counts in the peak channel (about 6 X 10° total
counts) using a nitrogen flash lamp, as described elsewhere
(Barkley et al., manuscript in preparation).

Data Analysis. Fluorescence decay curves were analyzed
by reference deconvolution (Kolber & Barkley, 1986) as-
suming discrete and distributed decay models. The discrete
lifetime model is described by

I A 1) = D_0tiNeo M) exp(=t/7) (1)
i=1

where I(Aex, Aem; ¢) is the fluorescence intensity, and the
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fluorescence lifetimes 7; and relative amplitudes o;(Aex, Aem)
are the fitting parameters. Single curve and multiple curve
analyses were performed using a global nonlinear least-squares
fitting program (Beechem, 1989). The lifetimes are usually
linked in multiple curve analyses. The reference lifetime is
fixed at a known value determined separately. The success
of the fit is judged by statistical parameters: reduced chi-
square (xf), weighted residuals, and the autocorrelation
function of the weighted residuals.

The fluorescence decay curves measured at different
temperatures were analyzed according to eq 1, with the
lifetimes 7; replaced by an Arrhenius expression:

771 =k, + A, exp(~E,/RT) (2)

where the amplitudes «;, temperature-independent rate

constants k.;, frequency factors 4;, and activation energies E;

are the fitting parameters. The values of ky, A;, and E; at

different temperatures are linked in the global analysis.
The distribution model is described by

IO Ao 1) = " e(7) exp(-t/7) dr 3)

where a(7) is the spectrum of lifetimes 7. Two types of
distribution analyses were performed: (1) a(7) is assumed to
have a Gaussian distribution, and (2) a(7) is allowed to take
the form most compatible with the experimental data by
maximizing the Skilling-Jaynes entropy function (Jaynes,
1983; Livesey & Skilling, 1985).

In the Gaussian distribution model, the function a(7) is
given by

a(r) = ) _[e,/(a,2m) ) expl-(r - 7,)*/ 2Dl (4
i=1

where n = 1 and n > 1 represent unimodal and multimodal
Gaussian distributions, respectively. The mean lifetimes 7;,
standard deviations o;, and peak areas «; are the fitting
parameters. Inorder for a(r) to be a valid probability density
function, a; must be normalized so that the total area under
the function a(7) is unity, -, a; = 1. This distribution
analysis is also globalized in the same way as the discrete
analysis. The integration in eq 3 is carried out numerically
(Beechem, 1989). Although in principle multiple components
are allowed, in practice it is almost impossible to resolve more
than two. Attempts to use three or more components result
in high sensitivity to the initial guess, which follows from the
large number of fitting parameters and the presence of local
minima. Thisis a disadvantage of the model fitting approach,
in addition to the potentially more serious problem of
prescribing the type of distribution. The Beechem global
program features three types of distributions: Gaussian,
Lorentzian, and uniform. However, expansion of the repertoire
of probability density functions does not give full flexibility
to the shape of the function a(r). These limitations are
overcome by using an entirely different approach to data
analysis, the so-called maximum entropy method (MEM)
(Gull & Skilling, 1984; Skilling & Bryan, 1984).

The important advantage of MEM is that the shape of the
function «(7) isnot predetermined. Theanalysis automatically
results in the inclusion of as many peaks (called “modes” in
Gaussian analysis jargon) as are necessary for the best fit to
the data. The basic model for the decay function is still the
same as that in eq 3, but the shape of a(7) is determined from
the experimental data. The best fit is approached by
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maximizing the Skilling—Jaynes entropy function:

S(e) = [, ta(r) - m(r) - a(r) logla(r)/m(n)]} dr (5)

where m(7) is the initial guess, usually set to a flat distribution
in the absence of a priori knowledge about the distribution.
The FAMES program replaces the integrations in eqs 3 and
5 by summations of up to 250 lifetime values equally spaced
ina logarithmic or linear scale. The entropy, .S, is maximized
together with minimization of x’ (the normalized overall
fitting error) for the fit to eq 3. Thus, the conventional
distribution and MEM analyses are similar in that both use
the same fitting function and minimize x_ as in any nonlinear
least-squares fitting technique. They differ in that MEM
determines the density function a(r) by maximizing the
entropy function S(a), whereas conventional distribution
analysis specifies the form of the distribution. The one
limitation of the current version of FAMES is that it is not
globalized. However, a global version may be available in the
near future (J.-C. Brochon, personal communication).

The broadness of a peak in FAMES is described by the
dispersion, D

k k
D ={[Y_a@)r() - 1/ D_ali}/? (62)
i=J i=j
where the average lifetime 7 is
k k
7= [Y_adr()]/d_al) (6b)
i=j i=j

and j and k define the range of the peak. The dispersion D
is the equivalent of the estimated standard deviation ¢ in the
case of a Gaussian distribution. The relative amplitude «; of
a peak is determined from its relative area.

Fluorescence decay data containing Gaussian noise were
simulated by convolution of the desired decay model with an
experimental lamp profile in the Beechem global program.
One-, two-, and three-exponential decays were generated using
eq 1. Unimodal and bimodal Gaussian distributions were
generated using eqs 3 and 4.

