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Anthracycline antibiotics such as doxorubicin and its analogues have been in common use as
anticancer drugs for almost half a century. There has been intense interest in the DNA binding
sequence specificity of these compounds in recent years, with the hope that a compound could
be identified that could possibly modulate gene expression or exhibit reduced toxicity. To
computationally analyze this phenomenon, we have constructed molecular models of 65
doxorubicin analogues and their complexes with eight distinct DNA octamer sequences. The
HINT (Hydropathic INTeractions) program was utilized to describe binding, including
differences in the functional group contributions as well as sequence selectivity. Of these 65
compounds, two compounds were calculated to have a selectivity (the calculated ∆∆Gsel between
the sequence with the strongest binding and the second strongest binding sequence) greater
than -0.75 kcal mol-1 for one sequence over all others, 10 compounds were specific between
-0.50 and -0.74 kcal mol-1, 18 compounds were specific between -0.25 and -0.49 kcal mol-1,
and 35 compounds were virtually nonspecific with a ∆∆G below -0.24 kcal mol-1. Several
compounds have been identified from this study that include features which may enhance
sequence selectivity, including several with a halogen in lieu of the 4′-OH in the daunosamine
sugar, one compound with a nonaromatic six-membered ring (pirarubicin) in place of the 4′-
OH, and a compound with an aromatic ring in the vicinity of the C14 region (zorubicin). Removal
of the methoxy group at the C4 position on the aglycone portion also appears to add potency
and selectivity (idarubicin). Overall, efficient computational methods are presented that can
be utilized to analyze the free energy of binding and sequence selectivity of both known and
designed analogues of doxorubicin to identify future lead compounds for further experimental
research.

Introduction

Nucleic acids, such as DNA and the closely related
molecule, RNA, have been seen as potential therapeutic
targets for drugs ever since the discovery of the DNA
double helix 50 years ago by James D. Watson and
Francis H. C. Crick.1 To an organic chemist, the unique
structural features of DNA due to the planar stacking
of aromatic bases along the sugar phosphate backbone
make it a particularly interesting target for drug
design.2 To a molecular biologist, the fact that the
arrangement of bases in the DNA double helix contains
the genetic blueprint of all of the proteins in a cell,
combined with the recent completion of the mapping of
the human genome, further fuels interest in the dis-
covery of new compounds that bind to DNA and can
have some significant therapeutic effect.3

Anthracycline antibiotics, such as doxorubicin and
daunorubicin, are drugs that are known to bind to DNA
and are some of the most common anticancer agents in
use today.4 Their main mode of action is still somewhat
unclear, but is generally thought to involve binding to
DNA by intercalation and inhibition of DNA biosynthe-
sis, interference with topoisomerase II, and induction
of DNA double strand breaks.5-9 However, the mecha-
nism of action of the anthracyclines is pleiotropic and

may involve binding to molecules other than DNA.4,10

This paper deals specifically with the DNA-binding
mechanisms, with specific attention to the sequence
specificity.

There has been much interest (and some controversy)
in the determination of the sequence-specific binding
affinity of doxorubicin. The ultimate goal, of course, is
to identify a drug candidate that would have the ability
to target a particular gene or promoter sequence and
thus regulate its expression. Early X-ray crystallogra-
phy studies and theoretical studies based on the crystal
structures suggested specificity for the CG sequence.11-13

DNase I footprinting experiments and induction of
stable transcriptional blockage sites suggested a speci-
ficity for GC or CA as the site of most favored
intercalation.14-16 Since anthracyclines contain a daun-
osamine sugar which interacts with the minor groove
of the DNA, in addition to the intercalation of the
aglycone moiety, a model emerged that suggested a
triplet sequence, 5′-(A/T)CG or 5′-(A/T)GC, as the site
of highest specificity.13 This triplet consists of the base
pairs immediately adjacent to the intercalation site, as
well as a third base pair that interacts with the
daunosamine sugar.13 The major features of this triplet
model were confirmed by the more recent in vitro
experiments of Graves and Krugh, Trist and Phillips,
and Chaires and crystallographic structures of the
complexes reported by Frederick et al.17-20 Recent
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research in our laboratory using the HINT (Hydropathic
INTeractions) program has sought to build upon the
structure and binding models for intercalation as de-
fined by the triplet model to add features that would
be useful for further and productive molecular design
of the doxorubicin scaffold.21

However, one of the key difficulties in modeling these
compounds has been the lack of a broad array of
experimental thermodynamic binding data of these
compounds. While there is quite a bit of data available
on the toxicity of anthracyclines, as well as on their
activity against cancer cells, there have been very few
studies conducted to determine the actual binding
efficiency of these compounds with DNA.21,22 Further-
more, while the several crystal structure studies pub-
lished do provide an excellent view of the 3-D confor-
mation of doxorubicin itself, these structures were
performed on a hexamer DNA sequence, i.e., where two
doxorubicin molecules are intercalated into a sequence
of DNA containing only six base pairs.20 This creates a
fairly crowded complex, and any interaction with base
pairs beyond the third base pair is unlikely to be seen
since the fourth and fifth base pairs involved in one
interaction are also the second and third base pairs
involved in the other interaction! Therefore, we believe
that molecular modeling can help fill this gap in
thermodynamic binding data, by correlating the binding
data that is available with computational results ob-
tained from models built upon the known crystal
structures.

Our computational tool, the molecular modeling pro-
gram HINT, calculates empirical, atom-based hydro-
pathic parameters that encode all significant intermo-
lecular and intramolecular noncovalent interactions
implicated in the biological environment.23 HINT is
derived from hydrophobic atom constants that are based
on thermodynamic, atom-based hydropathy values from
solvent partitioning measurements (Log P) of organic
molecules.24 These atom constants are used to quanti-
tatively score the strength of all noncovalent interac-
tions in a molecular system, and these scores have
recently been shown to correlate with experimental free
energy for several protein systems,25,26 and for ami-
noglycoside binding to 16S ribosomal RNA.27

The HINT program was also used to calculate binding
scores for the interaction of doxorubicin with 64 DNA
base pair quartet sequences, and in several HINT
models, an interaction between the N3′ ammonium
group of the daunosamine sugar and the carbonyl of the
fourth base pair was found, invoking a quartet model
for binding.21 The highest binding sequence from this
study was found to be the C|AAT sequence (the “|”
symbol indicates the intercalation site of the doxorubicin
chromophore, i.e., between the C and A base pairs).21

Interestingly enough, a C|AAT sequence has recently
been shown to be involved in the upregulation of the
MDR1 promoter sequence in HL60/VCR cells, which is
implicated in multi-drug-resistant tumors.10 So this
information, combined with new data obtained from
sequencing the human genome, has the potential to
identify key promoter sequence sites for possible target-
ing by DNA-binding drugs.3

To further investigate this quartet model, and to
calibrate our computational methods, calculated free

energies were recently compared to experimental data
of eight doxorubicin analogues measured and reported
by Chaires.22,28 The free energies of these eight com-
pounds were calculated as intercalated in 32 DNA
quartet sequences, and the difference in free energy
(∆∆G) for each compound versus doxorubicin was com-
putationally determined, indicating the relative ener-
getic contribution of the functional group present on that
compound.28 The calculated ∆∆G values from our mo-
lecular models were found to correlate with the experi-
mental data in relatively good agreement, with a few
notable, yet explainable, differences.28 Even in this
limited test set we nonetheless saw evidence of sequence
specificity, as evidenced by large standard deviations
of the average calculated free energy from the interac-
tion of each compound with 32 unique sequences of
DNA.28

The next step is to locate additional doxorubicin
analogues to determine if differences in structure would
provoke differences or improvements in sequence speci-
ficity. The program Unity (Tripos, Inc., St. Louis, MO)
was thus employed to perform a 3-D structural search
of the 213 628 compounds in the NCI Database for
analogues of doxorubicin. The search was ultimately
narrowed down to 65 compounds (Schemes 1-5), in-
cluding our original test set. Since DNA consists of four
unique nucleic acid bases and thus 256 possible DNA
quartet combinations, the problem is that we need to
model quite a number of potential “receptors.” Starting
with an intercalation site of C|A or C|G, we varied the
third and fourth base pair with a set of representative
combinations (Figure 1). Complex structures were cal-
culated for these 65 compounds versus eight DNA
quartet sequences (C|AAT, C|AAG, C|GAG, C|GAT,
C|AAA, C|ATA, C|ACC, and C|AGC). The ∆∆G was then
calculated between the highest binding sequence and
the second highest binding sequence for each compound
to calculate selectivity.

While a truly sequence-specific drug may still be a
long way off, these calculations provide detailed and
comprehensive insight into the three-dimensional bind-
ing of doxorubicin analogues with a variety of sequences.
Most significantly, these compounds can certainly be
used as molecular tools for the development of future
sequence-specific binding agents.

