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ABSTRACT: The pursuit of small molecules that bind to DNA has led to the discovery of selective and potent
antitrypanosomal agents, specifically 4,40-bis(imidazolinylamino)- and 4,40-bis(guanidino)diphenylamine
compounds, CD27 and CD25, respectively. Although the antitrypanosomal properties of these compounds
have been characterized, further development of this series of compounds requires assessment of their DNA
site selectivities and affinities. Toward this end, both compounds have been analyzed and found to selectively
bind AT sequences. However, CD27 was found to bind with higher affinity to 50-AATT than 50-ATAT while
CD25 bound more weakly but equally well to either sequence. To detail the nature of its interactions
with DNA, the crystal structure of CD27, bound to its preferred DNA-binding site 50-AATT within a
self-complementary oligonucleotide, 50-d(CTTAATTCGAATTAAG), was determined at 1.75 Å using a
host-guest approach. AlthoughCD27 is predicted to be highly twisted in its energy-minimized state, it adopts
a more planar crescent shape when bound in the minor groove of the DNA. Interactions of CD27 with
50-AATT include bifurcated hydrogen bonds, providing a basis for selectivity of this site, and favorable van
der Waals interactions in a slightly widened minor groove. Thus, an induced fit results from conformational
changes in both the ligand and the DNA. Our studies suggest a basis for understanding the mechanism of the
antitrypanosomal activity of these symmetric diphenylamine compounds.

Trypanosomiasis is a potentially deadly disease that affects
50000-70000 people in sub-Saharan Africa (1, 2). Currently,
human African trypanosomiasis (HAT), commonly referred to
as African sleeping sickness, belongs to the group of most
neglected diseases identified by a World Health Organization
Industry working group (1). Treatments available for late stages
of the disease, an arsenical drug (melarsoprol) and an ornithine
decarboxylase irreversible inhibitor (eflornithine, R-difluoro-
methylornithine), are highly toxic and must be delivered intra-
venously, a mode unsuitable for patients in these underdeveloped
regions (3). Therefore, research dedicated to finding alternative
drugs has led to the discovery of two potent antitrypanosomal
compounds, bisaminoimidazoline and bisguanidine derivatives
of diphenylamine (CD27 and CD25, respectively, Figure 1) (4).
These compounds are related to the diamidine DB75, retaining

the dicationic ends and a diphenyl core with a spacer unit;
in DB75, the spacer is a furan rather than an amine linking
the two phenyl units. The methoxime prodrug of DB75, DB289,
has reached phase III clinical trials as a trypanocidal com-
pound (5-7).

CD27 and CD25 have demonstrated in vitro activity against
trypanosomal parasites (T.b. rhodesiense STIB900); the bisami-
noimidazoline CD27, in particular, has very low cytotoxicity (4).
Trypanosomes have extensive AT tracts in their mitochondrial
genome and are very sensitive to guanidine- and aminoimidazo-
line-containing compounds that are often AT-selective DNA
binders (8). The bulkDNA-binding properties of bothCD27 and
CD25 have been determined by measuring the thermal melting
temperature for poly(dA 3dT)2, which increases by 38.5 and
29.6 �C, respectively, consistent with significant binding affinity
for AT-containing sequences (8). However, the selectivity and
affinity of DNA binding for these compounds had not been
characterized further. In addition to their ability to target DNA,
the effectiveness of these compounds can also be accredited to
their robust cellular uptake even in the absence of a functional
P2-aminopurine transporter, which is closely associated with
drug resistance (8). Symmetrical molecules of aminoimidazolines
or guanidines were found to be the most potent compounds (9).
Interestingly, these same molecules have been tested for binding
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to R2-adrenoceptor in a search for new antidepressants (9, 10),
and derivatives of the half-molecules, phenyl aminoimidazoline
or guanidine compounds, rather than the symmetric compounds
were found to bind with higher affinity to R2-adrenoceptor (10).

Here, we report the crystal structure of a CD27-DNA
complex as well as evaluations of DNA-binding selectivity and
affinity for both CD27 and CD25. Both fluorescent intercalation
displacement (FID) and surface plasmon resonance (SPR)
studies were performed in assessing the DNA- binding properties
of CD27 and CD25. Crystallographic studies employed a host-
guest approachwith theN-terminal fragment ofMoloneymurine
leukemia virus reverse transcriptase serving as the host and the
DNA with bound ligand as the guest. This approach has been
used previously to study the binding interactions of DNA with
ligands such as netropsin (11), RT29 (12), and bleomycin (13) and
was used in this study to determine the crystal structure of CD27
bound to the 50-AATT-containing oligonucleotide at 1.75 Å
resolution. To our knowledge, this is the first crystal structure
reported for a bisaminoimidazoline diphenylamine compound
bound to DNA. Although we refer to these compounds as
bisaminoimidazoline and bisguanidine diphenylamines in keep-
ing with previous reports, they are in fact expected to be
dicationic molecules under physiological conditions (Figure 1).
Our comparative structural analysis of CD27 with related
compounds, DB75 and berenil, along with the DNA-binding
analyses provides a basis for understanding the selectivity of
CD27 as well as providing a platform for future antitrypanoso-
mal drug design.