Bonding Kinetics. The formation of DNA adduct was
monitored by fluorescence lifetime measurements with flash
lamp excitation as described elsewhere (Barkley et al.,
manuscript in preparation). Decay curves were acquired at
different times after mixing TME and DNA and were
deconvoluted by global analysis assuming three exponentials.
Rate constants were determined from changes in relative
amplitudes of the lifetime components as a function of time,
The reaction

K (TOM-DNA);
TOM +DNA <

ke (TOM-DNA),
was carried out at P/D = 100 or a 25-fold excess of potential
DNA bonding sites. The hydrolysis of tomaymycin methyl
ether to form tomaymycin is fast compared to the reaction
with DNA. Therefore, at early times in the reaction where
there is negligible dissociation of adduct, pseudo-first-order
kinetics can be assumed. The apparent pseudo-first-order
rate constants were k" = k;[DNA], for the shorter lifetime
species, k2’ = ka[DNA], for the longer lifetime species, and
ki = kf[DNA], for free tomaymycin, where k¢ = ky’ + k>’

and [DNA], = 1 X 103 M nucleotide. The pseudo-first-
order rate constant k¢’ was determined from the slope of the
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linear portion of a plot of ~In ay vs ¢, where af is the relative
amplitude of the free drug decay. The pseudo-first-order rate
constant &/ for species i was obtained by a least-squares fit
of the amplitude ¢; to

a; = (ki [kf)[1 - exp(-k{1)] M

The value of k¢ was fixed in the analysis of a;. Arrhenius
parameters were calculated from the temperature dependence
of the apparent bimolecular rate constant k;:

k; = A exp(-E,/RT) (82)
A = (kgT/h) exp(1 + AS*/R) (8b)

where E, is the activation energy, AS* is the activation entropy,
kg is the Boltzmann constant, and A is the Planck constant.

RESULTS

Model Discrimination. There are 16 DNA bonding sites
on natural DNA sequences and four binding modes at each
site. If we assume that all species of adduct are fluorescent,
there is a total of 64 possible tomaymycin-DNA adducts with
lifetimes in the range 1.5-8 ns. In order to determine the
number and type of adducts present on DNA, we need to
establish criteria for distinguishing decay models. It is well
known that frequently more than one model will fit the
experimental data equally well. Itcanbe a difficult, sometimes
impossible, task to isolate the true decay model under such
circumstances. Simulation studies are a very useful tool to
validate or refute particular lifetime models. Therefore, we
performed extensive simulation studies to gain insight into
the analysis of discrete and distributed decay models with
lifetimes in the range of interest for tomaymycin-DNA
adducts. A summary of the major conclusions follows.

(1) Simulated Discrete Models. Increasing the model order
in a discrete analysis improves xf until redundancy of the
model becomes obvious. A Gaussian distribution analysis
always gives a good fit with the same mean lifetimes 7, as the
discrete lifetimes 7;and poorly determined standard deviations
o;. For example, a simulated 3.5-ns single exponential gives
an excellent fit to a unimodal Gaussian with 7, = 3.5 ns and
o = 0.15-0.20. It is practically impossible to distinguish
between a triple exponential and a wide unimodal Gaussian
without the help of a model-free approach, such as MEM,
Simulated data for discrete models also fit quite well to
continuous distributions by MEM. However, in such cases
the dispersions of the modes typically are rather small, and
the number of peaks in the recovered a(7) distribution matches
the actual number of components in the discrete model.

(2) Simulated Unimodal Gaussian Models. A discrete
analysis gives a good xf value if the standard deviation of the
distribution is small: ¢ =0.01-0.15nns. As o becomes larger,
higher order discrete models give better fits. However, the
recovered lifetimes may be quite different between double-
and triple-exponential models. A wide unimodal Gaussian
gives acceptable fits to both uni- and bimodal Gaussian models,
particularly for noisy data, because the standard deviation is
so poorly determined in the analysis.

(3) Simulated Bimodal Gaussian Models. A double-
exponential analysis gives acceptable xf values of about 1.3—
1.5. As o becomes larger, a triple exponential may give an
acceptable fit and a new set of recovered parameters.

It is preferable to recover the lifetime distribution without
having to assume a specific form in the analysis program. We
therefore turned to the maximum entropy method for
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fluorescence data analysis (Livesey & Brochon, 1987).
Presently, we are using the MEM program in conjunction
with other deconvolution programs to help distinguish various
models that fit our data equally well. In this paper, Gaussian
distribution and MEM analyses are used in a cooperative, not
competitive fashion; both methods are also aided by extensive
simulation studies to explore the probable behavior of specific
models. Here we outline our strategy for model discrimination
gleaned from simulation studies.

(1) We routinely analyze all data with both discrete and
distribution models. If the data fit substantially better to one
model, as judged by a lower x> value or more random
autocorrelation function or both, then the other is discarded.