Results and Discussion

Correlation with Biological Data. The first step
of this study was to validate our computational proce-
dure against existing biological data. To accomplish this,
we modeled a “test set” of a series of eight doxorubicin
analogues that had previously been assayed for binding
to calf thymus DNA by Chaires (Scheme 1).22 Not only
was an experimental binding value available for each
compound, but most significantly, since each compound
contained a simple functional group modification from
the original doxorubicin molecule itself, Chaires has
shown that it was possible to separate each functional
group contribution into partial free energy binding
interactions.22 We applied these same techniques to our
“test set” of doxorubicin analogues.28

Using our previously described methods, we calcu-
lated binding free energies for our “test set” of eight
doxorubicin analogues versus a series of DNA quartet
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sequences.28 Since our method is structurally based, and
therefore, sequence-dependent, we needed to calculate
an average value of a representative sample of se-
quences to correlate this with Chaires’s experimental,
non-sequence-dependent, binding data. Initially, we took
the average of 32 DNA quartet sequences. These
sequences started with the C|AAT sequence and first
kept the C|A base pairs constant and varied the second
two base pairs. Second, we kept the AT base pairs
constant and varied the C|A base pairs. This ultimately
contributed to 32 DNA quartet sequences in our model.28

However, since this is a fairly large number of
sequences and sampling a good number of the more
than 2000 known doxorubicin analogues would natu-
rally require extraordinarily large amounts of computer
and operator time, we also wanted to test a model in
which fewer sequences could be modeled. Since there
is a reasonably good amount of evidence suggesting C|A
or C|G as the site of intercalation,11-16 we desired to
focus our calculations on modifications to the 3rd and

4th base pairs of the quartet. So eight sequences were
selected for our smaller test (C|AAT, C|AAG, C|GAG,
C|GAT, C|AAA, C|ATA, C|ACC, and C|AGC), in the hope
that this reduced set would also be a representative
sample of the whole.

The experimental and calculated free energy (∆G), as
well as the difference in free energy between each
compound and doxorubicin (∆∆Gdox) (both in kcal mol-1),
is shown in Table 1. Calculation of the ∆∆Gdox for each
compound allowed us to determine the net energetic
contribution of specific functional groups to binding.
Overall, while the ∆G is somewhat overestimated for
our “test set,” the ∆∆Gdox values show relatively good
agreement. Most of our calculated free energies show a
relatively high standard deviation when compared to
the biological data, which can be interpreted as a
consequence of sequence-dependent binding for these
compounds. It is also important to note that the reported
errors between the experimental and modeled data arise
from two separate phenomena. The standard deviations
reported for the experimental data arise from the
calculated average of multiple thermodynamic binding
data measurements of each doxorubicin analogue bound
in a non-sequence-dependent manner to calf thymus
DNA, whereas the standard deviations reported for the
modeled data arise from the calculated average of
individual free energy calculations from 32 (or 8) specific
DNA quartet sequences.22,28

We did see a noticeable sign change disagreement
with the ∆∆Gdox for daunorubicin, in which we predicted
that the removal of the C14-OH would provide for a more
favorable interaction by 0.4 ( 0.6 kcal mol-1, while
experimental data indicated that removal of that group
would reduce the overall interaction by 0.9 ( 0.5 kcal
mol-1. If we look at an interactive map contour (Figure
2), which visually displays the quantity and magnitude
of intermolecular interactions, we see an unfavorable
hydrophobic interaction caused by the close proximity
of the C14 oxygen atom with the methylene atoms of the
phosphate backbone of the DNA. Moreover, we detected
a fairly large standard deviation in our calculations, so
there is likely some uncertainty caused by the flexibility
of the C14 side chain, in addition to some potential
solvent interactions.28

Figure 1. Diagram indicating the various modifications of the doxorubicin molecule as well as the base pairs of the DNA double
helix that were mutated. The anthracycline intercalation site is between the “C” and “X” base pairs.

Scheme 1. “Test Set” of Eight Doxorubicin Derivatives
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Our calculations also appear to overestimate the
binding contribution of the N3′ ammonium by a fairly
substantial amount (hydroxydoxorubicin). While we
have previously discussed this in much greater detail
in an earlier publication,28 this discrepancy is mainly
attributable to the loss of three potent hydrogen bonds
between the three hydrogen atoms of the amine cation
and three carbonyl oxygen atoms of the DNA bases
nearby. The neutral hydroxyl oxygen, with only a single
hydrogen atom, does not have the same hydrogen
bonding capability as this positively charged amine, and
therefore we see a significantly reduced polar interac-
tion for hydroxydoxorubicin. To further analyze the
protonation state of this N3′ ammonium, we created a
model of an unprotonated doxorubicin vs all 32 DNA
quartet sequences, and used this to calculate the ∆∆G
for hydroxydoxorubicin. The ∆∆G between hydroxy-
doxorubicin and this unprotonated form of doxorubicin
was calculated to be -0.2 ( 0.3 kcal mol-1. So, we
therefore believe that our overestimation of this func-
tional group contribution is due to the fact that there
likely is a reduced, or partial, protonation state of this
N3′ ammonium when doxorubicin is bound to DNA.28

Overall, the calculations correlate quite well to the
biological data. We graphed the calculated vs experi-
mental ∆G values for both the 8-sequence and 32-
sequence models and found little variation in the plotted
points for both average data sets. (Figure 3). Compari-

son of the data points of both the 8-sequence and 32-
sequence models, shows that the 8-sequence model is
as significant in our calculations as the 32-sequence
model, indicating that the set of eight we have chosen
does indeed provide a sufficient representative sample
of sequences for our study.

Although the correlation was reasonably good, there
was one significant outlier in both modelssthe estima-
tion in free energy of hydroxydoxorubicin. Naturally,
leaving out this outlier would result in a much better
correlation (r2 ) 0.88). However, if we plot the average
free energy of the completely unprotonated forms of the
doxorubicin analogues that contain the amine, we can
hypothesize that there is a continuum of points on the
graph representing partially protonated states of these
compounds. We can also see that calculated free energy
values for these four compounds at a chosen point along
this continuum would result in an improved correlation,
indicating that the amine is indeed most likely “par-
tially” protonated.

Functional Group Contribution Calculations.
Having demonstrated a good correlation between the
∆∆Gdox values for the “test set” of compounds, we
extended this procedure to our computational data set
to calculate the net energetic contribution of various
functional groups of other doxorubicin analogues (Table
2). (Tables 4 and 5, presented as Supporting Informa-
tion, present the HINT score data for each complex by

Table 1. Experimental Free Energy (∆G) and the Free Energy Difference (∆∆G) between Each Compound and Doxorubicin

experimentala

(kcal mol-1)
calculatedb (kcal mol-1)
average of 32 sequences

calculatedb (kcal mol-1)
average of 8 sequences

∆G ∆∆G ∆G ∆∆G ∆G ∆∆G

doxorubicin -7.7 ( 0.3 - - -9.6 ( 1.1c - - -9.4 ( 0.9 - -
daunorubicin (loss of C14-OH) -6.8 ( 0.3 -0.9 ( 0.5 -10.0 ( 0.9c +0.4 ( 0.6c -9.7 ( 0.8 +0.3 ( 0.5
hydroxydoxorubicin (NH3

+ to OH) -7.0 ( 0.3 -0.7 ( 0.5 -5.9 ( 0.4c,d -3.7 ( 1.1c,d -6.0 ( 0.3d -3.4 ( 1.0d

9-dehydroxydoxorubicin (loss of C9-OH) -6.5 ( 0.3 -1.2 ( 0.5 -8.9 ( 1.0c -0.7 ( 0.7c -8.6 ( 0.9 -0.7 ( 0.6
adriamycinone (loss of sugar ring) -5.7 ( 0.3 -2.0 ( 0.5 -6.3 ( 0.6c -3.2 ( 1.1c -6.7 ( 0.3 -2.7 ( 1.0
daunomycinone (loss of sugar ring and C14-OH) -5.2 ( 0.3 -2.5 ( 0.5 -6.0 ( 0.5c -3.6 ( 1.1c -6.4 ( 0.4 -3.0 ( 0.9
WP-608 (swap C3′-NH3

+ and C4′-OH) -6.1 ( 0.3 -1.6 ( 0.5 -7.1 ( 0.5 -2.6 ( 1.2 -7.1 ( 0.5 -2.3 ( 1.1
â-anomer of doxorubicin (sugar is attached â) -4.5 ( 0.3 -3.2 ( 0.5 -5.3 ( 0.5 -4.2 ( 1.3 -5.3 ( 0.5 -4.1 ( 0.9

a Experimental data was obtained from the binding of doxorubicin analogues with calf thymus DNA, from Chaires et al.27 b Two sets
of calculated data were obtained from molecular models of each analogue intercalated into a series of 32 and 8 DNA quartet sequences.
A HINT interaction score was obtained and divided by -515 (units per kcal mol-1), and the average score from all 32 or 8 models per
compound is reported. The ∆∆G for all compounds versus all sequences was also calculated, and the average score from all 32 or 8 models
per compound is reported. c Reference 28. d Assuming doxorubicin N3′ is in the protonated form, we also modeled doxorubicin in the
unprotonated (NH2) form and computed a ∆∆G for hydroxydoxorubicin of -0.2 ( 0.3 kcal mol-1.

