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Abstract

This brief account traces the development of a “competition dialysis” method used to characterize
the structural and sequence selectivity of DNA binding compounds. The method was inspired by a
simple “differential dialysis” method pioneered by Don Crothers to explore base-selective
intercalator binding. Results from compiled competition dialysis studies provide a small-molecule
DNA binding landscape that shows a rich diversity of interactions and molecular recognition.

Introduction

Don Crothers changed the landscape of drug-DNA binding studies forever and for the better.
His 1968 publication in the Journal of Molecular Biology (with Werner Mueller) on the
binding of actinomycin D to DNA brought rigorous physical chemistry into the field and
established new standards for the characterization of drug-DNA interactions!. The paper is
remarkable for its scope and breadth as it uses spectroscopic, hydrodynamic and kinetics
methods, along with extensive chemical synthesis. Actinomycin D and some 29 derivatives
were studied. It is arguably the single best drug-DNA interaction paper ever published and
justifiably ranks among the 100 most cited JMB papers. His 1968 Biopolymers paper? used
elegant statistical mechanics to develop and articulate the neighbor exclusion model for
drug-DNA interactions, six years before the more widely cited and used McGhee-von
Hippel model? that was derived using simpler probability considerations. Don had failed to
provide a convenient closed-form equation to use to fit drug-DNA binding isotherms to the
neighbor exclusion model, although a little algebra can be used to show that his approach
yields an equation identical to that obtained by McGhee and von Hippel. These two classic
papers of his are landmarks in studies of drug binding to DNA.

As influential as those two papers are it is another, less appreciated, paper by Don that has
had a perhaps greater impact on my own studies of drug-DNA interactions. This is a 1975
publication in the European Journal of Biochemistry (now the FEBS Journal), again with the
redoubtable Werner Mueller as a co-author4. The paper sought to understand the base
specificity of DNA intercalating compounds using a series of proflavine and acradine orange
derivatives. It must be recalled that at this time DNA sequencing methods were only in their
infancy and that DNase footprinting methods for drug-DNA interactions would not be
developed until seven years later, in 1982-83. Don and Werner devised an elegant
differential dialysis method for the determination of base specificity in which a three-
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chambered dialysis cell was used to measure partitioning of ligand between DNA samples of
different GC content. (This same device was used two years earlier in a paper that also
included Michael Waring®, but it was used in a conventional way to obtain data for binding
isotherms, not in a differential mode.) Don derived an analytical approach for the exact
specification of ligand binding selectivity from the experimentally determined ratio of the
amount of compound bound to the two DNA samples of differing base composition.
Remarkably, the approach allowed for the specification of not only simple AT or GC base
pair binding preferences, but also for more complex binding site preferences requiring
different combinations of adjacent base pairs. Berenil, for example, was found to require at
least two adjacent AT base pairs for binding, while actinomycin showed an absolute
selectivity of GC base pairs. Unfortunately the method was not widely adopted, and was
soon supplanted by footprinting methods which, although of higher resolution, are
experimentally much more difficult and labor intensive. | pointed out the power of the
simple differential dialysis method in a 1992 review®, in which I showed its power to reveal
very complex drug binding site preferences, for example the mixed-triplet preference of
daunorubicin for a site composed of adjacent GC base pairs flanked by an AT base pair. The
mutual consistency between footprinting and differential dialysis results for daunorubicin
was also emphasized.

While the differential dialysis approach was largely ignored between 1980-2000, it was used
in another way during that period to demonstrate structural selective binding to DNA.
Becker and Dervan used it to show that bis(methidium)spermine, a bisintercalator, strongly
preferred binding to the RNA:DNA hybrid duplex poly rA-poly dT over its DNA counterpart
poly dA-poly dT7. I used the method to demonstrate the strong preference of daunorubicin
for binding to right-handed duplex DNA over left-handed Z DNAS8. These studies eventually
inspired a more ambitious effort to characterize structural selective drug binding to DNA in
my laboratory, leading to what we called “competition dialysis”.

