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Abstract 
Isothermal titration calorimetry (ITC) and circular dichroism spectroscopy 
(CD) were used to investigate the binding of eight compounds [quinacrine, 
daunomycin, ethidium bromide, a naphthalene diimide, distamycin, 4’,6-dia-
midino-2-phenylindole (DAPI), berenil and Hoechst 33258] to two 20-bp 
DNA duplexes, [poly(dAdT)]2 and [poly(dGdC)]2. A primary goal was to il-
lustrate the utility, ease and convenience of using ITC and CD in tandem to 
characterize the DNA binding mode of potential compounds, based on their 
preference for AT-rich versus GC-rich DNA sequences. Our CD studies 
showed that the four compounds (distamycin, DAPI, berenil, Hoechst 33258) 
known to bind DNA via the minor groove, elicited strong induced CD (ICD) 
signals between 300 - 400 nm when binding to the AT-rich DNA sequence. 
No ICD signal was observed for distamycin, DAPI and berenil when titrated 
into the GC-rich DNA sequence. Hoechst 33258, however, showed strong 
binding to both the AT-rich and GC-rich DNA sequences, indicating a mixed 
binding mode, likely involving DNA intercalation. All four of the compounds 
known to bind via intercalation displayed significant binding to both DNA 
sequences, with perturbations at the signature bands for DNA (~245 and 275 
nm). Our ITC thermodynamic studies corroborated the CD results showing 
strong AT-DNA sequence binding for distamycin, DAPI and berenil (K~106-7 

M−1) with only background binding (associated with the heats of dilution) to 
the GC-DNA sequence, while Hoechst 33258 showed binding to both DNA 
sequences, indicating an additional binding mode. ITC showed that the four 
intercalators bound strongly to both DNA sequences. Binding of the com-
pounds to the DNA sequences were enthalpically driven with large negative 
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enthalpy changes accompanied by generally small negative entropy changes. 
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1. Introduction 

It is now well established that several known therapeutic drugs interact with DNA 
as a means of carrying out their actions [1]-[5]. The targeting of DNA by thera-
peutic compounds is unsurprising given the critical role played by DNA, serving 
as the blueprint for essentially all biomolecules and biological processes [3]. The 
availability of binding sites in DNA makes it a prime target for many therapeutic 
drugs which includes drug categories from anticoagulants and antihistamines, to 
antimicrobials and anticancer as cell-cycle or signal-transduction blockers and in-
hibitors of the central dogma [6]-[12]. The two principal binding sites in DNA are 
via intercalation, where planar molecules slide between adjacent DNA base pairs, 
and/or minor-groove binding, where molecules with the requisite isohelicity with 
the DNA minor groove fit snugly into this DNA groove [13]-[15]. Some of the 
most notable members of the DNA binding therapeutic drug class include inter-
calators such as the anticancer anthracyclines (e.g., daunomycin) and the acri-
dines (e.g., quinacrine), while notable minor groove binders include distamycin, 
DAPI (4’,6-diamidino-2-phenylindole), berenil and their analogues [5] [15]. 
These therapeutic compounds have been found to bind to DNA while interfering 
with the activities of many vital enzymes and protein factors involved in DNA 
metabolism. For example, early work showed that daunomycin exerts its cytotoxic 
effect by trapping the ternary complex formed between daunomycin and DNA-
topoisomerase II, slowing proliferation in cancer cells [16]-[18], while quinacrine 
and other acridines have been found to bind DNA via intercalation, followed by 
inhibition of topoisomerase [19] [20], or the epigenetic enzyme, DNA methyl 
transferase, responsible for maintaining the gene repressive marker, 5-methylcy-
tosine, thus reactivating key tumor suppressing genes such as p16 [21]. Other 
DNA binding ligand of interest include the naphthalene diimides (NDIs), known 
for their versatility as a tunable scaffold in the synthesis of many therapeutic de-
rivatives especially in the targeting of G-quadruplex DNA in telomeric regions, 
while blocking telomerase activity, and more recently, targeting the k-RAS onco-
gene in treating pancreatic cancer [22]-[25]. It is therefore clear that effective de-
tection of the preferred DNA binding mode/mechanism is critical to our under-
standing and characterization of these drug-DNA interactions.  