Figure 2. Stereodiagram of a HINT interaction map for the intercalation of doxorubicin with the CAAT base pair sequence of
DNA, which displays, visually, the quality and magnitude of the various binding contacts involved in the interaction. The contour
surfaces are color-coded by interaction type at a constant map density value of (80. Blue surfaces represent favorable polar
interactions, red surfaces represent unfavorable polar interactions, green surfaces represent favorable hydrophobic interactions,
and magenta surfaces represent unfavorable hydrophobic interactions. The interatomic distance between the N3′ ammonium on
doxorubicin’s sugar ring and the carbonyl oxygen atoms of three surrounding base pairs of DNA is also indicated.
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individual base pair and interaction type contributions,
respectively). We must exercise a certain degree of
caution, however, since the compounds of the original
“test set” differed from doxorubicin by a single functional
group, allowing the determination of the net energetic
contribution of that specific functional group to binding.
There are several compounds in our computational data
set, however, that differ by multiple or complex func-
tional groups, and this could potentially add to some
confusion in interpreting the data. Nonetheless, this
information, combined with the calculations on sequence
selectivity also presented here, should still prove useful
in the design of new, more potent and selective (vide
infra) doxorubicin analogues.

Overall, a decrease in the net energetic contribution
(-∆∆Gdox) was calculated for 37 of the 65 compounds
modeled, while an increase in the net energetic contri-
bution (+∆∆Gdox) was calculated for 27 compounds.

1. Effects of Halogenation on Binding. Com-
pounds 9 through 12 each contain a simple modification
in which the C4′-OH is replaced with a halogen. We see
a gradual increase in the ∆∆Gdox, from +0.7 for fluoro-
doxorubicin, to +1.3 to bromodoxorubicin and +1.2 for
iododoxorubicin. This increased free energy contribution
is likely due to an increased hydrophobic interaction
between the larger halogen atoms and the methylene
groups of the phosphate backbone of the DNA. Interest-

ingly enough, in compounds 13 to 16, which contain the
respective halogen in place of the C14-OH, we do not
see this same trend. As a matter of fact, we really see
very little increase in ∆∆Gdox for any of these com-
pounds, which further contributes to our earlier argu-
ment that this particular area of doxorubicin, being
solvent exposed and flexible, does not contribute sig-
nificantly to binding.

We see another increase in ∆∆Gdox for compounds 17
to 20, that contain a halogen at the C2′ in the sugar,
which is somewhat less significant for the fluoro- and
chloro-containing compounds (19, 20). This is likely due
to the decrease in solvent accessibility which would
reduce the solvent’s ability to stabilize the amine cation,
resulting in a more protonated state and increasing its
interaction with the carbonyl oxygens of the T4′ and T5′
base pairs. There also appears to be favorable hydro-
phobic interactions between the halogen atoms and the
methylene backbone of the DNA. Note, however that
these compounds also contain an inversion in the
stereochemistry of the C4′-OH, as seen in epirubicin
(59). As the ∆∆Gdox for epirubicin is +0.7 kcal mol-1,
we can see that a major part of the free energy difference
of compounds 17 to 20 is tied to that functional group.
However, we can still make the argument that an iodo-
substitution at the C2′ position has potential to increase
binding.

The other halogenated compounds of our computa-
tional data set (21 to 28) indicate a significant net
energetic decrease (-∆∆Gdox). This actually appears to
be due to the lack of a protonated functional group
instead of the halogenation. However, compounds 21-
24, which are identical to compounds 17-20, except that
the C3′ amine is replaced with a hydroxyl, show an
average increase in calculated ∆G by approximately
-6.7 kcal mol-1, which is about 0.7 kcal mol-1 more
favorable than the ∆G for hydroxydoxorubicin (3). So it
does appear that C2′ halogenation, combined with the
epimerization of C4′, would have a minor effect on free
energy. We did not see any significant correlation
between the level of halogenation and free energy
difference, however.

2. Effects of Converting the C3′ Amine to an
Amide with Varying Substituents. Most of the
compounds in the computational data set containing
amide moieties in place of the C3′ amine (compounds
29 to 39) also indicated a significant net energetic
reduction in binding. Although the ∆∆Gdox of most of
these compounds is actually better compared to dauno-
rubicin than doxorubicin, since they also lack the C14-
OH. However, since the calculated ∆∆Gdox between
doxorubicin and daunorubicin is only +0.3 kcal mol-1,
we can still analyze these compounds reasonably well
with our existing calculated ∆∆Gdox values.

Like other compounds lacking the C3′ protonated
amine, we see a notably reduced ∆∆Gdox. However,
particularly with the urea compounds (30 to 35), which
contain an extra NH group distal to the amide, the
∆∆Gdox is less dramatic than for acetamide (29). This
is primarily because the NH portion of the amide sits
in a position between the carbonyl oxygen atoms of the
T′ bases of the second and third base pairs, forming a
bifurcated hydrogen bond between the two carbonyl
oxygen atoms (Figure 5). While this alone provides a

Figure 3. Combined graphs of the calculated ∆G vs experi-
mental ∆G (kcal mol-1) for the “Test Set” of eight doxorubicin
analogues modeled in 32 DNA “quartet” sequences and 8 DNA
“quartet” sequences (using both protonated and unprotonated
models). The dashed line indicates a linear regression fit of
the average of 8 sequences (slope ) 1.14); the solid line
indicates where a perfect linear regression fit (slope ) 1) would
be. The arrows indicate the range in calculated free energy
between the protonated and unprotonated models. The r2 for
the average of 8 sequences is 0.53, and the r2 for the average
of 32 sequences is 0.52.
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similar interaction strength to the single hydrogen bond
of the C3′ hydroxyl in hydroxydoxorubicin, as we can
see by comparing the calculated ∆∆Gdox between com-

pounds 3 and 29, the extra NH portion of the urea
compounds sits on the other side of the T′ base carbonyl
of the third base pair, forming an additional hydrogen

Table 2. Calculated Free Energies (∆G; in kcal mol-1) for 65 Doxorubicin Derivatives vs Eight DNA Quartet Sequencesa

compound CAAT CAAG CGAG CGAT CAAA CATA CACC CAGC avg ∆G avg ∆∆Gdox

Test Set
1. doxorubicin -10.6 -9.1 -8.1 -9.6 -8.7 -9.3 -10.5 -9.2 -9.4 ( 0.9 - -
2. daunorubicin -10.5 -8.7 -8.4 -10.2 -9.3 -10.5 -10.4 -9.5 -9.7 ( 0.8 +0.3 ( 0.5
3. hydroxydoxorubicin -6.4 -6.1 -6.3 -6.2 -6.1 -5.7 -5.5 -5.8 -6.0 ( 0.3 -3.4 ( 1.0
4. 9-dehydroxydoxorubicin -9.5 -8.3 -7.0 -9.4 -8.4 -8.2 -9.0 -9.4 -8.6 ( 0.9 -0.7 ( 0.6
5. adriamycinone -6.3 -6.8 -6.4 -6.5 -7.1 -6.6 -6.8 -7.0 -6.7 ( 0.3 -2.7 ( 1.0
6. daunomycinone -6.7 -7.1 -5.8 -5.9 -6.6 -6.3 -6.2 -6.4 -6.4 ( 0.4 -3.0 ( 0.9
7. WP-608 -7.1 -7.2 -6.9 -7.2 -7.4 -8.1 -6.3 -6.6 -7.1 ( 0.5 -2.3 ( 1.1
8. doxorubicin (â-Anomer) -5.4 -6.1 -5.3 -5.2 -4.2 -5.5 -5.5 -5.4 -5.3 ( 0.5 -4.1 ( 0.9

Halogenated Derivatives
9. iododoxorubicin -11.4 -11.1 -11.0 -11.2 -11.1 -8.8 -10.4 -9.5 -10.6 ( 0.9 +1.2 ( 1.2