(2) If the distribution model fits equally well or better than
the discrete model, we try to confirm the distribution model
by discrete analyses with increasing numbers of components.
Simulation studies have shown that the x’ value for distrib-
uted lifetime data analyzed by discrete models keeps improving
with increasing numbers of components in the analysis.
Therefore, if the fit to higher order discrete models fails to
show progressive improvement, then the distribution model
may be discarded.

(3) If the data fit well to a bimodal Gaussian model but
MEM shows only one peak, we incline toward a unimodal
distribution of non-Gaussian shape. If the data fit equally
well to the double-exponential and bimodal Gaussian models,
and the presence of two peaks is verified by the MEM analysis,
then we carry out simulation studies in an attempt to reach
a conclusion. Typically, we would simulate a biexponential
decay with the same amplitudes and lifetimes as the values
recovered from discrete analysis of the experimental data and
analyze the simulated data with various distribution models.
We would then compare the standard deviation or dispersion
obtained from these distribution analyses to the experimental
values. If they are similar, then the distribution model is
discarded altogether. Obviously, a known discrete data set
producing the same results as our experimental data for a
distribution analysis renders the distribution results meaning-
less.

(4) On the other hand, if the standard deviation or dispersion
for a distribution analysis of the experimental data were
substantially larger than the value obtained from the discrete
simulated data, then we would choose the distribution model
over the discrete model. As to the actual shape of the density
function a(r), the MEM result is more trustworthy. In our
experience, a data set that truly represents a Gaussian
distribution of lifetimes yields the same values of the decay
parameters for the Gaussian and MEM analyses, whereas the
fit to a discrete model gives a larger x? value.

Lifetime Model for the Tomaymycin~-DNA Adduct. Two
extreme examples of tomaymycin—DNA adducts were studied.
At P/D = 100 there is a large excess of DNA bonding sites,
and the drug will react preferentially at preferred bonding
sequences. At P/D = | the DNA is saturated with tomay-
mycin, and less preferred bonding sequences will also be
occupied. Fluorescence decays were measured at various
excitation and emission wavelengths at 5 °C. Unreacted
tomaymycin was removed immediately prior to experiments
by the extraction of adduct solutions. Decay curves were
deconvoluted in single and multiple curve analyses.

For the tomaymycin~-DNA adduct prepared at P/D = 100,
25 decay curves were acquired at 318-, 320-, 323-, and 333-
nm excitation wavelengths and 400-, 410-, 415-, and 420-nm
emission wavelengths. Global analysis linking the lifetimes
gave xf values of 1.3—1.5 and randomly oscillating autocor-
relation functions for fits to a double exponential and to
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FIGURE2: Globalanalysisof the fluorescence decay of tomaymycin—
DNA adduct at pH 7.5, P/D = 100, 5 °C (Aex = 333 nm, Aoy = 410
nm, 0.037 ns/channel). The left curve is reference decay, points are
sample decay, and smooth curve through the points is the best fit to
the following: (top) double-exponential model, @y = 0.41, 7, = 4.3
ns, a2 =0.59, 7, = 7.1 ns, local xf = 1.4; (middle) unimodal Gaussian
distribution, 7 = 5.8 ns, ¢ = 1.4 ns, local x? = 1.5; (bottom) bimodal
Gaussian distribution, a; = 0.25, 7y =2.7ns, 6, =0.13 ns, a, = 0.75,
2= 6.3 s, 02 = 0.23 ns, local x> = 1.5. Weighted residuals and the
autocorrelation function of the residuals (inset) are also shown.

unimodal and bimodal Gaussian distributions (Figure 2; Table
1). Increasing the number of components in the discrete
analysis did not improve the fit. The fluorescence lifetimes
were independent of both the excitation and emission
wavelengths; the lifetimes obtained from single curve analyses
were within 0.3 ns of the global results. The relative amplitudes
were alsoindependent of the emission wavelength, but slightly
dependent on the excitation wavelength. Figure 2 shows the
double-exponential and unimodal and bimodal Gaussian fits.
The discrete analysis gave lifetimes 71 = 4.3 ns and 7, = 7.1
ns, compared to mean lifetimes of 2.7 and 6.3 ns for the two
narrow peaks of the bimodal Gaussian distribution. A much
broader unimodal Gaussian distribution gave a slightly lower
xf value than the bimodal distribution, possibly because the
twodiscrete lifetimes are very close. From these results alone,
it is difficult to choose between the double-exponential and
unimodal Gaussian models.
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FiGURE 3: Lifetime distribution of tomaymycin~-DNA adduct at
P/D = 100 from MEM. Analysis was carried out in logarithmic
space; results are displayed on a linear scale (Aex = 318 nm, Aem =
410nm). Normalized areas of relative amplitude under the peak and
average lifetimes are a; = 0.44, 7; = 4.3 ns, D1 = 0.54 ns, a2 = 0.56,
#,=6.9ns, D, = 0.73 1s, x? = 1.33.

