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Abstract: The phenoxazone chromophore of actinomycin D has been subjected to a variable electronegativity self-consistent
field calculation with configuration interaction (VESCF-CI) and the theoretical calculation compared with experimental data.
Spectral bands at 441 and 429 nm arise from 7 — «* transitions largely localized on the quinoidal portion of the chromophore.
A third band near 395 nm is thought to be an n — =* transition but is not included in the calculation. Only bands below 248
nm contain substantial contributions from the phenyl moiety of the phenoxazone ring. Oscillator strengths and transition mo-
ment directions have been calculated. Computation is simplified, with little loss of precision, by excluding the two carbonyl

groups from the calculation.

Although the electronic spectrum of the antitumor drug
actinomycin D has been extensively exploited for studies of
drug-nucleotide interactions,'-!! the origin of the transitions
involved has never been investigated. Consequently, the
analysis of spectroscopic data for actinomycin D has been
complicated and uncertain. Reported here are the results of
a preliminary molecular orbital treatment of the phenoxazone
chromophore of actinomycin D using a variable electronega-
tivity self-consistent field calculation with configuration in-
teraction (VESCF-CI). The calculation provides a set of
transition energies and an estimate of the contribution of in-
dividual atomic orbitals to each transition. We have compared
our theoretically derived transition energies with experimental
data, thereby assigning the major bands of the absorption
spectrum.

Experimental Section

Materials and Equipment. Actinomycin D was obtained from P-L
Laboratories and used without further purification. Spectra were
taken of samples freshly prepared in either water or ethanol at a
concentration of 2.72 X 1075 M.

Reduction with NaBH4 was accomplished by adding a minimal
amount of the reagent to a cuvette containing a solution of actinomycin
D. The solution was instantly decolorized. Similar results were ob-
tained with sodium cyanoborohydride. Simply increasing the pH of
an actinomycin D solution to pH 11 did not cause any significant loss
of color.

Spectra were recorded on a Cary 118C UV-visible spectropho-
tometer operated in either direct absorbance or first derivative
mode.

Computation Procedure. The atoms in the chromophore of the ac-
tinomycin D molecule are numbered as in Figure 1. (The same
numbering system is used to designate individual atomic orbitals in
Table 11.) A modified VESCF-CI treatment which takes into account
the effects of substituents on the charges of the atoms carrying the =
orbitals was used. All singly excited states were included in the CI
matrix. This gave a total of 100 configurations when all 20 atomic
orbitals were included in the calculation. The method as well as the
parameters for carbon atoms were described earlier.'? The parameters
used for orbitals 11, 18, and 20 were those of carbonyl oxygen'? and
for orbitals 7 and 10 those of pyridine and furan, respectively.'* It was
recognized that these parameters should perhaps be modified to better
describe the particular molecule on hand. However, since our primary
interest was to identify the nature of the electronic transitions, we did
not think adjustment of parameters was of major concern at this
time.

The geometry of the chromophore was taken from Sobell and
Jain.'> The three rings lie very nearly on the same plane, with one of
the two carbonyl oxygen atoms pointing above and the other below
the plane. Calculations which included all of the 20 orbitals showed
that these two carbonyl groups mixed very little with the rest of the
chromophore or with each other. We next did a calculation including

* Address inquiries to this author at the University of Oregon.

orbitals 1-16 only. Comparison of the results from the two calculations
showed that corresponding transitions agreed very well both in tran-
sition energies and in transition moments. The maximum difference
in transition energy is 0.04 eV and in transition moment 10%. We
therefore omitted the two carbonyl groups in subsequent calculations.
It is perhaps important to note that the cpu time for the 16-orbital
treatment was only one-third of that for the 20-orbital treatment which
took about 180 s.

Results

The electronic spectrum of actinomycin D (Figure 2) is
characterized by an intense, asymmetric, visible absorption
band centered at 441 nm. The first derivative of the absorption
spectrum suggests that the visible band consists of two com-
ponents. This structure is clearly evident in the spectrum re-
corded in ethanol (Figure 3) in which major features are seen
at 446 and 418 nm as well as a very weak derivative inflection
near 380 nm. In the ultraviolet principal bands occur at about
200 and 240 nm, with shoulders near 275 and 295 nm.