Competition Dialysis

Along with Jinsong Ren, then a talented postdoctoral researcher in my laboratory, we
realized that the dialysis approach could be expanded in a very simple way to study binding
to a much broader array of nucleic acid structures and sequences®. The specialized 3-
chamber dialysis cell could be dispensed with in favor of a much more malleable
experimental set up. A simple beaker containing a drug solution could be used into which
nucleic acid samples contained in commercially available microdialysis units could be
placed. This allowed for a broader array of different structures and sequences to be placed in
contact with the same dialysate solution. Instead of two nucleic acid receptor samples, tens
of different samples could be easily studied and their binding preferences studied. At
equilibrium, all structures and sequences would be equilibrated against the identical free
drug concentration and the amount bound to each type of “receptor” would clearly and
simply reflect the relative binding affinity and selectivity of the ligand toward each structure
compared to all others. After the initial presentation of the method®, a series of papers were
published that investigated a wide variety of nucleic acid binders from our own laboratory
and those that were provided by an international group of collaborators®-24, The first
generation of the method used 13 different structures and sequences, but the method quickly
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evolved to include 19 then 46 nucleic acid types. Detailed protocols of the method, sample
preparation and analysis were published in several places as the technique evolved14:25-30,

Figure 1 shows representative examples of first-generation competition dialysis data®. The
binding of actinomycin D, distamycin and a napthyl quinoline compound MHQ15 (a
compound designed and synthesized by Lucjan Strekowskil8). These data show the
advantage of the method. At a glance, the GC base pair preference of actinomycin and the
AT base pair preference of distamycin is clearly evident. The striking preference of MHQ15
for triplex DNA over all other forms jumps out. The actinomycin and distamycin results are
not surprising; the compounds were in fact used as refererence compounds to validate the
method. They behaved exactly as they were supposed to, although the apparent binding of
distamycin to triplex DNA was an initial surprise. Additional experiments showed that
distamycin was in fact displacing the third strand and binding to the underlying A-T duplex.
I recall that Don was fond of quoting Mark Twain’s adage that “supposin’ is good but findin’
out is better”. In our case “findin’ out” that the method worked as intended with these well-
known compounds fueled further studies.

In the initial implementation of the method data were eventually collected for the binding of
126 compounds to the 13 different nucleic acid structures and sequences. The dataset thus
reports on 1,638 individual binding interactions, as complete a description of a binding
landscape as was (and still is) available for small molecule and nucleic acids. The data were
published somewhat piecemeal, reporting on particular groups of compounds as data were
gathered and depending on the interests of particular collaborators who were attempting to
design particular structural or sequence selective ligands. It is instructive, however, to view
the data collectively as a binding landscape. That is the purpose of this contribution. It is
possible to examine the 1,638 binding interactions either qualitatively or by using
chemometric approaches to identify trends and often subtle binding behavior. This paper
compiles and reexamines existing and published competition dialysis data in new ways.
Interesting features of a complex landscape emerge. The data used are compiled in an Excel
file available as Supplemental Material. Experimental methods were fully described in
published papers14:25-30,

The Structural Landscape

The thirteen nucleic acid structures and sequences used represent binding possibilities to a
variety of groove geometries and to potential intercalation sites. The preparation and
physical properties of the structures was fully described® Single-stranded poly dA and poly
dT represent minimally structured DNA with possible binding to bases or to the phosphate
backbone. Natural DNA samples of varying GC content (C. perfringens, calf thymus, M.
lysoderkticus) were used a representative of “normal” B-DNA with varying base pair
content. Synthetic polynucleotides (poly dA-poly dT, poly (dAdT), poly (dGdC)) represent
more homogenous base pair compositions and also subtly different right-hand DNA
conformations. A DNA-RNA hybrid (largely A-form) and A-form RNA are represented by
poly rA-poly dT and by poly rA-ploy rU, respectively. Left-handed Z DNA is represented by
brominated poly (dGdC). Finally, multistranded triplex and quadruplex DNA forms are
represented by poly dA-(poly dT), and (dTG,qT)4, respectively. The latter (colloquially

Biopolymers. Author manuscript; available in PMC 2017 November 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chaires

Page 4

known in the lab as “Big Mamou”) is a tetramolecular parallel form that is a somewhat
unusual representative of quadruplexes that features a unique groove geometry, intercalation
sites and two “end pasting” sites — the exposed terminal quartets. At the time, the rich
polymorphism of unimolecular folded quadruplexes was not yet fully appreciated. These
were included in successive generations of the dialysis method?8, but will not be discussed
here. The structural array of the first-generation dialysis assay thus featured the major A-,
B-, and Z-DNA geometries, a wide variety of major and minor groove structures and
sequences, a wide variety of potential intercalation sites, and mutistranded groove and
intercalation sites. The compound library of 126 compounds was built using commercially
available samples and newly synthesized compounds provided by a number of collaborators.
A complete list of the compounds and their structures can be found as freely available
supplemental materials to published articles?®,