Two overlapping peaks at about 4 and 7 ns were resolved
by MEM in single curve analyses (Figure 3). These lifetimes
arevery close to the values obtained for the double-exponential
model. The dispersions are 0.4—0.8 ns. However, synthetic
data generated for a discrete model having these decay
parameters gave the same two peaks with dispersions
comparable to the experimental data (Figure 4). Other
simulated double-exponential decays were also analyzed to
see how well MEM recovers parameters from data with 3.5
X 10% counts in the peak. Two distinct peaks were observed
for the 4- and 7-ns double exponential, where 7,/7; = 1.75.
The two peaks merge into a broader peak as 75/7) decreases
and finally become one peak at 7,/7; = 1.2 (Figure 4).
Therefore, the MEM analysis argues strongly for the double-
exponential model for the tomaymycin—-DNA adduct. The
unimodal Gaussian distribution model was discarded because
two peaks were obtained by MEM.

For tomaymycin—-DNA adduct prepared at P/D = 1, 10
decay curves were acquired at 330-, 333-, and 337-nm
excitation wavelengths and 400-, 405-, and 410-nm emission
wavelengths and were analyzed by the strategy outlined above.
Unlike the case for P/D = 100, increasing the number of
components in the discrete model improved the fit up to a
triple exponential (Table 1). Fitsto four and five components
depended on an initial guess, with no improvement in global
xf values. This suggested the presence of a distribution of
lifetimes. The fit to a unimodal Gaussian distribution was
unacceptable. The bimodal Gaussian distribution gavea much
better xf value, pointing to the presence of at least two groups
of lifetimes. The trimodal Gaussian distribution gave physi-
cally unreasonable results and no improvement in x’. MEM
recovered two peaks at about 1.8 and 6.0 ns with dispersion
values of 0.43 and 0.97 ns, respectively (Figure 5). MEM
analysis of a double exponential simulated with these decay
parameters returned two narrow peaks with the same lifetimes
and amplitudes, but dispersion values of only 0.11 and 0.17
ns. Inaddition, a triple-exponential decay was simulated using
the parameters obtained in the three-component fit of the
experimental data (Table 1) and was analyzed using MEM.
The MEM analysis gave one narrow peak at 1.6 ns with
dispersion of 0.26 ns and a broad peak at 6.7 ns with dispersion
of 1.17 ns. The broad peak contained a distinct shoulder at
about 4 ns, clearly indicating the presence of the third lifetime.
Such a shoulder was never seen in MEM analyses of the
experimental data. Therefore, we concludethat the two peaks
from MEM analysis of the experimental data represent two
groups of distributed lifetimes rather than two or three discrete
lifetimes. The average lifetimes were independent of both
excitation and emission wavelengths. However, the relative
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Table 1: Analysis of Time-Resolved Fluorescence Data for Tomaymycin-DNA Adduct?
analysis method a1(333 nm)?® 71 (ns)° a1 (ns)? a2(333 nm)? 72 (ns)¢ o3 (ns)4 73 (ns) X2
P/D = 100 least-squares®
single 6.0 11.5
double 0.41 = 0.02 43£0.3 7.1£0.2 1.5
unimodal 5.8 1.4 1.3
bimodal 0.25 2.7 0.13 6.3 0.23 1.5
MEM/ 0.40 &+ 0.05 42£04 0.55+0.12 7.0£04 0.75 £ 0.09 1.4
P/D =1 least-squares?
single 5.8 20.9
double 0.29 = 0.02 2.2%0.1 6.4=0.1 1.7
triple 0.18 £ 0.02 1.6 £0.1 0.28 £ 0.01 44%0.6 6.7+0.3 1.5
unimodal 5.3 1.9 3.4
bimedal 0.54 % 0.03 33 2.2 6.6 0.01 1.6
MEM* 0.25 % 0.03 1.8£0.1 0.43 + 0.09 6.0£0.1 097 £0.14 1.5

apH 7.5, 5 °C. ® Amplitude for discrete models; area under the peak for Gaussian distributions and MEM. ¢ Lifetimes for discrete models are
obtained from global analysis. These lifetimes are identical to the average values from single curve analyses. Errors are standard deviations from the
single curve analyses. Mean lifetimes for Gaussian distributions are obtained from global analysis. Average lifetimes and standard deviations for MEM
are obtained from single curve analyses. 4 Standard deviation in Gaussian distribution analysis; dispersion in MEM analysis. ¢ Global analysis of 25
decay curves. / Single curve analyses of 25 decay curves. £ Global analysis of 10 decay curves. * Single curve analyses of 10 decay curves.
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FIGURE 4: Lifetime distributions of simulated double-exponential
decays analyzed by MEM. Amplitude ratio az/a; = 3/2; 71 = 4 ns.
Lifetime ratios /7, used in simulation and recovered dispersions
are (—) ro/m1 = 1.75, D, = 0.49 ns, D, = 0.85 ns; (- —-) m/71 =
1.5,D =1.02ns; (+++) 72/71 = 1.2, D = 0.46 ns.
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FIGURE 5: Lifetime distribution of tomaymycin—-DNA adduct at
P/D = 1 from MEM. Analysis was carried out in logarithmic space;
results are displayed on a linear scale (Aex = 333 nm, Ay = 400 nm).
Normalized areas of relative amplitude under the peak and average
lifetimes are a; = 0.25, 7, = 1.8 ns, Dy = 0.43 ns, a; = 0.75, #2 =
6.0 ns, Dy = 1.01 ns, x* = 1.41.

amplitudes of the two peaks varied with excitation wavelength.
For example, a| decreased from 28% at 330 nm to 22% at 337
nm. This is much greater than the 2% change observed
between 313 and 337 nm for the adduct prepared at P/D =
100 (Table 2), presumably reflecting more heterogeneous
bonding species.