The results of the calculation are shown in Table I together
with the experimental data determined from the spectrum in
Figure 1. The notation used in Table I to describe the transi-
tions is interpreted in the following way: Vg represents the
ground state configuration (molecular orbitals 1-9 are the
bonding = orbitals); V;; denotes the configuration in which an
electron in the ith molecular orbital has been excited to the jth
molecular orbital. Thus “Vg — Vg ;;”" means a # — =r* tran-
sition with V; the 7 ground state and the w* excited state one
in which a single electron from MO 9 has been promoted toan
antibonding orbital, MO 11. The constituent atomic orbitals
from which the molecular orbitals derive are indicated in Table
IT which presents the percent contribution of atomic orbitals
to molecular orbitals 6-13. These are the MO’s involved in
transitions that are included in Table I. The numerical desig-
nation for atomic orbitals in Table II corresponds to Figure 2.
For example, molecular orbital 8 is a combination consisting
of 34% contribution from the amino nitrogen (atomic orbital
12) and greater than 10% each from quinoidal ring carbon (AO
4) and the bridge oxygen (AO 10).

The directions of the transition moments were also calcu-
lated. If we let the x-y plane be determined by atoms 6, 7, and
10, with the latter two atoms on the y axis, the transition mo-
ments were found to lie approximately in the x-y plane. The
angles between the +x axis and the transition moment are
listed in Table I. Note that moments for the 441 and 429 nm
bands lie on the long axis of the chromophore.

Discussion

There is generally good agreement between the calculated
and observed transition energies. This is particularly so for the
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Figure 1. The phenoxazone chromophore of actinomycin D. R is a cyclic
pentapeptide moiety.
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Figure 2. Electronic spectrum of actinomycin D in water (solid line). The
scale on the left ordinate refers to the portion of the absorption spectrum
below 250 nm. The first derivative of the absorption spectrum is denoted
by the dashed line. The intensity of the derivative spectrum is in arbitrary
units. The first derivative spectrum is useful for visualization of weak
spectral feature. Note, for example, the resolution of the broad band at
440 into two inflections in the derivative curve.

prominent bands observed at 441 (calcd 452 nm), 272 (caled
286 nm), 240 (calcd 248 nm), and 199 nm (calcd 203 nm).
These bands are, therefore, properly characterized as = — r*
transitions. Of course, these data must be viewed with the
caveat that only a calculation over the = skeleton has been
attempted. Therefore, although the agreement with experiment
is quite good the calculation, in some instances, permits only
a speculative rather than an absolute interpretation. For ex-
ample, some difficulty is encountered in assigning the Vo —
Vs.10transition. As can be seen in Table I, there are two bands
which are observed close to the calculated value of 402 nm,

Table 1.
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Figure 3. Electronic spectrum of actinomycin D in ethanol (solid line). The
first derivative of the absorption spectrum is-shown by a dashed line.

either of which may be assigned to that transition. The two
bands, one at 429 nm and the other at 395 nm, appear as
shoulders in aqueous spectra and as more distinct transitions
in ethanol. Without further information, we can only say that
one of these is perhaps an n — #* transition which is not in-
cluded in our calculation.

Similarly, interpretation of the complicated UV region must
be approached with some caution. However, the discrepancies
between the calculated and observed transitions at 199 and 229
nm are thought to be due to the fact that oscillator strength is
a highly sensitive function of molecular orbitals, and usually
a factor of 2 to 3 is tolerated in the calculation. We therefore
feel that the absorption at 228 nm is much weaker than cal-
culated and is obscured by a large amount of band overlap and

Calculated and Experimental Transition Energies and Oscillator Strengths

Wavelength, nm (transition energy, eV)

Oscillator strength® Transition moment,? deg

Transition? Caled Obsd? Caled Obsd Caled
Vo— Vs.j0 402 (3.09) 429 sh (2.89) 0.49 0.43 0
395 sh (3.14) 0.21

Vo— V110 305 (4.07) 0.02 180
Vo— Vg, 286 (4.34) 272 sh (4.56) 0.14 0.31 -50
VO hnd VG.IO 276 (449) 0.05 0
Vo— Vs, 248 (5.00) 240 (5.17) 0.89 0.58 180
VO nd V9‘|3 241 (514) 0.03 0

234 (5.30) 0.06 -90

228 (5.43) 0.31 180
Vo— V5.3 203 (6.12) 199 (6.23) 0.23 >1 -20

@ The notations under this column represent the most important configuration of the states. The notation V, represents the ground state
configuration and V,; the configuration in which an electron in the ith molecular orbital has been promoted to the jth molecular orbital. Those
transitions that lack notation are, as a result of extensive configuration interaction, a mixture of many equally important transition types. ¢ Taken
from the data in Figure 1. ¢ Oscillator strengths (f) were calculated from the extinction coefficients (e) using the formula ¢ = 49 773f to fit
the calculated value for the longest wavelength transition. The extinction coefficients were calculated from our own spectra based on a previously
obtained value of 21 900 for the observed transition at 441 nm.6 4 Direction of the transition moment expressed as angles measured clockwise