The Binding Landscape

Figure 2 show the complete binding landscape for the first-generation structure and
compound arrays, offering an unprecedented glimpse into the variety of nucleic acid binding
interactions. Data is shown as the amount bound of each of the126 compounds to each of the
13 sequences and structures, under conditions where the free compound concentration is 1
UM and the total nucleic acid concentration is 75 uM. A wide variety of binding affinities are
evident, including a large number of cases where there is no binding at all to particular
structures. Compounds have been ordered from the most (compound 1) to least (compound
126) selective. Figure 3 shows the extremes of behavior for the landscape. The porphyrin
NMM (compound 1, A-methyl mesoporphyrin 1X) binds only to the representative
quadruplex structure (figure 3 A) and is the most selective compound. Its binding is weak,
but it is absolutely selective for the quadruplex. In contrast, compound 126 (the quinacridine
MMQ131:32) is highly promiscuous and binds with measurable affinity to every nucleic acid
in the array, including single-stranded forms (figure 3B). Figure 2 shows that binding to
single-strand forms is rare, although one compound (compound 67, coralyne) is seen to bind
avidly to poly dA. (Subsequent studies from the Hud laboratory later showed that this
apparent high affinity in fact resulted from coralyne-induced duplex formation into an
unusual (poly dA), structure33-35.) Complex patterns of binding are evident for interactions
with the remaining nucleic acids. Binding to triplex DNA is seen to be strong for many
compounds. This, in part, reflects a bias in the compound array used which contains a large
number of compounds designed to target triplex structures, which were of great interest at
the time the competition dialysis assay was implemented.

The dataset can be used in many ways, for example to look at pairwise specificity as was
done originally by Mueller and Crothers®. Figure 4 shows two examples of this. In Figure
4A the ratio of the amount of ligand bound to M. /ysodieticus DNA (72% GC) and C.
perfringens DNA (31% GC) is shown for all 126 compounds. The data are ranked by
magnitude of the ratio. These data are analogous to the original differential dialysis approach
used by Mueller and Crothers to evaluate base specificity, but include a much larger
compound library. Highly GC-selective compounds (a > 3) are indicated in blue. Among
these are the groove-binder chromomycin and a series of polyintercalating
naphthalenetetracaboxilic diimide compounds that were rationally design in the Iverson
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laboratoryL. In constrast, a group of AT-selective compounds (a < 0.5) are indicated in red.
These include the classic minor groove-binders berenil, netropsin, DAPI and distamycin.
Figure 4B shows the ratio of compound binding to triplex and duplex DNA to provide an
example of structural selectivity. Note first of all that the selectivity of binding is much more
pronounced than was the case for base selectivity, with a values reaching 50. Low
selectivity for triplex is shown in red, a group that, interestingly, is heavily populated by
Iverson’s polyintercalators!. The group shown in blue shows striking selectivity for triplex
DNA. This group is heavily populated by designed napthyl quinolonel8 and
diaryldiamidines® compounds from the Strekowski and Boykin/Wilson laboratories,
respectively. These compounds were designed to be selective for triplex, and the designs
quite clearly succeeded.

While the binding landscape can be qualitatively or quantitatively examined in this way to
ferret out interesting behaviors, chemometric methods offer approaches to mine the dataset
to identify global trends and relationships not easily visualized. The results of such methods
provide a more unbiased quantitative analysis and reveal more subtle features of the
landscape.

PCA and Cluster Analysis

The matrix of data shown in figure 2 was analyzed by principle component analysis and
hierarchical cluster analysis to characterize the landscape. Multivariate analysis was done
using the program OriginPro 9.0 (OriginLab Corporation, Northampton, MA) Figure 5
shows the dendrogram for the clustering of the variables, the nucleic acid structures. The
dendrogram shows a logical grouping of the nucleic acid receptors, as might be expected.
Single-stranded forms are grouped. Natural DNA samples and deoxypolynucleotides are
grouped as right-handed helices. Multistranded triplex and quadruplex structures are
grouped. Finally, RNA and RNA-DNA hybrids structures are grouped, with a somewhat
surprising inclusion of left-handed Z-DNA. The key point of figure 5 is that the binding
landscape in fact has an underlying structure based on properties and similarities of the
nucleic acid receptor array.

Figure 6 shows the much more complex dendrogram obtained for the hierarchical cluster of
the observations, the 126 compounds. Compounds with similar binding profiles do indeed
cluster. There are 7-8 clusters each containing a variable number of members, and on the far
right of the dendrogram several groupings with only 1-2 members each. A few examples are
labeled for discussion.