Today, some researchers within the field utilize high-end approaches such as 
NMR and X-ray crystallography studies in an attempt to decipher the structure of 
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these drug-DNA complexes [26]-[30]. Of course, these approaches have the po-
tential to yield detailed structural data, but only if they are in-house, accessible 
and accompanied by the requisite expertise to interpret such data [31]. NMR and 
X-ray studies are typically more expensive and requires resource intensive instru-
mentation (e.g., NMR requires high magnetic fields) relative to other applicable 
biophysical techniques such as circular dichroism (CD) spectroscopy and isother-
mal titration calorimetry (ITC), which can be successfully utilized to solve drug-
DNA interactions [6]-[9] [32]-[34]. For example, CD and ITC are fast, less expen-
sive and convenient approaches requiring small sample sizes/concentrations and 
are conducted exclusively in solution, so they do not require crystallization (such 
as for X-ray) which could select for a specific less prominent conformations [35]-
[37]. NMR and X-ray experiments are typically done in more restrictive experi-
mental conditions, while CD and ITC offer a wide range of tunable experimental 
milieu, where conditions of study can be optimized [38]. Furthermore, NMR in-
terpretations of large biomolecular complexes containing numerous atoms/nuclei 
in proximity can prove to be very tedious, while X-ray crystallography is limited 
to static structures, thus dynamic analyses of biomolecular complexes are mostly 
absent. Although NMR and X-ray crystallography still remain the gold standards 
for biomolecular structural analyses, in this study, we show that CD spectroscopy 
and ITC can be combined to serve as efficacious preliminary (first-step) biophys-
ical methods to characterize the preferred DNA binding mode adopted by thera-
peutic compounds. To illustrate the utility, ease and convenience of using CD 
spectroscopy and ITC to characterize drug-DNA interactions, we have investi-
gated four known DNA intercalators (daunomycin, quinacrine, ethidium bro-
mide and a NDI) and four groove binders (distamycin, DAPI, berenil, Hoechst 
33258) (Figure 1) binding to [poly(dAdT)]2 compared to [poly(dGdC)]2 DNA 
duplexes. In this study, we show that the preferred DNA mode of a drug (or drug 
candidate) can be conveniently determined using the two techniques (CD and 
ITC) in tandem and two short DNA sequences ([poly(dAdT)]2 and [poly(dGdC)]2 
20-mer DNA duplexes), Figure 2. 

It has been established that known groove binding compounds (e.g., distamycin 
and berenil) show a strong preference (an order of magnitude or greater) for bind-
ing to AT-rich DNA sequences relative to GC-rich DNA [32] [39]-[41]. The lower 
affinity for GC-rich DNA sequences exhibited by groove binders is largely due to 
(1) their restricted access to the minor groove of GC-rich sequences caused by the 
protruding 2-NH2 group of guanine [40] [42]. Furthermore, it has been reported 
that the AT-rich minor groove is narrower and possesses a more electronegative 
potential relative to its GC-rich counterpart, thus providing a more conducive and 
snug fit for a positively charged drug to bind [42] [43]. On the other hand, DNA 
intercalators are expected to bind both sequences with similar affinity and are only 
expected to be affected if a substituent is placed into the DNA minor groove dur-
ing formation of the intercalation complex. It is also expected that compounds 
that exhibit mixed binding mode (i.e., intercalation and groove binding) will ex-
hibit less of a preference for the AT-rich sequence [32] [41] [44]-[46]. 
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Figure 1. Structures of eight compounds in this study. 