from the +x axis. See text for details.
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Table II. Contributions from Atomic Orbitals (AO’s) to
Molecular Orbitals (MO’s)
AO’s AO’s AO’s
contributing contributing contributing
Molecular more than more than more than
orbital? 25% 10% 1%
6 4,5,9,14,15 3,7,13
7 13,16 1,3,4,5,11
8 12 (33.5%) 4,10 2,3,7,13,16
9 12 (44.2%) 7 3,5,13,15
10 2,6,7,11 8,13,15
11 3,5,8,9,15 1,7,10,12, 16
12 13,16 9,15 1,2,4,7,12
13 1 2,4,8, 14 3,7,10, 11, 16

@ Molecular orbitals are numbered in the order of increasing energy.
MO’s 1-9 are bonding orbitals.

that the absorption at 199 nm has contributions to its intensity
from absorptions at still lower wavelengths.

As a test of our computational method, we have calculated
the visible spectrum of 7-NH>-actinomycin, a derivative which
exhibits a visible spectrum red shifted by 65 nm.!6 A red shift
of ~10 nm in the longest wavelength transition is calculated
along with a substantial (50%) increase in transition moment.
Thus the calculation correctly predicts the qualitative features
of the 7-NH>-actinomycin spectrum. Although the calculated
shift is small relative to the experimental shift (and suggests
the limitations of the calculations), note that in this spectral
range 70 nm corresponds to an energy difference of only about
0.4 eV, about the same magnitude as solvent shifts. Further
our calculation did not correct for the effect of the ¢ core po-
larization on the effective nuclear charge of the atomic orbitals
used. Since this correction would be different for the actino-
mycin molecule itself and for the NH> derivative, such a dis-
crepancy between calculated and experimental data is not
surprising.

As is evident from Table II, most of the MO’s are quite de-
localized, as expected, with half or more of the atomic orbitals
contributing between 1 and 10%. Molecular orbitals 8 and 9
are the only ones where one atomic orbital contributes more
than one-third. The two longest wavelength transitions are
therefore similar in that they represent heavy donation of
electrons on atom 12 (the amino nitrogen) to other parts of the
molecule. It should be noted that with the exception of MO’s
7 and 12 the MO’s have relatively little contributions from the
phenyl portion of the molecule, namely atoms 13-16. Each of
the MO’s 8, 9, and 10 has only about 8% phenyl ring character,
and each of the MO’s 6, 11, and 13 has about 20%. We should
therefore expect that the first two transitions would not be
affected very much by the phenyl ring. Indeed, we did a cal-
culation not including atoms 13-16 and found the transition
energies to differ by less than 0.1 eV although the oscillator
strengths changed considerably. Furthermore, as would be
expected, with the phenyl ring omitted from the calculation
there was no calculated transition corresponding to Vo — V7 10.
Thus, the two longest wavelength # — #* transitions result
almost solely from the quinoidal portion of the phenoxazone
ring system. Chemical confirmation of this observation is given
in that, upon reduction of the quinoidal portion with sodium
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borohydride, all the absorption bands in the visible region
disappear, while the ultraviolet structure remains intact.
Our calculations establish the important conclusion that the
visible absorption of actinomycin D derives almost entirely
from the quinoidal ring. Thus, the hypo- and bathochromic
shifts resulting from complexation of actinomycin D by nu-
cleotides may be explained as a perturbation of the quinoidal
7 system alone; an observation which agrees with and tends
to confirm the experiments of Krugh and Neely.!” As we have
shown, eliminating the benzoid ring entirely from the calcu-
lation results in only a small change in the parameters of the
visible transitions. It is reasonable to suppose that a base
stacking interaction with the benzoid ring would not manifest
as significant perturbation of the visible bands. For example,
the exciton interaction for an ApA dimer is 740 cm~! at 260
nm,'® while the separation between the principal UV and
visible bands of actinomycin D is 19,000 cm™!. This large
energy gap would also seem to preclude direct base-quinoid
ring interaction. More likely, therefore, the bathochromic and
hypochromic shifts result from environmental effects (e.g.,
solvation). Whatever their origin, we suggest that these spectral
changes report only interactions with the quinoidal portion
of the chromophore. This concept provides a means of testing
the hypothesis that the rings (benzoid and quinoid) exhibit
individual selectivity in their nucleotide binding.'®

Note Added in Proof. It has been pointed out to us by Pro-
fessor Crothers that the presence of a strong optically active
band near 375 nm?° suggests that the weak 395 nm feature
may be an n — 7* transition.
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