10. bromodoxorubicin -11.9 -11.0 -10.9 -11.2 -11.2 -9.1 -10.5 -9.3 -10.7 ( 1.0 +1.3 ( 1.2
11. chlorodoxorubicin -11.6 -10.9 -10.8 -11.1 -11.0 -9.3 -10.4 -9.0 -10.5 ( 0.9 +1.1 ( 1.1
12. fluorodoxorubicin -10.6 -10.5 -10.6 -9.5 -9.8 -9.1 -10.1 -10.5 -10.1 ( 0.6 +0.7 ( 1.1
13. C14-iododoxorubicin -11.4 -11.1 -11.0 -11.2 -11.1 -8.8 -10.4 -9.5 -10.6 ( 0.9 +0.5 ( 0.6
14. C14-bromodoxorubicin -10.9 -9.1 -8.4 -10.6 -9.9 -9.2 -10.3 -10.0 -9.8 ( 0.8 +0.4 ( 0.5
15. C14-chlorodoxorubicin -11.6 -10.9 -10.8 -11.1 -11.0 -9.3 -10.4 -9.0 -10.5 ( 0.9 +0.5 ( 0.5
16. C14-fluorodoxorubicin -10.7 -9.0 -8.0 -10.6 -9.8 -9.2 -10.4 -10.0 -9.7 ( 0.9 +0.3 ( 0.5
17. 2′-iodo-4′-epidaunorubicin -11.7 -11.5 -9.5 -9.7 -10.6 -10.2 -12.5 -11.5 -10.9 ( 1.1 +1.5 ( 0.8
18. 2′-bromo-4′-epidaunorubicin -11.4 -11.7 -9.1 -9.8 -10.5 -10.0 -10.9 -11.0 -10.5 ( 0.9 +1.1 ( 0.9
19. 2′-chloro-4′-epidaunorubicin -11.4 -11.4 -9.1 -9.4 -11.9 -10.0 -9.0 -9.4 -10.2 ( 1.2 +0.8 ( 1.5
20. 2′-fluoro-4′-epidaunorubicin -11.2 -11.1 -8.6 -9.9 -11.5 -9.5 -8.9 -9.3 -10.0 ( 1.1 +0.6 ( 1.3
21. annamycin (C2′-iodo) -6.9 -7.0 -6.9 -6.4 -7.2 -7.3 -6.2 -6.4 -6.8 ( 0.4 -2.6 ( 1.1
22. annamycin (C2′-bromo) -6.8 -7.1 -6.9 -6.5 -7.2 -7.6 -6.1 -6.3 -6.8 ( 0.5 -2.6 ( 1.1
23. annamycin (C2′-chloro) -6.7 -7.1 -6.7 -6.2 -7.0 -7.5 -5.9 -6.3 -6.7 ( 0.5 -2.7 ( 1.2
24. annamycin (C2′-fluoro) -6.5 -6.6 -6.7 -6.2 -7.1 -7.1 -6.1 -6.3 -6.6 ( 0.4 -2.8 ( 1.1
25. N-(iodoacetyl) doxorubicin -6.3 -6.5 -6.6 -6.2 -6.2 -5.7 -5.4 -6.1 -6.1 ( 0.4 -3.3 ( 1.2
26. N-(bromoacetyl) doxorubicin -7.2 -7.1 -6.7 -6.6 -6.3 -5.9 -5.3 -5.5 -6.3 ( 0.7 -3.0 ( 1.2
27. N-(chloroacetyl) doxorubicin -6.9 -7.2 -6.9 -6.6 -6.4 -6.1 -5.4 -5.4 -6.4 ( 0.7 -3.0 ( 1.2
28. N-(fluoroacetyl) doxorubicin -6.6 -6.6 -6.3 -6.1 -6.9 -5.7 -5.3 -5.3 -6.1 ( 0.6 -3.3 ( 1.2

Amide Derivatives
29. N3′-acetamide -5.9 -5.6 -6.0 -5.8 -6.0 -6.1 -4.8 -5.4 -5.7 ( 0.4 -3.7 ( 1.1
30. N3′-formyl daunorubicin -7.4 -7.5 -6.9 -6.8 -7.2 -6.2 -5.9 -5.9 -6.7 ( 0.6 -2.7 ( 1.2
31. N3′-methyl Urea -8.4 -8.0 -6.7 -7.0 -8.4 -7.1 -7.2 -6.3 -7.4 ( 0.8 -2.0 ( 1.0
32. N3′-butyl Urea -8.7 -8.3 -6.8 -7.0 -7.9 -7.3 -6.6 -7.3 -7.5 ( 0.7 -1.9 ( 1.0
33. N3′-methylthio Urea -7.1 -7.7 -6.7 -7.8 -7.0 -8.0 -7.2 -6.3 -7.2 ( 0.6 -2.2 ( 0.9
34. N3′-butylthioUrea -7.3 -6.8 -6.5 -6.8 -6.7 -7.0 -6.5 -7.2 -6.8 ( 0.3 -2.5 ( 0.8
35. N3′-phenylthio Urea -7.7 -8.2 -8.3 -9.6 -7.5 -8.5 -8.9 -8.4 -8.4 ( 0.7 -1.0 ( 1.0
36. N3′-dimethylglycine daunorubicin -7.1 -6.6 -7.1 -6.9 -7.4 -7.0 -6.0 -6.7 -6.8 ( 0.4 -2.5 ( 1.1
37. N3′-glycine daunorubicin -13.2 -10.8 -10.9 -13.3 -11.8 -10.1 -12.0 -12.1 -11.8 ( 1.1 +2.4 ( 1.0
38. doxorubicin 3′-4′-Diacetate -5.4 -5.2 -5.4 -5.1 -4.3 -4.2 -4.6 -4.6 -4.8 ( 0.5 -4.5 ( 1.0
39. trifluoroacetamide -7.0 -7.5 -6.8 -6.9 -7.5 -7.1 -5.7 -7.4 -7.0 ( 0.6 -2.4 ( 1.3

Derivatives with Additional Rings
40. carboxidaunorubicin γ-lactam -5.9 -6.2 -6.1 -6.1 -5.9 -5.6 -5.6 -6.3 -6.0 ( 0.3 -3.4 ( 1.0
41. cyanomorpholino doxorubicin -5.4 -5.6 -5.4 -5.6 -5.8 -5.2 -3.9 -5.2 -5.3 ( 0.6 -4.1 ( 1.3
42. isothiocyanatobenzoyl doxorubicin -8.4 -7.9 -7.4 -8.2 -8.3 -7.2 -6.9 -6.9 -7.7 ( 0.6 -1.7 ( 1.1
43. MX-2 -6.7 -7.0 -6.5 -7.1 -6.9 -6.7 -6.0 -5.9 -6.6 ( 0.4 -2.8 ( 1.0
44. N-piperidinoimine -11.3 -9.9 -9.5 -11.8 -10.2 -9.8 -10.9 -9.5 -10.4 ( 0.9 +1.0 ( 0.7
45. pirarubicin -9.4 -9.5 -8.8 -9.3 -9.9 -8.6 -11.0 -10.3 -9.6 ( 0.8 +0.2 ( 0.9
46. WPX-01 -8.8 -8.1 -7.8 -8.0 -8.6 -7.3 -7.6 -7.6 -8.0 ( 0.5 -1.4 ( 0.9
47. WPX-02 -9.1 -8.5 -8.0 -8.5 -9.2 -8.4 -7.6 -7.7 -8.4 ( 0.6 -1.0 ( 1.0
48. WPX-03 -8.9 -8.1 -8.0 -8.6 -8.9 -7.1 -7.0 -7.4 -8.0 ( 0.8 -1.4 ( 1.2
49. WPX-04 -8.2 -7.9 -7.6 -8.1 -8.3 -7.3 -7.4 -7.3 -7.8 ( 0.4 -1.6 ( 0.9
50. WP-744 -11.4 -10.8 -10.5 -11.7 -12.2 -9.9 -10.7 -9.5 -10.8 ( 0.9 +1.5 ( 1.2
51. WP-744-01 -11.5 -11.4 -11.3 -11.6 -11.9 -10.1 -10.5 -9.5 -11.0 ( 0.8 +1.6 ( 1.3
52. zorubicin -12.2 -10.6 -9.3 -11.7 -10.6 -11.5 -11.4 -9.7 -10.9 ( 1.0 +1.5 ( 0.6
53. bromo-zorubicin -12.7 -9.9 -10.3 -11.1 -11.3 -11.8 -10.1 -10.5 -11.0 ( 0.9 +1.6 ( 1.0

Miscellaneous Derivatives
54. analogue VIII -7.3 -7.3 -5.6 -6.4 -7.7 -7.3 -6.8 -7.4 -7.0 ( 0.7 -2.4 ( 0.9
55. analogue IX -8.8 -8.6 -7.3 -7.4 -9.2 -8.4 -8.4 -8.7 -8.3 ( 0.7 -1.0 ( 0.9
56. analogue X -7.2 -7.2 -6.9 -6.8 -7.2 -7.2 -6.6 -7.0 -7.0 ( 0.2 -2.4 ( 0.9
57. analogue XI -10.8 -9.3 -7.8 -10.9 -9.7 -10.8 -10.6 -9.2 -9.9 ( 1.1 +0.8 ( 0.7
58. carminomycin -11.2 -11.1 -9.7 -11.4 -11.5 -9.8 -10.7 -9.5 -10.6 ( 0.8 +1.2 ( 1.0
59. epirubicin -11.3 -11.0 -8.0 -9.1 -11.3 -10.8 -9.5 -9.8 -10.1 ( 1.2 +0.7 ( 1.2
60. idarubicin -11.7 -11.2 -9.6 -10.9 -10.7 -10.1 -10.6 -10.1 -10.6 ( 0.7 +1.2 ( 0.7
61. ME-2303 -6.7 -6.7 -6.2 -6.3 -6.8 -5.7 -5.9 -6.0 -6.3 ( 0.4 -3.1 ( 1.0
62. oxime -11.5 -11.3 -8.4 -11.1 -11.2 -9.8 -10.6 -9.6 -10.4 ( 1.1 +1.0 ( 0.9
63. semicarbazone -11.0 -10.0 -9.1 -10.5 -10.0 -9.6 -10.0 -10.5 -10.1 ( 0.6 +0.7 ( 0.6
64. SM-5887 -7.5 -6.8 -6.3 -6.9 -7.4 -7.2 -6.4 -7.3 -7.0 ( 0.5 -2.4 ( 0.9
65. WP-608-01 -14.3 -12.2 -12.4 -14.1 -12.7 -11.2 -14.0 -12.4 -12.9 ( 1.1 +3.5 ( 0.8

a The average ∆G is the average of the free energies for all eight sequences; the average ∆∆Gdox is the average of the difference between
the free energies for all compounds versus all sequences and the average free energy for doxorubicin versus all eight sequences.
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bond. Additionally, there are more favorable hydropho-
bic contacts for the urea compounds, particularly those
with a bulky butyl (32) or phenyl group (35) attached.