 
CD spectroscopy is a biophysical technique that can be used to detect structural 

changes in DNA as a compound binds. For double-stranded DNA intercalation, 
these changes typically result in perturbation of one or both of the signals/bands 
at the signature wavelength for DNA, i.e., a minimum ~245 nm and maximum 
around 275 nm, corresponding to the overall DNA helicity and base-stacking, re-
spectively [47]. Structural perturbations in DNA occur because during intercala-
tion, there is a requirement for the DNA to unwind and unstack in creating the 
intercalation site. Since the DNA groove is a pre-existing site, groove-binding does 
not typically require significant changes in the structure of the DNA. As a conse-
quence, CD spectra for a DNA groove binder binding to DNA is not expected to 
result in significant changes at these signature DNA bands. However, if there is 
overlap between the CD bands associated with the drug itself and that of DNA 
(i.e., at 245 and/or 275 nm), there may be perturbation at these wavelengths, even 
for a groove binder. This is especially true if the drug is able to be involved in self-
stacking interactions, in which case, transition moments for one drug molecule 
affect another molecule in close proximity [32] [35] [48]. It is also well-docu-
mented that a DNA minor groove binder generally elicits a strong positive in-
duced CD (ICD) signal in the wavelength region where the minor groove binder 
itself exhibits strong spectrophotometric absorption [32] [41]-[43] [48]-[53]. This 
results from the close proximity of the drug and DNA bases while in the DNA 
minor groove. For most minor groove binders, these ICD signals are typically be-
tween 300 - 400 nm. 
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2. Materials and Methods 
2.1. DNA 

Poly(dAdT) and poly(dGdC) DNA sequences (Figure 2) were obtained from 
Midland Certified Reagent Company (Midland, TX) as HPLC-purified and de-
salted products. These 20-mer sequences are self-complementary and readily form 
the appropriate 20-bp duplex DNA in solution. To ensure optimal duplex for-
mation, a buffered solution of each DNA sequence was heated to 90˚C and slowly 
cooled to room temperature (22˚C - 23˚C) before use. The resulting 20-bp DNA 
duplexes ([poly(dAdT)]2 and [poly(dGdC)]2) were equilibrated in the appropriate 
buffer by dialyzing for at least 24 hr before being used. DNA duplex concentra-
tions (15 µM in terms of base pairs) were determined spectrophotometrically using 
ε262 = 13,200 M−1∙cm−1 for [poly(dAdT)]2, ε256 = 16,800 M−1∙cm−1 for [poly(dGdC)]2. 

2.2. Compounds 

All compounds (generally ≥90 purity) for the study (except for the NDI) were 
obtained commercially. Daunomycin hydrochloride, distamycin A hydrochlo-
ride, 4’,6-diamidino-2-phenylindole dihydrochloride, quinacrine dihydrochlo-
ride, ethidium bromide and diminazene aceturate (berenil) were obtained from 
Sigma-Aldrich. Hoechst 33258 (~98% purity) was obtained from Acros Organics 
(now ThermoFisher). The NDI dihydrochloride was synthesized as previously re-
ported [41]. Compound solutions were prepared in a low salt phosphate buffer 
(pH 7.0, 10 mM phosphate) from a concentrated stock solution that was either in 
water or methanol. Final solutions were in 95% - 100% aqueous buffer. Concen-
trations were determined spectrophotometrically using the extinction coefficient 
for each compound. 

2.3. Isothermal Titration Calorimetry (ITC) 

Calorimetric titrations were carried out on a MicroCal VP-ITC. The data was an-
alyzed using the Origin 7.0 software provided by the manufacturer. All experi-
ments were run at 30˚C in MES40 buffer (1 × 10−2 M MES (2(N-morpho-
lino)ethanesulfonic acid) containing 1 × 10 M−3 EDTA, 40 mM NaCl, with the pH 
adjusted to 6.3 with NaOH) using [poly(dAdT)]2 or [poly(dGdC)]2 DNA (15 μM 
in bp). Exactly 12 µL of the compound solution (~75 µM) was injected into a buff-
ered solution of DNA over 24 s, at 300 s equilibration intervals using a 250 µL 
syringe rotating at 300 rpm. DNA was generally titrated until only background 
signals associated with the heats of dilution (especially for drug titrated into 
buffer; buffer titrated into drug was negligible) were observed. This typically re-
quired 25 - 35 independent titrations. Samples were degassed at 20˚C before use. 
A binding isotherm of heat released versus the molar ratio was constructed and 
the data fitted by nonlinear least square fitting analysis to an appropriate model 
(either a one or two site binding model). Reported errors were associated with 
fitting analysis.  
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2.4. Circular Dichroism (CD) Spectroscopy 