The Gaussian and MEM analyses both indicate bimodal
lifetime distributions for the experimental data at P/D = 1.
The two methods gave somewhat different decay parameters
with similar x? values. The bimodal Gaussian distribution
looks like one broad peak at 3.3 ns, with a standard deviation
of 2.2 ns and a discrete lifetime of 6.6 ns, whereas the MEM
profile has two broad peaks at 1.8 and 6.0 ns (Table 1).
Synthetic data were generated for a bimodal Gaussian

Table 2: Effect of Conditions on Tomaymycin-DNA Adduct®

P/D pH [DNA]{(mM) size? Aex (nm) ar®
100 6.4 2.5 high MW 313 0.35
500 0.36

1000 0.34
100 6.4 2.5 high MW 337 0.384

7.5 0.37¢
8.9 0.344
100 7.5 0.25 high MW 337 0.33
0.63 0.34
1.3 0.34
2.5 0.34
100 7.5 2.5 high MW 313 0.34
337 0.32
350 0.29
100 7.5 65-110 bp 350 0.41
25-36 bp 0.44
<18 bp 0.41
5-140 bp 0.44

2 Global analysis assuming a double-exponential model of data acquired
at 5 °C: 7 = 3.7 ns, 72 = 6.7 ns. pH dependence data were acquired
at 25 °C and analyzed separately: ; = 3.1 ns, 7, = 5.6 ns. » High MW
is highly polymerized calf thymus DNA. Short DNA fragments were
prepared by sonication of salmon sperm DNA and fractionation by gel
chromatography. ¢ Estimated standard deviation £0.02. ¢ Experiments
at 25 °C.

distribution model with the decay parameters obtained from
the MEM analysis. Bimodal Gaussian distributionand MEM
analyses recovered the input decay parameters. Synthetic
data were also generated for a bimodal Gaussian distribution
with a single broad peak at 3.3 ns and a discrete lifetime of
6.6 ns. The bimodal Gaussian distribution analysis recovered
either the input parameters or two broad peaks, depending on
the initial guess. MEM analysis returned two broad peaks
with shorter lifetimes than the input parameters, which is
similar to the results from the experimental data. By
combining the Gaussian and MEM results, the major group
of lifetimes appears centered at 6—6.6 ns and the minor at
around 2-3 ns. However, the profile of the distribution is
uncertain.

Experimental Conditions. Tomaymycin appears to form
only two species of adduct on natural sequence DNA at P/D
= 100, pH 7.5, and 5 °C. We surveyed a variety of
experimental conditions and found no evidence for additional
species. A large data set containing almost 200 decay curves
was measured at different excitation and emission wavelengths,
P/D ratio, pH, DNA concentration, and DNA chain length.
A xf value of 1.1 was obtained for the global fit to a triple-
exponential model with the lifetimes linked: two components
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for tomaymycin-DNA adduct and one component for free
drug. The two lifetimes for the DNA adduct were 7, = 3.7
nsand 7, = 6.7 ns. Note that these lifetimes are shorter than
the values reported in Table 1. The reason appears to be
numerical. These decay curves were fit to three exponentials
because a 1-ns free drug component was always present,
whereas the lifetime values in Table 1 were recovered from
double-exponential fits of data from extracted samples. It
can be easily verified that the mean lifetimes remain the same
in all cases. Simulation studies suggest that if the free drug
component has a very small preexponential factor, the double-
exponential analysis will yield slightly greater lifetime values
than the triple-exponential analysis. The insensitivity of the
fluorescence lifetimes to experimental variables indicates that
the same two species of DNA adduct are present under all
conditions. However, there were small changes in the relative
amplitudes of the two components under some conditions
(Table 2). In the case of ground-state heterogeneity, the
amplitudes of a fluorescence decay are proportional to the
molar extinction spectrum, fluorescence emission spectrum,
radiative lifetime, and concentration of the different species.
As above, the amplitudes were independent of the emission
wavelength, indicating that the emission spectra of the two
lifetime components are the same. On the other hand, the
amplitudes of the minor lifetime component decreased slightly
relative to the major lifetime component with increasing
excitation wavelength, signifying that the absorption spectrum
of the minor component is blue-shifted relative to the spectrum
of the major component. This is consistent with previous
results showing that different species of tomaymycin—-DNA
adduct have the same emission spectra, but slightly shifted
absorption spectra (Barkley et al., 1986).