We calculated an increased ∆∆Gdox of +2.7 kcal mol-1

for one of the amide compounds, N3′-glycine daunoru-
bicin (37). This compound has similar interactions to
the acetamide (29) involving the amide, but also con-
tains a protonated (or partially protonated) amine at
the end which potentially interacts with the T base of

the fourth and fifth base pairs, due to the amide group
extending the reach of the amine. So this compound may
involve a “Quintet” model for binding to doxorubicin,
although that is somewhat beyond the scope of this
study.

3. Effects of the Addition of Aromatic or Ali-
phatic Ring Substituents. Most of the compounds
containing either an aromatic or aliphatic six-membered
ring (compounds 40 to 53) produced a diminished net
energetic contribution. While most of the loss in free
energy is due to the loss of hydrogen bonding of the
protonated amine, the rings themselves do show evi-
dence of somewhat favorable hydrophobic interactions.
The lower ∆∆Gdox is evidence of this. Compound 44,
containing a piperidine ring double-bonded to C13,
shows a somewhat noticeable increase in its net ener-
getic contribution, mainly due to added hydrophobic
contacts with the first base pair (above the intercalation
site). Good evidence of actually increasing the binding
by modification of the C13-C14 region is also seen in
Zorubicin (52) and our computationally designed com-
pound, Bromo-Zorubicin (53), which contains a phenyl
group attached to a nitrogen-bearing chain that is
double-bonded to C13. Our calculations show evidence
of favorable hydrophobic contacts between the aromatic
phenyl group and the methylene atoms of the phosphate
backbone of the DNA.

Another interesting item to note is that it appears
that compounds with a phenyl group at the C4′ position
(50 and 51) appear to slightly increase the net energetic
contribution to binding. On the other hand, compounds
in which the phenyl group is attached to the C3′ position
(46 to 49) actually indicate a decreased net energetic
contribution to binding. While there are favorable
hydrophobic contacts between the aromatic phenyl
atoms and the methylene groups of the DNA phosphate
backbone in both cases, the loss of binding in the C3′
substituents also appears largely due to the loss of the
protonated amine functionality.

4. Other Substituent Effects. The ∆∆Gdox calcu-
lated for carminomycin (58) and idarubicin (60) also
provide interesting information regarding the C4 meth-
oxy. The ∆∆Gdox for both of these compounds is calcu-
lated to be approximately +1.2 kcal mol-1, and this
appears to be due to an adverse steric interaction
between the methyl group of the methoxy functionality
of doxorubicin and the methyl group of the T′ base of
the second base pair (directly below the site of intercala-
tion). This adverse interaction can be visualized by the
magenta colored region in the HINT map calculation
of doxorubicin vs the C|AAT sequence (Figure 2). Since
Carminomycin contains a hydroxyl at C4, and Idaru-
bicin contains only a hydrogen at C4, and both com-
pounds have roughly the same calculated free energy,
it appears that the adverse interaction is almost cer-
tainly connected to the methyl group of the methoxy
functionality, as opposed to the ether oxygen atom.

Compound 65 contains an additional amine function-
ality at the C4′ position, in addition to the one at C3′.
We calculate a net energetic increase of +3.5 kcal mol-1,
largely due to the binding of this group (although the
C14 hydroxy is also absent, so this compound is also
better compared to daunorubicin instead of doxorubicin).
Although we are uncertain of the exact protonation state

Scheme 2. Halogenated Doxorubicin Derivatives.
Compounds Indicated with an Asterisk (*) Were
Computationally Designed Based on the Referenced
Compound, in Order to Test the Effects of Different
Levels of Halogenation

Scheme 3. Doxorubicin Derivatives Containing Amide
Moieties
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of one or both of these amines, we should still nonethe-
less see favorable hydrogen bonding between this C4′
amine with one of the phosphate oxygen atoms of the
DNA backbone, in addition to hydrogen bonding with
the carbonyl oxygen atoms (as seen in doxorubicin;
Figure 2).

While we do not have actual biological data to confirm
the correlation between the calculated ∆∆Gdox and the
actual net energetic contribution of the functional
groups of our computational data set, we have demon-
strated a relatively good correlation for the eight
compounds in the “test set.” It is very important to take
note of the relatively large standard deviation calculated
for the ∆G as well as the ∆∆Gdox. We believe that the
large standard deviations that we calculated are indica-
tive of significant sequence selectivity for many of these
compounds, so the above ∆∆Gdox calculations are likely
biased by sequence selectivity.

Selectivity Calculations

In a similar manner that we used to calculate the
difference in average free energy of binding between the
various analogues of doxorubicin, we were likewise able
to calculate a difference in free energy of binding
between each analogue of doxorubicin and each of the
eight quartet sequences in our study. Table 3 shows the
calculated ∆∆Gsel for all 65 doxorubicin analogues vs
all eight quartet sequences. The sequence for which the
binding is the strongest is indicated by two dashes (- -),
and the ∆∆Gsel for all eight quartet sequences is listed.
The lowest ∆∆Gsel for each analogue is in bold, which
tells us the overall selectivity for the particular “bolded”
sequence over the others. While we are mainly inter-

ested in the overall selectivity in this study, we can get
a feeling for how selective compounds are by also looking
at the ∆∆Gsel for the other sequences. If the ∆∆Gsel
values are very similar, there may not be much selectiv-
ity for that particular compound; while if the ∆∆Gsel
values are dramatically different, we will likely see good
evidence of selectivity for that compound.

Out of the 65 compounds that we analyzed, two have
a calculated ∆∆Gsel greater than 0.75 kcal mol-1 (17 and
53). Ten compounds have a calculated ∆∆Gsel between
0.50 and 0.74 kcal mol-1, 18 compounds are selective
between 0.25 and 0.49 kcal mol-1, and 35 compounds
are virtually nonselective with a calculated ∆∆Gsel of
less than 0.25 kcal mol-1. Overall, 27 out of 65 com-
pounds are calculated to have some reasonable degree
of selectivity for one of the eight sequences tested. Out
of these 27 compounds, 10 are selective for the C|AAT
sequence, three for C|AAG, two for C|GAT, seven for
C|AAA, three for C|ATA, two for C|ACC, and none are
selective for the C|GAG and C|AGC sequences.

1. Selectivity of Halogenated Derivatives. An
interesting trend in selectivity is seen with the C4′
halogenated derivatives of doxorubicin, similar to the
trend in average free energy discussed earlier. All of
these analogues are calculated to be selective for the
C|AAT sequence, except fluorodoxorubicin (12), which
does not appear particularly selective at all. The calcu-
lated ∆∆Gsel increases as we move from fluoro to chloro
to bromo, and then decreases with the iodo derivative
(Figure 7). This increase in selectivity, as well as the
increase in binding (discussed earlier), is most likely due
to an increase in favorable hydrophobic interactions
caused by the halogen interacting with the DNA back-

Figure 4. Stereodiagram of a HINT interaction map for the intercalation of zorubicin with the C|AAT base pair sequence of
DNA, which displays, visually, the quality and magnitude of the various binding contacts involved in the interaction. See Figure
2 for contour information.

Figure 5. Stereodiagram of a HINT interaction map for the intercalation of N3′-methyl urea (31) with the C|AAA base pair
sequence of DNA, which displays, visually, the quality and magnitude of the various binding contacts involved in the interaction.
See Figure 2 for contour information.
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bone. It is also likely that the larger halogen is interfer-
ing with the solvent’s ability to access and stabilize the
C3′ amine cation, thereby allowing for an increased
positive charge on the amine.