Studies were carried out using a JASCO J-815 spectrometer at 20˚C - 25˚C in 
MES40 buffer, using a 1 cm quartz cuvette. Baseline corrections associated with 
the buffer only were done for all runs. DNA ([poly(dAdT)]2 or [poly(dGdC)]2, 15 
μM in terms of base pairs) was titrated with the compound of interest. DNA was 
titrated until a compound:DNA ratio of 2:1 (in terms of concentrations) was ob-
tained. 
 

 
Figure 2. AT-rich and GC-rich DNA sequences used in this study. 

3. Results and Discussion 

Our CD studies clearly showed that the four compounds (distamycin, DAPI, ber-
enil, Hoechst 33258) known to bind DNA via the minor groove elicited strong 
ICD signals between 300 - 400 nm when binding to the AT-rich sequence (Figure 
3(A)). This ICD signal increased as more compound was titrated into the AT-rich 
DNA. No such ICD signal was observed for distamycin, DAPI and berenil when 
they were titrated into the GC-rich DNA sequence. This indicates a preference by 
these three minor groove binders for AT-rich DNA sequences. There was also no 
significant perturbation in the signature bands for DNA (i.e., 245 and 275 nm), 
consistent with a non-intercalative mode of binding for the three compounds. On 
the other hand, Hoechst 33258 (a known DNA binding fluorescent dye) showed 
binding to both the AT- and GC-rich DNA sequences as is indicated by the strong 
ICD signal around ~330 nm induced for both DNA sequences (Figure 3(A)). This 
suggests that although Hoechst 33258 is widely considered as a minor groove 
binder, it does not exhibit the strong (exclusive) preference for AT-rich sequences 
generally observed for the classical minor groove binder, and in fact, exhibited 
strong binding to both the AT- and GC-rich sequences (Figure 3(A)). It is also 
important to note that Hoechst 33258 was also able to elicit significant perturba-
tions at and around the signature bands for DNA (i.e., 245 and 275 nm) showing 
strong hyperchromic shifts at both bands. This suggests that not only is Hoechst 
33258 able to bind to both AT- and GC-rich DNA sequences but is also able to 
cause significant perturbations in the structure of DNA, consistent with a DNA 
intercalation binding mode. That is, Hoechst 33258 is a mixed binder when inter-
acting with DNA.  

The involvement of an intercalative DNA binding mode for Hoechst 33258 has 
been reported by our group and others [47] [52] [54]. Noren and coworkers re-
ported that Hoechst 33258 was able to bind an AT-rich sequence via two sequen-
tial binding modes; a higher affinity site, followed by a low affinity site [43]. In 
earlier reports, it was also observed that Hoechst 33258 bound a purely GC-se-
quence DNA presumably via an intercalative mode [54] [55]. 
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(A)                                                   (B) 

Figure 3. (A) CD spectra for distamycin, DAPI, berenil, and Hoechst 33258 binding to AT-rich (left column) versus GC-rich (right 
column) DNA sequences. Each compound was titrated into the DNA (15 μM in base pairs) until a compound:DNA ratio of 2:1 was 
obtained. Arrows indicate the direction of increasing [compound]. (B) CD spectra for daunomycin, quinacrine, ethidium bromide 
(EtBr) and NDI binding to AT-rich (left column) versus GC-rich (right column) DNA sequences. Each compound was titrated into the 
DNA (15 μM in base pairs) until a compound:DNA ratio of 2:1 was obtained. Arrows indicate the direction of increasing [compound]. 