The relative amplitudes of the two components are constant
at P/Dratios 2100. Suchratios are well above the saturation
level of 17 nucleotides per drug in calf thymus DNA (Barkley
et al., manuscript in preparation). AtP/D = 100 the relative
concentrations of the two species of DNA adduct are not
affected by DNA concentration over a 10-fold range or by pH
in the range 6-9. The relative concentration of the minor
species of DNA adduct is 12-14% higher in short fragments
of sonicated salmon sperm DNA (42% GC) than in highly
polymerized calf thymus DNA (43% GC). Apparently,short
DNA sequences favor formation of the minor species of DNA
adduct.

Temperature Dependence. The fluorescence lifetimes of
tomaymycin-DNA adducts are weakly temperature depend-
ent. Fluorescence decay curves were acquired at 5° intervals
from 5 to 25 °C at 313-, 337-, and 355-nm excitation
wavelengths and at 420-nm emission wavelength. The
temperature data set was deconvoluted globally with the
temperature-independent rates k,;, frequency factors 4;, and
activation energies E; linked in the analysis. The double-
exponential fit gave a global xf of 1.2. The temperature-
independent rates and activation energies were the same for
both components. Linking these parameters in the global
analysis gave ko; = 1.1 X 108 5! and E; = 21 kJ/mol. The
frequency factors were different: 4, = 1.1 X 10!2s-! for the
shorter lifetime component and 4, = 3.5 X 10!! 57! for the
longer lifetime component. Intersystem crossing and excited-
state proton transfer are the major nonradiative processes for
tomaymycin (Barkley et al., manuscript in preparation; Chen
& Barkley, 1994). The temperature-independent processes
are the same for both components, while the temperature-
dependent proton transfer rates are different due to different
binding modes in the two components. The temperature-
independent rate ko is usually the sum of the radiative k; and
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FIGURE 6: Kinetics of formation of tomaymycin—-DNA adduct (Aex
=313 nm, Aem =420 nm, pH 7.5,10 °C, [DNA] =1 X 10-* M, P/D
= 100). Results from global fit to three exponentials (xf =1.1): (m)
free drug; (A) 3.74-ns component; (@) 6.57-ns component. Smooth
curves are the best fits using eq 7.

Table 3: Kinetics Data for Formation of Tomaymycin-DNA
Adduct?

AX10% ASt
species k(M1sy E,(kJ/mol) (M's?!) (JK-!moll)

free drug 0.219 39 3.48 -127
short lifetime 0.078 40 1.90 -124
long lifetime 0.141 39 2.05 -131

apH 7.5, [DNA] = 1 X 10 M, P/D = 100. 4 10 °C.

intersystem crossing kis rates. Taking k, = (5-8) X 107 57!
from average lifetime and quantum yield data (Barkley et al.,
1986), the recovered ko = 1.1 X 108 57! gives ki = (3—6) X
107 s~1. This intersystem crossing rate is a little lower than
the 8 X 107 s7! value estimated from low-temperature
luminescence yields in ethanol (Barkley et al., manuscript in
preparation). The activation energies determined from
lifetime data agree well with the 23 kJ/mol value derived
from quantum yield data (Barkley et al., 1991).2

Bonding Kinetics. The rate of formation of tomaymycin—
DNA adduct was measured at 5° intervals from 5 to 25 °C,
Ateachtemperature, fluorescence lifetime data were acquired
at 313-nm excitation and 420-nm emission wavelengths as a
function of time after mixing tomaymycin and DNA, The
set of decay curves from the kinetics experiment and a free
drug decay curve were fit to a triple exponential by global
analysis. Figure 6 shows the time course of the relative
amplitudes of the free drug component and the two DNA
adduct components at 10 °C. The amplitude of each species
is proportional to its concentration. The rate constants for
the formation of DNA adducts were calculated assuming
pseudo-first-order kinetics. Table 3 gives the apparent
bimolecular rate constants measured at 10 °C, along with the
Arrhenius parameters for the bonding reaction. The rate of
formation of the longer lifetime species is faster than that of
the shorter lifetime species. Drug binding usually involves
positive entropy changes, presumably due to the release of
ordered water from DNA to bulk solvent (Breslauer et al.,
1987; Barkley et al., 1991). The negative AS* values suggest
that the water molecules remain in the transition state for the
formation of tomaymycin—-DNA adduct.