Halogenation at the C14 position of doxorubicin (9 to
12) does not show any particularly significant selectivity
for one of the eight sequences tested. This is not terribly
surprising due to the uncertainties with this region, as
well as the added flexibility of this arm of doxorubicin.
Halogenation at the C2′ position on the ring (17 to 24)
appears to produce some notably selective compounds,
particularly with the larger halogen atoms such as
iodine and bromine. It appears that the large size of the
iodine atom has a perturbing effect on the positioning
of the ring, allowing good hydrogen bonding interactions
with the T5′ carbonyl of one strand of the DNA, and
the C5 and C6 carbonyls of the other strand of the DNA,
which appears to give selectivity by about -0.79 kcal
mol-1 for the C|ACC sequence. The bromine does not
appear to have this same interaction, although it does
appear to reduce the solvent accessibility for the amine
cation, thereby increasing its interaction with the T4′
and T5′ carbonyls of the C|AAG sequence. The epimer-
ization of the C4′-OH hydrogen bonds with the aromatic
nitrogen and carbon atoms of the G6 residue, more than
compensating for the reduced interaction with the
carbonyl of the T6 residue (C|AAT). So we see a

somewhat moderate selectivity of -0.30 kcal mol-1 for
the C|AAG sequence with compound 18. Compounds 19
and 20 appear to have moderate selectivity for the
C|AAA sequence, which appears to be due to some steric
and hydrophobic effects in positioning the ring, as well
as reduced solvent accessibility (compound 19) or minor
inductive effects (compound 20), in contributing to a
slightly more protonated amine cation.

2. Selectivity of Derivatives with Aromatic or
Aliphatic Rings. Another compound of interest was
the compound zorubicin (52), which we discussed earlier
and which displayed a ∆∆Gdox of approximately +1.5
kcal mol-1, due largely to the presence of an aromatic
ring in the C14 region of the molecule. Not only is it a
stronger binding compound than doxorubicin, but the
lowest nonzero ∆∆Gsel was -0.51 kcal mol-1, indicating
a moderate degree of selectivity. This good selectivity
of zorubicin, combined with the selectivity trend seen
with the halogenated derivatives, leads us to explore
the possibility of “computationally designing” an ana-
logue of zorubicin that might have increased selectivity.
So we added a bromine in place of the C4′ hydroxyl of
zorubicin and calculated its free energy of binding and
free energy differences. This hypothesis was confirmed
computationally, as the lowest nonzero ∆∆Gsel for
“bromo-zorubicin” is -0.96 kcal mol-1 (Figure 7), an
increase from the ∆∆Gsel for zorubicin by 0.45 kcal
mol-1.

Compound 45, pirarubicin, provides a good example
of selectivity modification for a sequence other than the
C|AAT sequence. Pirarubicin has a calculated selectivity
of -0.74 kcal mol-1, which makes it one of the most
selective compounds in our computational data set. This
compound shows good selectivity for the C|ACC se-
quence. The primary reason for its apparent selectivity
for C|ACC is due to three strong hydrogen bonds with

Scheme 4. Doxorubicin Derivatives Containing Various
Aromatic and Nonaromatic Rings. Compounds with an
Asterisk Were Computationally Designed Based on the
Referenced Compound

Scheme 5. Miscellaneous Doxorubicin Derivatives
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the C3′ amine and three carbonyl atoms of nearby base
pairs (Figure 8A). There is a good hydrogen bond with

the carbonyl of the thymine of the second base pair,
which also is seen in C|AAT and other sequences.

Table 3. Calculated Free Energy Differences (∆∆Gsel in kcal mol-1) between Each DNA Quartet Sequence for 65 Doxorubicin
Derivatives

compound CAAT CAAG CGAG CGAT CAAA CATA CACC CAGC

Test Set
1. doxorubicin - - -1.53 -2.55 -1.02 -1.94 -1.27 -0.14 -1.42
2. daunorubicin - - -1.81 -2.11 -0.32 -1.27 -0.06 -0.09 -1.08
3. hydroxydoxorubicin - - -0.23 -0.10 -0.19 -0.27 -0.71 -0.89 -0.54
4. 9-dehydroxydoxorubicin - - -1.21 -2.53 -0.12 -1.07 -1.24 -0.48 -0.12
5. adriamycinone -0.81 -0.34 -0.73 -0.64 - - -0.48 -0.29 -0.16
6. daunomycinone -0.35 - - -1.26 -1.25 -0.54 -0.82 -0.88 -0.69
7. WP-608 -1.01 -0.90 -1.20 -0.88 -0.71 - - -1.76 -1.48
8. doxorubicin (â-anomer) -0.69 - - -0.86 -0.92 -1.91 -0.67 -0.59 -0.75

Halogenated Derivatives
9. iododoxorubicin - - -0.30 -0.32 -0.20 -0.24 -2.52 -0.95 -1.82

10. bromodoxorubicin - - -0.86 -0.97 -0.67 -0.68 -2.82 -1.33 -2.54
11. chlorodoxorubicin - - -0.68 -0.77 -0.43 -0.58 -2.27 -1.14 -2.53
12. fluorodoxorubicin -0.08 -0.10 - - -1.19 -0.87 -1.53 -0.51 -0.12
13. C14-iododoxorubicin -0.12 -1.72 -2.49 - - -1.02 -1.70 -0.47 -0.80
14. C14-bromodoxorubicin - - -1.72 -2.48 -0.22 -0.99 -1.65 -0.56 -0.81
15. C14-chlorodoxorubicin - - -1.64 -2.57 -0.30 -0.97 -1.74 -0.44 -0.85
16. C14-fluorodoxorubicin - - -1.70 -2.70 -0.10 -0.86 -1.52 -0.27 -0.74
17. 2′-iodo-4′-epidaunorubicin -0.79 -1.06 -3.04 -2.79 -1.93 -2.29 - - -1.07
18. 2′-bromo-4′-epidaunorubicin -0.30 - - -2.63 -1.94 -1.23 -1.73 -0.85 -0.76
19. 2′-Chloro-4′-epidaunorubicin -0.54 -0.46 -2.84 -2.53 - - -1.88 -2.90 -2.47
20. 2′-fluoro-4′-epidaunorubicin -0.29 -0.38 -2.92 -1.55 - - -1.99 -2.57 -2.15
21. annamycin (C2′-iodo) -0.43 -0.29 -0.40 -0.90 -0.13 - - -1.08 -0.92
22. annamycin (C2′-bromo) -0.77 -0.46 -0.70 -1.03 -0.38 - - -1.44 -1.26
23. annamycin (C2′-chloro) -0.75 -0.38 -0.80 -1.26 -0.49 - - -1.57 -1.18
24. annamycin (C2′-fluoro) -0.58 -0.49 -0.38 -0.90 - - -0.01 -1.05 -0.83
25. N-(iodoacetyl) doxorubicin -0.38 -0.11 - - -0.48 -0.40 -0.92 -1.26 -0.50
26. N-(bromoacetyl) doxorubicin - - -0.11 -0.57 -0.62 -0.95 -1.32 -1.96 -1.75
27. N-(chloroacetyl) doxorubicin -0.22 - - -0.28 -0.61 -0.73 -1.02 -1.81 -1.75
28. N-(fluoroacetyl) doxorubicin -0.23 -0.26 -0.54 -0.75 - - -1.19 -1.57 -1.57

Amide Derivatives
29. N3′-acetamide -0.15 -0.42 -0.03 -0.26 -0.04 - - -1.27 -0.63
30. N3′-formyl daunorubicin -0.10 - - -0.64 -0.68 -0.26 -1.31 -1.60 -1.56
31. N3′-methyl urea -0.04 -0.47 -1.75 -1.48 - - -1.32 -1.22 -2.15
32. N3′-butyl urea - - -0.38 -1.83 -1.68 -0.71 -1.38 -2.03 -1.34
33. N3′-methylthio urea -0.93 -0.33 -1.40 -0.23 -1.09 - - -0.81 -1.75
34. N3′-butylthiourea - - -0.52 -0.79 -0.47 -0.61 -0.31 -0.79 -0.09
35. N3′-phenylthio urea -1.91 -1.40 -1.26 - - -2.11 -1.11 -0.65 -1.19
36. N3′-dimethylglycine daunorubicin -0.30 -0.71 -0.29 -0.47 - - -0.35 -1.37 -0.61
37. N3′-glycine daunorubicin -0.10 -2.46 -2.38 - - -1.46 -3.18 -1.29 -1.19
38. doxorubicin 3′-4′-Diacetate -0.01 -0.16 - - -0.28 -1.10 -1.17 -0.82 -0.78
39. trifluoroacetamide -0.50 -0.04 -0.69 -0.63 - - -0.45 -1.83 -0.17