 
Classical DNA intercalators generally do not show strong sequence selectivity 

(i.e., are able to bind to both AT- and GC-rich sequences with roughly the same 
affinity) and generally cause significant structural changes in DNA upon binding, 
as the intercalation site is created. This can clearly be seen in the CD spectra for 
the four compounds (daunomycin, quinacrine, ethidium bromide and the NDI 
derivative) known to bind DNA via intercalation. As can be seen in Figure 3(B), 
all four DNA intercalators were able to bind to both the AT- and GC-rich DNA 
sequences. Daunomcyin and the NDI even showed a slight preference for the GC-
rich DNA, and this has been reported in the literature [30] [45] [56] [57]. Both 
daunomycin and the NDI showed stronger hyperchromic shifts around 245 nm 
for the GC-rich sequence. As expected for DNA intercalation, all four compounds 
were able to elicit perturbations in one or both of the signature bands for DNA. 
Probably more strikingly obvious for the DNA intercalators, was the lack of a 
strong positive ICD signal between 300 - 400 nm. This is especially true for quin-
acrine and the NDI derivative. Both daunomycin and ethidium bromide did show 
a small but noticeable perturbation above 300 nm, however, this is presumably 
due to the fact that the substituent (daunosamine ring in the case of daunomycin 
and phenyl ring for ethidium bromide) on both compounds interacts with the 
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DNA minor groove upon intercalation [30] [58] [59]. 
The ICD signals exhibited by daunomycin and ethidium bromide are however 

small in comparison to that elicited by the known minor groove binders. It should 
also be noted that although berenil displayed the generally expected behaviour for 
a compound binding via the minor groove, the compound did cause an apparent 
perturbation (hypochromicity) around 270 nm, implying changes in DNA base 
stacking. However, it should be noted that this absorption band overlaps with the 
intrinsic absorption of berenil itself, which would result in signal perturbation 
~275 nm due to the transition moments of one berenil molecule stacking with 
another in close proximity. Therefore, we do not attribute this perturbation to 
conformational changes in DNA.  

Although CD spectroscopy studies are generally powerful, they primarily give 
reliable empirical, qualitative and global views of drug-DNA interactions. As a 
result, ITC studies were also done in order to corroborate our CD data. ITC is a 
biophysical technique that is able to provide robust quantitative data on the rela-
tive strength of biomolecular interactions. In fact, ITC is regarded as the gold 
standard and method of choice when parsing the thermodynamic parameters as-
sociated with such interactions, since it can quickly and reliable provide a com-
plete set of thermodynamic binding data [6]-[9] [32]-[34] [60] [61]. The ITC raw 
data for the minor groove compounds distamycin, DAPI, berenil and Hoechst 
33258 were compared to that for the intercalators daunomycin, quinacrine, EtBr 
and NDI binding the AT-rich vs GC-rich DNA sequences. As can be seen in Fig-
ure 4(A) and Figure 4(B), there is a distinctive difference in binding characteris-
tics of the minor groove binders as compared to the intercalators for the two types 
of DNA sequences. For the minor groove binders distamycin, DAPI, and berenil, 
the difference in binding to AT-rich vs GC-rich DNA was striking. Distamycin, 
DAPI and berenil exhibited a preference for the AT-rich DNA (K = 2.20 ± 3.73 × 
107 M−1, 1.65 ± 0.32 × 106 M−1 and 2.15 ± 0.41 × 106 M−1, respectively), with only 
background signals (associated with to the heats of dilution) for the GC-rich DNA 
sequence which were unfittable due to the lack of binding characteristics. This 
preference for the AT-rich DNA sequence is completely consistent with what we 
observe in the CD studies for the minor groove binders distamycin, DAPI and 
berenil and is consistent with what has been reported in the literature [40]. 