The red cluster in figure 6A labeled “1” is expanded in figure 6B to show the member
compounds. These eight compounds all are intercalators bind selectively to GC-rich binding
sites and all have moieties that protrude into either the major or minor grooves (or both).
Actinomycin is well-known and was the object of the epic Mueller and Crothers study?.
Nogalamycin is well-known as a “threading” agent with moieties extending from its
intercalation site into both the major and minor grooves3® The Iverson compounds!! are
designed polyintercalating threading agents while nogalamycin is a monomeric threading
agent. Nogalamycin, daunomycin, idarubicin and deoxydaunomycin (deoxyDM) are

Biopolymers. Author manuscript; available in PMC 2017 November 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chaires

Page 6

anthracycline antibiotics that feature an anthraquinone ring system that intercalates and
daunosamine moieties that lie in the minor groove. One ring of TOTA (Trioxatriangulenium
ion) extrudes into the major groove from its intercalation site, within bonding range of the
DNA backbone and adjacent base pairs1®. The key point in examining this cluster is that it
arose from the impartial analysis of the complex landscape in figure 2 to reveal related
compounds. Each cluster in the dendrogram could be similarly rationalized or analyzed to
reveal unappreciated relationships between compounds. Interestingly, cluster “2” colored
cyan shows a grouping of ethidium and propidium. These are classic intercalators that are
distinguished from the members of cluster 1 by their lack of bulky groove-binding moieties
and their weaker GC base pair selectivity.

Classic AT-selective groove-binding agents3” are clustered in the region labeled “3”. This
region includes netropsin, berenil, and a large number of diamidine compounds from the
Boykin/Wilson laboratory38, Other groove-binders cluster separately, evidently reflecting
some subtle differences. For example, the cluster labeled “4” contains distamycin and DAPI
which are commonly thought of as groove binders. Inspection of their individual binding
profiles reveals that they differ from the compounds in cluster “3” only by their slightly
higher affinities for GC-rich DNA, perhaps a consequence of their ability to switch to an
intercalative binding mode to bind to GC base pairs°.

What is the utility of this analysis of the DNA binding landscape? First, it reveals sometimes
subtle binding similarities among diverse compounds. The clusters might be further
analyzed to produce pharmacophores characteristic of certain patterns of binding to provide
fundamental information of use in the design of new nucleic acids binding agents with
desired selectivity. Second, the analysis could be used to understand and classify newly
discovered DNA binding compounds. By obtaining the new compounds binding profile in a
competition dialysis experiment, it could then be clustered to compounds with similar
properties in this library to provide clues about its probable binding mode and mechanism.
The point here is not to analyze the dendrogram in figure 6 in exhaustive detail or to mine it
for the extensive information that it contains. Rather, the point is to show how the simple
concept and experiment devised by Mueller and Crothers has evolved to expand our
understanding of DNA binding interactions.

Final Thoughts

Don Crothers was one of the smartest scientists | have ever known. It was a privilege to have
benefited from his mentorship at a formative stage in career. His scientific and personal
standards were impeccable and provided a model | tried to emulate. This brief account
shows how one of Don’s simple ideas provided the seed for a fruitful line of research in my
own laboratory, and continued to fuel insights into drug-DNA interactions long after he had
left that field to move on to bigger and better things.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Example of competition dialysis data for selected DNA binding ligands. (A) Actinomycin d.

(B) Distamycin, a groove-binder. (C) The naphthylquinoline MHQ15.
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Figure 2.
The DNA binding landscape of 126 compounds. The results from competition dialysis

experiments showing the amount of each compound bound to 13 different nucleic acid
sequences and structures. Bind data are ranked from the most selective binding (compound
1) to the least selective binding (compound 126).
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Competition dialysis data for the most selective (A) and least selective (B) compounds in the
binding landscape. The amount of each compound bound to each of 13 structures and
sequences is shown.
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Base (A) and structural (B) selectivity of DNA binding compounds. (A) The GC base

selectivity is shown as the ratio of the amount of compound bound to M. lysodieticus DNA
(“ML”; 72% GC) and C. perfringens DNA (“CP”;31% GC). The 10 most GC selective
compounds are indicated in blue. The 10 most AT selective compounds are indicated in red.
(B) Triplex selectivity is shown as the ratio of the amount of compound bound to the poly
dA-(poly dT), triple helix and C. perfringens duplex DNA. The 10 most triplex selective
compound are shown in blue, the least selective shown in red.
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Dendrogram for the hierarchical clustering of the binding landscape shown in figure 2 with

respect to the observations, the 126 compounds studied. (A) Dendrogram derived for the
complete set of compounds. Clusters are identified by separate colors. The labels 1, 2, 3 and
4 identify clusters discussed in the text. (B) Enlargement of cluster 1 colored red in panel
(A), now including the compound names for each arm of the dendrogram.
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