Derivatives with Additional Rings
40. carboxidaunorubicin γ-lactam -0.40 -0.10 -0.21 -0.19 -0.40 -0.69 -0.69 - -
41. cyanomorpholino doxorubicin -0.49 -0.26 -0.44 -0.28 - - -0.63 -1.95 -0.68
42. isothiocyanatobenzoyl doxorubicin - - -0.44 -1.02 -0.15 -0.03 -1.17 -1.50 -1.52
43. MX-2 -0.40 -0.08 -0.60 - - -0.21 -0.43 -1.10 -1.17
44. N-piperidinoimine -0.53 -1.98 -2.32 - - -1.61 -2.06 -0.96 -2.33
45. pirarubicin -1.60 -1.60 -2.25 -1.70 -1.17 -2.41 - - -0.74
46. WPX-01 - - -0.65 -1.00 -0.73 -0.14 -1.40 -1.16 -1.19
47. WPX-02 -0.12 -0.70 -1.25 -0.74 - - -0.84 -1.58 -1.55
48. WPX-03 - - -0.80 -0.92 -0.38 -0.03 -1.86 -1.89 -1.53
49. WPX-04 -0.03 -0.37 -0.70 -0.22 - - -0.96 -0.88 -0.98
50. WP-744 -0.74 -1.32 -1.63 -0.48 - - -2.25 -1.44 -2.70
51. WP-744-01 -0.47 -0.54 -0.62 -0.33 - - -1.85 -1.41 -2.41
52. zorubicin - - -1.66 -2.90 -0.55 -1.64 -0.78 -0.82 -2.53
53. bromo-zorubicin - - -2.79 -2.43 -1.61 -1.43 -0.96 -2.58 -2.25

Miscellaneous Derivatives
54. analogue VIII -0.37 -0.38 -2.08 -1.27 - - -0.38 -0.84 -0.24
55. analogue IX -0.45 -0.59 -1.96 -1.83 - - -0.81 -0.79 -0.51
56. analogue X -0.05 -0.06 -0.28 -0.47 - - -0.04 -0.59 -0.27
57. analogue XI - - -0.78 -3.70 -0.61 -1.73 -0.69 -0.93 -2.28
58. carminomycin -0.38 -0.44 -1.82 -0.13 - - -1.78 -0.84 -2.01
59. epirubicin -0.04 -0.26 -3.27 -2.20 - - -0.50 -1.84 -1.53
60. idarubicin - - -0.50 -2.10 -0.81 -1.02 -1.63 -1.18 -1.65
61. ME-2303 -0.14 -0.19 -0.66 -0.49 - - -1.14 -0.94 -0.84
62. oxime - - -0.26 -3.16 -0.46 -0.38 -1.77 -0.95 -1.96
63. semicarbazone - - -1.01 -1.88 -0.50 -0.98 -1.36 -0.97 -0.50
64. SM-5887 - - -0.64 -1.20 -0.59 -0.05 -0.32 -1.11 -0.16
65. WP-608-01 - - -2.12 -1.92 -0.23 -1.57 -3.13 -0.28 -1.91
a The ∆∆Gsel between each additional sequence and the most favorable is indicated for each sequence. The sequence with the lowest

(most favorable) free energy of interaction is indicated by the dashed lines. The lowest ∆∆Gsel for each compound is in bold, indicating
the overall calculated selectivity for the sequence with the lowest free energy.
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However, since the third and fourth bases are both
cytosines in C|ACC, there are two carbonyl atoms that
are positioned approximately 2.4 Å from the C3′ amine.
This causes a slight rotation in the positioning of the
daunosamine sugar (compared to the sugar positioning
in doxorubicin, Figure 2) leading to an adverse interac-
tion caused by the proximity of the C3′ amine to the
anilinic amine of the guanine base of the third base pair.
While this interaction prevents the overall calculated
free energy of binding from significantly exceeding the
calculated free energy of binding of doxorubicin, the
proximity to the aforementioned carbonyl atoms con-
tributes to the overall favorable interaction of the
complex. If we compare the complex of C|ACC vs
pirarubicin to the complex of C|AAT vs pirarubicin
(Figure 8B), we can see the slight rotation in the ring
more clearly. We can also see that, due to the difference
in rotation, the second six-membered ring of pirarubicin
prevents the C3′ amine from getting in close proximity
to the carbonyl oxygen of the thymine of the fourth base
pair, which results in a reduction in the overall calcu-
lated free energy of this complex.

We even see a significant drop in free energy between
the most favorable (C|ACC) and the second most favor-
able (C|AGC) complexes for pirarubicin. The only dif-
ference between these sequences is the reversal of the
CG base pair in the third slot, which places the anilinic
amine of the guanine base where there was a favorable,
hydrogen bond accepting carbonyl oxygen in C|ACC.
However, this also places a carbonyl oxygen in the third
slot, where the adverse anilinic amine was in C|AGC.
The six-membered ring of pirarubicin also appears to
prevent any interaction with the fourth base pair
(carbonyl on cytosine), similar to the loss of the carbonyl
interaction in thymine of the C|AAT sequence.

We also see a difference in selectivity with two
compounds that contain a phenyl ring at the C4′ position
(50 and 51). The phenyl ring is connected with an
additional methyl linker between the ring and the C4′
oxygen, which places the ring itself a bit further away
than the aliphatic ring of pirarubicin. Consequently, we
do not see the same rotation in the daunosamine sugar
that we saw with pirarubicin. The selectivities are also
different as well; 50 is -0.48 kcal mol-1 selective, and

Figure 6. Stereodiagram of a HINT interaction map for the intercalation of WP-608 (7) with the C|ATA base pair sequence of
DNA, which displays, visually, the quality and magnitude of the various binding contacts involved in the interaction. See Figure
2 for contour information.

Figure 7. Calculated ∆∆Gsel (kcal mol-1) for the second strongest sequence of halogenated derivatives of doxorubicin. Doxorubicin,
zorubicin, and “bromo-zorubicin” are also included for comparison.
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51 is -0.33 kcal mol-1 selective, both for C|AAA. So we
do see the inhibition of the fourth base pair interaction
with the C|AAT sequence in both of these compounds,
but we do not see the rotation and selectivity for C|ACC
that we saw for pirarubicin. Also of interest, compounds
in which the phenyl ring was placed at the C3′ position
instead of the C4′ position (46 to 49) did not produce
any significant selectivity.

3. Selectivity by Modifications to the C13/C14
Region. We discussed earlier that compounds with
relatively minor modifications to the C13/C14 region,
such as daunorubicin and the C14 halogenated deriva-
tives, do not appear to be particularly selective one way
or another. Yet, a compound with a relatively large
substituent, such as zorubicin, that includes a bulky
phenyl group in this region, displays considerably more
selectivity. So what about other compounds with modi-
fications to this region? Is there any apparent selectivity
that can be gained by modifying here?

We noted a similar increase in binding and selectivity
in compounds 44 and 63. Analogue 44, N-piperidi-
noimine, contains a piperidine ring double-bonded to
C13 and shows decent selectivity of -0.53 kcal mol-1

for the C|GAT sequence. Analogue 63, Semicarbazone,
contains an amine-bearing moiety that interacts favor-
ably with base pairs above the intercalation site, and
demonstrates selectivity of -0.50 kcal mol-1 for the
C|AAT sequence. Also, it is interesting to note that
analogues 57 and 60 demonstrated selectivity for the
C|AAT sequence as well. Analogue 57 lacks both the C4
methoxy as well as the entire C13/C14 region and
analogue 60 (idarubicin) lacks the C4 methoxy. Both

compounds have calculated selectivities of -0.61 and
-0.50 kcal mol-1, respectively. Therefore, we can see
that, while the intercalation interaction itself does not
contribute significantly to selectivity, adding or taking
away functional groups connected to the intercalating
chromophore region can affect selectivity by modifying
the positioning of the daunosamine sugar.

4. Other Examples of Selectivity Modulation.
Another excellent example of a shift in selectivity from
the common C|AAT sequence to one of the other eight
sequences can be seen in our original “test set.” Com-
pound 7, WP-608, contains two minor differences from
doxorubicin; the positions of the C3′ amine and the C4′
hydroxyl have been swapped, and like daunorubicin, the
C14-OH is missing. Since doxorubicin and daunorubicin
have virtually identical selectivities in our data, we can
therefore assume that the difference in selectivity for
WP-608 is due to the C3′/C4′ swap. In the interaction
of WP-608 versus the C|ATA sequence, the C4′ amine
is in position to interact with the ether oxygen of the
ribose on the 4th (adenine) base pair (Figure 6). While
this particular interaction is not sequence specific, since
the amine interacts with the same atom in all eight
structures, there is a sequence-specific interaction of the
C3′-OH. In C|ATA, the oxygen of the C3′-OH is posi-
tioned approximately 4.18 Å from the aromatic nitrogen
atom of the adenine base (opposite the thymine in the
3rd base pair), versus a distance of 3.05 Å from the
aromatic nitrogen of the adenine of the 4th base pair.
In the C|AAT sequence, there are thymines in these two
positions, containing carbonyl oxygen atoms that would
ordinarily be able to serve as hydrogen bond donors for

Figure 8. Stereodiagram of a HINT interaction map for the intercalation of pirarubicin (45) with the C|ACC (A) and C|AAT (B)
base pair sequences of DNA, which displays, visually, the quality and magnitude of the various binding contacts involved in the
interaction. See Figure 2 for contour information.
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the C3′-OH. However, the distance between the C3′
oxygen and each of these carbonyl oxygen is 4.18 Å to
the carbonyl of the 3rd base pair thymine, and 4.92 Å
to the carbonyl oxygen of the 4th base pair thymine. So
very little interaction is seen here, and WP-608 turns
out to be -0.71 kcal mol-1 selective for the C|ATA
sequence.