The ITC data (Table 1) showed that the binding of distamycin, DAPI, berenil 
and Hoechst 33258 were enthalpically driven with large negative enthalpy changes 
(∆H = −0.987 × 104 cal/mol, −1.031 × 104 cal/mol, −1.735 × 104 cal/mol and 
−1.445/−0.963 cal/mol, respectively) accompanied by a small negative or very 
small positive change in entropy as expected for small molecules binding to DNA. 
While the minor groove binders showed an AT-DNA preference, the intercalators 
daunomycin, quinacrine, ethidium bromide and the NDI were able to bind 
strongly to both DNA sequences (Figure 4(B)). In fact, daunomycin not only bind 
to both AT- and GC-rich sequences but also showed slighter stronger binding to 
the GC-rich sequence (K = 3.43 ± 0.29 × 106 M−1 for GC sequence versus 2.31 ± 
0.37 × 106 M−1 for the AT sequence). This slight preference for the GC-rich DNA 
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was also observed during our CD studies and has been reported [30] [40] [45] 
[56]-[58]. As was the case for the groove binders, the binding of the intercalators 
were enthalpically driven. 
 

 

 
(A) 
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(B) 

Figure 4. (A) ITC calorimetric data for distamycin, DAPI, berenil and Hoechst 33258 bind-
ing to AT-rich versus GC-rich DNA sequences. Calorimetric titrations were carried out by 
titrating the compound into the DNA (15 μM in base pairs). (B) ITC calorimetric data for 
daunomycin, quinacrine, ethidium bromide (ETBr) and NDI binding to AT-rich versus 
GC-rich DNA sequences. Calorimetric titrations were carried out by titrating the com-
pound into the DNA (15 μM in base pairs). 
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Table 1. Thermodynamic data (obtained from ITC) for the compounds of this study binding to the AT versus GC DNA sequences. 

Compound 
K (106 M−1) 

(AT) 
K (106 M−1) 

(GC) 

∆H (104 
cal/mol) 

(AT) 

∆H (104 
cal/mol) 

(GC) 

T*∆S (104 
cal/mol) 

(AT) 

T*∆S (104 
cal/mol) 

(GC) 

Distamycin 22.0 ± 3.73 - −0.987 - 0.032 - 

DAPI 1.65 ± 0.32 - −1.031 - −0.17 - 

Berenil 2.15 ± 0.41 - −1.735 - −0.86 - 

Hoechst 33258 39.2 ± 12.6 1.15 ± 0.27 −1.445 −2.042 −0.39 −1.20 

 2.32 ± 0.51  −0.963  −0.080  

Daunomycin 2.31 ± 0.37 3.43 ± 0.29 −1.135 −0.941 −0.25 −0.040 

Naphthalene diimide 0.64 ± 0.11 0.77 ± 0.13 −1.228 −0.831 −0.43 −0.02 

Quinacrine 0.98 ± 0.09 0.86 ± 0.08 −0.434 −0.498 0.40 0.32 

Ethidium bromide 0.62 ± 0.13 0.47 ± 0.90 −1.007 −1.059 −0.20 −0.28 

The minor groove binders distamycin, DAPI and berenil showed mostly background signals when binding to the GC-duplex DNA. 
These background signals were associated with the heats of dilution and was unfittable; therefore did not yield any binding param-
eters. 