2 The 18 kJ/mol activation energy reported previously was determined
from the temperature dependence of the quantum yield, assuming that
k. was the only temperature-independent rate (Barkley et al., 1991). Use
of ko = 1.1 X 108571 to generate the Arrhenius plot gives E, = 23 kJ/mol.
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DISCUSSION

For tomaymycin—-DNA adduct at low bonding density, the
preferred lifetime model is a double exponential. The reasons
areas follows: (1) the experimental data were fit equally well
by distribution and double-exponential models; (2) the fit was
not improved when more components were considered in the
discrete analysis; (3) the standard deviations in the bimodal
Gaussian distribution (0.13-0.23 ns) and the dispersions in
the MEM amplitude profile (0.55-0.75 ns) were small; (4)
probably most importantly, the MEM analysis of a biexpo-
nential decay simulated with the same parameters as the
biexponential analysis of the experimental data gave the same
two peaks as the experimental data; and (5) the dispersions
of the peaks obtained from MEM analyses of simulated and
experimental data were similar. When the DNA issaturated
with tomaymycin, the fluorescence decay data no longer fit
a double-exponential model and the lifetime model becomes
a bimodal distribution. The reasons are as follows: (1) the
fit was improved by increasing the number of discrete
components up to three; (2) only two peaks were recovered
from Gaussian and MEM analyses; and (3) simulation studies
of discrete and Gaussian distribution models supported a
bimodal distribution. In practice, it is impossible todistinguish
lifetime distributions from closely spaced multiple discrete
lifetimes (Siemiarczuk et al., 1990). Given the possibility of
64 bonding species, a distribution is plausible in tomaymycin—
DNA adduct at high bonding density.

Because MEM analysis of time-resolved fluorescence data
is still relatively new (Siemiarczuk & Ware, 1989; Gentin et
al., 1990; Royer et al., 1990; Fetler et al., 1992), we comment
briefly on its performance in our hands. Apparently, MEM
could separate two discrete lifetimes as close together as 2.5
ns with the ratio 5/7; 2 1.5 (Figure 5). Tomaymycin—-DNA
adduct has two lifetimes separated by 2.8 ns with 72/7; = 1.65
(Table 1). However, these lifetime differences and ratios are
higher than the reported 2 ns and 72/7; = 1.4 (Livesey &
Brochon, 1987). Our failure to match the published resolution
is due to lower counts in our data. The data collected by
Brochon and co-workers using a synchrotron light source have
5-8 times better counting statistics than our data. Simulation
results showed that about 1.5 X 105 counts in the peak channel
arerequired toachieve the reported resolution. Unfortunately,
it is impractical to acquire data of such high precision with
a picosecond dye laser excitation source. On the other hand,
dispersion values are relatively insensitive to the number of
counts. For two discrete lifetimes of 4.3 and 7.1 ns, the
dispersions decreased from 0.55 and 0.75 ns to 0.35 and 0.48
ns, with a 20-fold increase in counts in the peak channel from
3.6 X 10* to 7.2 X 10°. Thus, it appears impossible to
distinguish a lifetime distribution with 0.5-ns dispersion from
a discrete model for these two peaks.

Natural sequence DNAs contain all 16 possible DNA
bonding sites. At the low bonding density (140 nucleotides
per drug) used in our experiments, one drug is bonded per 70
base pairs or one per 23 bonding sites, assuming a three base
pair site. Under these conditions, tomaymycin will bond
preferentially at the 5/-PuGPu sequence (Hertzberg et al.,
1986; Hurley et al., 1988; Pierce et al.,, 1993). Detailed
sequence specificity has been investigated by two footprinting
techniques: exonuclease III stop assay (Hurley et al., 1988)
and UvrABC incision analysis (Pierceetal., 1993). Theresults
aresimilar but not identical, presumably due to the differences
in DNA restriction fragments, reaction conditions, and
detection levels. For example, the fragment used in the
exonuclease 111 study lacks three possible bonding sites: 5'-
AGA, 5-GGG, and 5-TGC. Two of these, 5'-AGA and 5'-
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TGC, are among the most frequently modified sites in the
UvrABC incision analysis. Tomaymycin favors the 5-AGA
site by at least a factor of 3 over other bonding sites. The calf
thymus DNA sample used in the fluorescence experiments
has a length of more than 12 000 base pairs, which provides
a random collection of bonding sites. Tomaymycin-DNA
adducts are equilibrated for 2 or more weeks, allowing the
drug to locate preferred sites. Thus, there is probably only
one or at least a predominant species, owing to the sequence
preference of adduct formation.

So far, 7 of the 16 bonding sites have been examined by
fluorescence in adducts containing unique sites (Cheatham et
al., 1988; Boyd et al,, 1990; Barkley et al., manuscript in
preparation). Only one or two species are present on each
sequence. The poly(dA—dG)-poly(dC—dT) adduct with a §'-
AGA bonding site has decay parameters whose 4.8- and 7.2-
ns lifetimes with relative amplitudes of 0.37 and 0.63 (Barkley
et al., manuscript in preparation) are similar to those of the
calf thymus DNA adduct. Two other bonding sites, -GGG
and 5’-CGC, have 7-ns lifetimes (Barkley et al., manuscript
in preparation). The 5'-GGG site has a single lifetime, whereas
5’-CGChasa second lifetime of 5.0 ns with a relative amplitude
of 0.17. We propose that the two species of DNA adduct at
low bonding density represent mostly the 5-AGA site. This
agrees with the sequence specificity determined by UvrABC
incision analysis. Purine—pyrimidine tracts, up to 100 base
pairsinlength, are frequently found in the 5’-flanking regions
of eukaryotic genes, representing up to 1% of the genome
(Hoffman-Liebermann et al., 1986). The Sl-nuclease hy-
persensitivity of these tracts suggests that they adopt unusual
conformations to regulate gene transcription (Wells, 1988).
The strong preference of pyrrolo[1,4]benzodiazepines for
homopurine sites points to regulatory regions of the DNA as
a likely biological target.