It should also be noted that compound 65, WP-60801,
which contains an amine at both the C3′ and C4′
position on the ring, does not appear to be particularly
selective for any sequence (∆∆Gsel ) -0.23 kcal mol-1).
So it appears that the, “brute force approach,” of adding
two protonated (or partially protonated) amines to the
compound, while significantly contributing to free en-
ergy by +3.5 kcal mol-1, does not do much for selectivity.
However, changing the position of the amine can have
an effect on selectivity.

Summary

This study of 65 doxorubicin analogues is, to our
knowledge, one of the most comprehensive structural
studies of such compounds to date, and the vast amount
of data generated from this project suggest good poten-
tial for the future design of sequence selective DNA
binding agents. By correlating experimental binding
data and information from a crystal structure with
computational data, it is possible to obtain useful data
for making predictions and designing new drugs. Ad-
ditionally, we have provided an example demonstrating
that the HINT model can be utilized for predicting the
free energy of binding of nucleic acid complexes, supple-
menting predictions on protein complexes from previous
studies.25,26

We have established a reasonably good correlation
with experimental binding data, with a few explainable
discrepancies. The lack of substantive experimental
binding data on many of these complexes remains,
however, a serious handicap for unequivocal validation
of computational methods, and the rational design of
new analogues. These results do indicate the reproduc-
ibility and accuracy of the computational studies; how-
ever, the major source of uncertainty arises from
conformational uncertainty in model building, while the
lack of understanding of chemical effects and our ability
to model them, e.g. the protonation of the C3′ amine, is
a vexing cause of discrepancy between the calculated
and experimental studies.

Nonetheless, our calculations on the functional group
contributions of the various substitutions of doxorubicin
analogues, as well as selectivity calculations, can be a
guide for developing future sequence selective com-
pounds. While a ∆∆Gsel of -1.0 kcal mol-1 for the most
selective compounds only corresponds to a 5.40-fold
increase in affinity (when converted to Ki), the compu-
tational data provided here should nonetheless be
valuable for designing molecular tools to further drug
design.

Materials and Methods
Molecular Models and Energy Minimization. Molecular

models were created and minimized using the SYBYL v. 6.7
molecular modeling package (Tripos, Inc., St. Louis, MO). The
starting point was the complex structure of doxorubicin
intercalated into the DNA octamer sequence d(CGC|AATCG/
CGATT|GCG). The sequence that is underlined is the DNA

quartet that is hereafter referred to, with the doxorubicin
analogue intercalated between the first two base pairs in the
sequence (indicated by the “|”). Double-helical B-DNA was
constructed using the SYBYL Biopolymer module. Doxorubi-
cin, in the same conformation as found in the crystal structure
(pdb accession coordinates: 1D12),19 was placed in the inter-
calation site. The doxorubicin molecule was placed into the
DNA according to probable binding sites for an amine cation
and a hydroxyl oxygen as calculated by the program GRID
(GRID v. 17, Molecular Discovery, Ltd., London, UK), as
previously described.29 The ionization state of the compounds
was initially the same as described in previous modeling
studies (i.e. the ammonium and all hydroxyls were proto-
nated).13,21,27,28

The SYBYL Unity module was employed to perform a 3-D
structural search of the 213 628 compounds in the NCI
Database for analogues of doxorubicin. The template for this
search was the anthracycline ring system of the doxorubicin
molecule, with the sugar removed, the C4 methoxy removed,
the C9 hydroxy removed, and the C13-C14 side chain
removed. Approximately 230 compounds were initially identi-
fied from the Unity database search, and this was then reduced
to 65 compounds (Schemes 1-5) upon more detailed analysis.

The structures of these 65 compounds were modified from
the model of bound doxorubicin, using the SYBYL Builder
module. The DNA oligomer sequences were then modified
using the SYBYL Biopolymer, “Mutate Monomers,” function.
Each doxorubicin analogue obtained from the Unity database
search was modeled in eight DNA quartet sequences (C|AAT,
C|AAG, C|GAG, C|GAT, C|AAA, C|ATA, C|ACC, and C|AGC).
These sequences were selected based on our previous modeling
study of doxorubicin intercalated into 64 DNA quartet se-
quences, as well as a more recent calibration study of six
doxorubicin analogues intercalated into 32 DNA quartet
sequences and compared to experimental binding data.21,28

Each structure was solvated using the droplet protocol in
SYBYL with a single layer of water molecules to simulate the
hydration layers that surround duplex DNA.30 We have also
found, from previous experiments, that this water monolayer
is necessary to prevent helix unwinding during the complex
minimization process without adding significant complexity
to the system.21,28

All structures were energy minimized using the Tripos Force
Field and Gasteiger-Hückel charges with 300 cycles of steepest
descent energy minimization followed by conjugate gradient
energy minimization until the energy difference was less than
0.05 kcal mol-1, as reported previously.21,28 We earlier showed
that this protocol builds model structures with good agreement
to available crystal structures.21,28 To ensure the integrity of
our model, we superimposed our final structure of doxorubicin
intercalated with the C|GAT quartet sequence onto the crystal
structure and determined the RMS deviation to be 1.14 Å.20

We should also highlight, as it is one of our primary assump-
tions, that although the models thus generated are very likely
not at the global energy minima, as they were all built with
consistent protocols the relative differences between them
should be significant.

Hydropathic Interaction Analysis. The interactions of
each complex were analyzed using the HINT program v. 2.35S
(Tripos, Inc., St. Louis, MO), as described previously.20,21,23-25,28

The HINT model describes specific interactions between two
molecules, DNA and the anthracycline in our case, as a double
sum over the atoms within each component (eq 1).

The variable a is the hydrophobic atom constant, S is the
solvent accessible surface area, T is a descriptor function, and
R and r are distance functions.21,23,24-28 The binding score, bij,
describes the specific interaction between two atoms in the
complex, i and j, and B describes the total interaction between
both molecules.21,23,24-28 The application of this equation has
previously been described.21,23,24-28

B ) ∑∑
j)1 i)1

atoms

bij ) ∑∑ (aiSiajSjRijTij + rij) (1)
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∆G and ∆∆G Calculation Details. Equation 1 was used
to calculate an interaction score for each structurally mini-
mized anthracycline/DNA complex. We have found through
previous experiments of numerous protein-ligand complexes
that approximately -515 HINT score units is approximately
equal to 1 kcal mol-1.25,26 To extend this correlation to nucleic
acid complexes, we can take the average calculated HINT score
for each compound in our “test set” and divide this by the
experimental ∆G as determined by Chaires.22 Taking the
average of these results for all eight compounds in our “test
set”, we get a correlation of approximately -590 HINT score
units equal to 1 kcal mol-1, with a standard deviation of 112
HINT score units. Since these two approximations of HINT
versus free energy only differ by 75 HINT score units, which
is well within our standard deviation, we used the original
approximation of -515 HINT score units equal to 1 kcal mol-1

for this study and can expect accuracy to within 0.2 kcal mol-1.
Each HINT score was thus converted to an approximate free

energy score in kcal mol-1 by dividing the total HINT score
for each complex by -515. This empirical score factor has been
determined from the slope of ∆G vs HINT score plots for a
series of protein-ligand complexes, so is more appropriate for
estimating ∆∆G than ∆G.25,26

Furthermore, there are numerous energetic contributions
to a biomolecular event as complex as DNA/doxorubicin
intercalation, including terms to represent the deformation of
the DNA, loss of entropy for the new complex and solvent
partitioning for the drug from water to the intercalation site,
as well as terms specific to the drug-DNA interaction.21 Thus,
the calculated ∆G scores must be regarded with a certain
degree of caution. However, the ∆∆G, that is, the difference
in free energy of binding between different complexes, should
allow for a reasonably accurate model that describes relative
differences in binding for the system, especially for complexes
of similar doxorubicin analogues intercalated in eight DNA
oligomers of identical length that have been modeled and
optimized using an identical procedure. And the ∆∆G should
be more than sufficient for an analysis into both the functional
group contributions and the selectivity of doxorubicin ana-
logues.

The ∆∆Gdox, or the difference in calculated ∆G between each
compound (∆Gseq) and the calculated ∆G of doxorubicin (∆Gdox),
was calculated for each sequence, using eq 2. The average of
∆∆Gdox for all 65 compounds was then calculated, with
standard deviations.

To calculate selectivity for each compound versus a par-
ticular sequence, we first determined the sequence that
produced the lowest (most favorable) ∆G for each compound
(indicated by ∆Gmin). Next, we subtracted the ∆G for each of
the other eight sequences (∆Gseq) from this ∆Gmin value, giving
a ∆∆G of selectivity for each sequence (∆∆Gsel), using eq 3.
The quartet sequence that any given compound is selective
for is indicated by a ∆∆Gsel ) 0.00 kcal mol-1, and the relative
degree of selectivity is indicated by the smallest ∆∆Gsel of each
of the seven remaining sequences.
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