 
Similar to the CD spectroscopy studies, our ITC data showed that Hoechst 

33258 displayed binding to both the AT-rich and GC-rich DNA, with a very 
strong binding constant (K) for the AT-rich sequence. The binding of Hoechst 
33258 to the AT-rich DNA sequence was fitted best by a model that assumes two 
different binding sites, a higher affinity site (K1 = 3.92 ± 1.26 × 107 M−1) followed 
by a lower affinity site (K2 = 2.32 ± 0.51 × 106 M−1), consistent with the two binding 
site model proposed by Noren and coworkers [43]. On the other hand, the binding 
of Hoechst 33258 to the GC-rich sequence was defined by a one-site model (K = 
1.15 ± 0.27 × 106 M−1), which makes sense since only DNA intercalation is ex-
pected to be involved when Hoechst 33258 binds to the GC-sequence. It is im-
portant to note that the binding constant (K) for Hoechst 33258 binding to the 
GC sequence was similar to the K2 for the AT-rich DNA, arguing for these two 
binding modes being similar, i.e., DNA intercalation. We suggest that while 
Hoechst 33258 binds to the AT-rich DNA via minor groove binding (higher af-
finity site) followed by intercalation (lower affinity site), binding to the GC-DNA 
occurs via intercalation. Minor groove binders are known to have generally higher 
binding constants (10x or greater) relative to DNA intercalation since there is no 
need for free energy input to un-stack adjacent base pairs as is the case for inter-
calation [61] [62]. Other studies have also found multiple binding modes for 
Hoechst 33258, with a higher (~107 M−1) and lower (~106 M−1) binding constant 
consistent with DNA minor groove binding and intercalation, respectively (Guan 
et al. 2007). Furthermore, an earlier report by our group also showed evidence of 
an intercalative binding mode for Hoechst 33258 during our DNA unwinding 
topoisomerase gel-based assay [52]. Figure 5 shows a side-side comparison of 
Hoechst 33258 with that of the classical DNA intercalator EtBr, both binding to 
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supercoiled plasmid DNA in our DNA unwinding topoisomerase assay. Distamy-
cin, with only a DNA minor groove binding mode, is also shown for comparison 
[52]. As can be seen in Figure 5, Hoechst 33258 was able to elicit DNA resuper-
coiling (albeit at higher concentrations), akin to the classical DNA intercalator, 
ethidium bromide. Distamycin, on the other hand, was unable to elicit DNA re-
supercoiling, consistent with a compound that binds DNA exclusively via the mi-
nor grove. In that same report, spectrophotometric titration studies of Hoechst 
33258 binding to DNA revealed two non-equivalent binding constants (K); an in-
itial high affinity K (~107 M−1) followed by a lower affinity K (~105 M−1), consistent 
with an initial minor groove binding mode at low drug/DNA ratios, followed by 
intercalation as drug concentration increases. Therefore, our ITC result is con-
sistent both with our earlier report and what we observe in the current CD spec-
troscopy studies for Hoechst 33258 (discussed above), confirming Hoechst 33258 
is not a classical minor groove binder and in fact binds to both AT-rich and GC-
rich DNA sequences, i.e., a mixed-binder.  
 

 
Figure 5. Topoisomerase DNA unwinding assay of the DNA minor groove binders 
Hoechst 33258 and distamycin compared to the classic DNA intercalator, ethidium bro-
mide (ETBr). Experiment was performed as previously reported [52]. Form I and II indi-
cate supercoiled and relaxed plasmid DNA, respectively. Notice how Hoechst 33258 is able 
to elicit resupercoiling (form I) similar to EtBr, while distamycin (a classical minor groove 
binder) does not. 
 

A mixed binding mode is not unusual in drug-DNA interactions. In fact, some 
researchers have even proposed that there may be a correlation between the ther-
apeutic potential of a drug and their ability to exhibit mixed-binding modes [46] 
[63]. 

4. Conclusions 

In conclusion, our CD spectroscopy and ITC studies show that the classical DNA 
minor groove binders of this study (distamycin, DAPI and berenil) bound 
strongly to an AT-rich DNA sequence but not to a GC-rich sequence, while the 
DNA intercalators (daunomycin, quinacrine, ethidium bromide and NDI) dis-
played binding to both DNA sequences. Although not stand-alone conclusive 
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proof of binding mode, our CD and ITC results are compatible with the proposed 
binding modes of the compounds in this study. Our studies also show that 
Hoechst 33258 is not a classical minor groove binder and in fact binds to both AT-
rich and GC-rich sequences, consistent with a mixed-binder, adopting both DNA 
minor groove and intercalative binding modes. This report illustrates the efficacy 
and convenience of combining CD spectroscopy and ITC studies in tandem to 
investigate the preferred mode of binding adopted by therapeutic small molecules 
(aka drugs) when interacting with DNA. These results therefore show that the 
biophysical techniques of CD spectroscopy and ITC, when used in tandem, can 
serve as viable, efficacious and relatively expedient preliminary methods to char-
acterize the preferred DNA binding mode adopted by therapeutic drugs or poten-
tial drug candidates. 
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