The fluorescence lifetime depends more strongly on the
binding mode than on the flanking base sequence (Barkley et
al., manuscript in preparation). We propose that the major
species of DNA adduct with the longer lifetime is the S3’
adduct, and the minor species with the shorter lifetime is the
RS’ adduct. The binding mode at three sites has been
determined by NMR studies of oligonucleotide adducts
(Cheathamet al., 1988; Boyd et al., 1990; Wang et al., 1992).
Two of thesesites, 5’-TGC (Cheathametal., 1988) and 5’AGC
(Barkley et al., manuscript in preparation), have two fluo-
rescent species with lifetimes of about 2.5 and 5.5 ns; the
5-CGA site has a single lifetime of 6.4 ns (Boyd et al., 1990).
NMR assigns the 6-ns-lifetime species to the S3’ adduct. The
minor 2.5-ns-lifetime species was identified as the RS’ adduct
at the 5-TGCsite by NMR. The 5-AGA, 5-GGG, 5-TGT
and 5’-CGC bonding sites in polynucleotide adducts likewise
have a single or major component of 5.3-7.2-ns lifetime, which
we assign to the 3/ binding mode (Barkley et al., manuscript
in preparation). The minor species with 3.1-5-ns lifetime
probably represents the R5” binding mode. However, NMR
studies suggest that tomaymycin may also form an §5’ adduct
(Wang et al., 1992). More NMR studies of oligonucleotide
adducts will be necessary to determine the binding mode of
these minor species.

Tomaymycin saturates calf thymus DNA when there is
one drug bonded per 8-9 base pairs or one per 2-3 potential
bonding sites (Barkley et al., manuscript in preparation). If
we assume random DNA sequences, one-third to one-half of
the 16 bonding sites would be occupied. The lifetimes of DNA
adductsat unique bonding sites cluster in two groups: a minor
component of 1.5-5 ns and a major component of 5-8 ns
(Barkley et al., manuscript in preparation). The amplitude
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profile from MEM analysis suggests that all of these species
may be present on the natural DNA sequence. On the other
hand, the bimodal Gaussian results suggest that the longer
discrete lifetime of 6.6 ns may represent S3’ adducts at 5’-
AGA, -GGG, and 5-CGC sequences with the shorter broad
lifetime distribution corresponding to the rest of the bonding
species. However, the lifetimes of adducts at specific bonding
sites may change at high bonding density due to distortion of
the DNA. Finally, the bimodal distributions at high bonding
density are probably not contaminated by free drug because
all samples were extracted four times, kept at or below 5 °C,
and discarded <12 h after extraction, during which time
dissociation of the adduct is negligible.

Tomaymycin is buried in the minor groove of the DNA
helix, with the 8-hydroxyl group pointing away from the DNA
core. Thefluorescenceintensity of the DNA adduct prepared
at P/D = 100 is invariant from pH 6.5 to 10.5 (Barkley et
al., 1991). Thus, we expect and observe the fluorescence decay
parameters to be independent of pH over the same range.
Low molecular weight DNA fragments appear tohave a larger
fraction of minor species. This may be related to the DNA
conformational change presumed tolimit the bonding reaction
in high molecular weight DNAs (Kizu et al., 1993; Barkley
et al.,, manuscript in preparation). Relaxation of distortion
through the ends of the molecule may allow the formation of
a larger percentage of the less favored species.

Excited-state proton transfer appears to be the major
environmentally sensitive nonradiative process in tomaymycin
(Chen & Barkley, 1994). Presumably, it accounts for the
temperature dependence of the fluorescence lifetimes of DNA
adducts. The frequency factors of 1.1 X 102 and 3.5 X 10!!
sl and activation energy of 21 kJ/mol are comparable to
values reported for intermolecular excited-state proton-transfer
reactions: 7.2 X 100 s-! and 15 kJ/mol in 3-methylindole
(Yu et al,, 1992); 8.1 X 10'2s7! and 17 kJ/mol in naphthy-
lammonium ion 18-crown-6 complexes (Shizuka et al., 1985);
and for the intramolecular excited-state proton transfer in
tryptamine, 3.8 X 10!! s7! and 17 kJ/mol (Shizuka et al.,
1988). The proton-transfer rate depends on the proximity of
proton donors or acceptors to tomaymycin in the DN A adduct.
As suggested by molecular modeling studies of the tomay-
mycin—-d(ATGCAT); adduct, different binding modes have
different hydrogen-bonding patterns between tomaymycin and
DNA bases and water molecules in the minor groove (Barkley
et al.,, 1991). The hydrogen-bonding pattern may be respon-
sible for the different frequency factors in the two adducts.
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