MATERIALS AND METHODS

Fluorescent IntercalatorDisplacementAnalyses.ADNA
library of 136 unique oligonucleotide hairpins was purchased
from Trilink Biotechnologies, Inc., as individual lyophilized
solids. Concentrations of the hairpin deoxyoligonucleotides were
determined spectrophotometrically at 90 �C by the method
described by Boger et al. (14) using single strand extinction
coefficients to ensure accurate quantitation. To carry out the
assay, each well of a Costar black 96-well plate was loaded with
150 μL of a solution containing 0.012 M Tris, pH 7.4, 0.12 M
NaCl, and 5.5 μM ethidium bromide (EtBr) followed by the
addition of each hairpin oligonucleotide (30 μL of 9 μM hairpin
solution, 64 μM base pairs, in H2O) to the corresponding well.
Final concentrations in each well were 1.5 μMDNA hairpin and
4.5μMEtBr, giving a 1 to 3 ratio, with final buffer concentrations
at 10 mM Tris, pH 7.4, and 100 mM NaCl. Upon addition of
binding agent, each well was incubated for 30 min at 20 �C prior
to the measurement of fluorescence. Fluorescence measurements
were obtained on a Varian Cary Eclipse fluorescence plate reader
using an excitation wavelength of 545 nm and emission wave-
length of 595 nm.Assessment of compounds was carried out over

a range of concentrations (0-30 μM) with each well acting as its
own control well (no binding agent corresponds to 100%
fluorescence and no DNA to 0% fluorescence). Concentrations
of compounds CD27 and CD25 were determined by weight. All
fluorescence readings are given as a percent decrease relative to
control wells.
Surface Plasmon Resonance Analyses. Biosensor experi-

ments were conducted in degassed MES buffer (100 mM Na+,
10 mM 2-(N-morpholino)ethanesulfonic acid, 1 mM EDTA,
0.0005% v/v of surfactant P20, pH 6.25) at 25 �C. The 50-biotin-
labeled DNA hairpins were purchased from Midland Certified
Reagent Co., Inc. (Midland, TX), with HPLC purification.
The DNA hairpin sequences examined included 50-biotin-
CGAATTCGTCTCCGAATTCG-30, 50-biotin-CATATATATCCC-
CATATATATG-30, and 50-biotin-CGCGCGCGTTTTCGCGCGCG-
30, referred to in the text as AATT, (AT)4, and (CG)4, respectively.
The experiments were conducted with a BIACORE 2000 instru-
ment (Biacore AB). The DNA hairpins were immobilized on a
streptavidin-derivatized gold chip (SA chip from BIAcore) by
manual injection of 25 nMhairpinDNA solutionwith a flow rate
of 1 μL/min until the response units (RUs) reach about 375-415.
Flow cell 1 was left blank while flow cells 2, 3, and 4 were
immobilized with three different DNA hairpins. Typically, a
series of different concentrations of ligand was injected onto the
chip at 25 �C with a flow rate of 20 μL/min for a period of 5 min
followed by a dissociation period of 5 min. After the dissociation
process, the chip surfacewas regeneratedwith a 20μL injection of
200mMNaCl and 10mMNaOHsolution, injection tube rinsing,
and multiple 1 min buffer injections. The observed steady-state
responses, RUobs, were divided by predicted maximum response
per ligand, RUmax (15, 16), and plotted against the free ligand
concentrations, L, and fitted with a 2:1 model. r = (RUobs/
RUmax)=(K1L+2K1K2L

2)/(1+K1L+K1K2L
2) (L= the ligand

concentrations in the flow solution).
Purification and Crystallization. The DNA oligonucleo-

tide 50-CTTAATTCGAATTAAG (TriLink Biotechnologies,
Inc.) was purified by standard reverse-phase HPLC methods
and stored at a concentration of 2.5 mM duplex in 10 mM
HEPES, pH 7.0/10 mMMgCl2 (17). The N-terminal fragment of
Moloney murine leukemia virus reverse transcriptase (MMLV
RT) including residues 24-278 was purified as described pre-
viously (17). Briefly, the N-terminal 6�His-tagged protein was
overexpressed in Escherichia coli and purified using Ni-NTA
affinity chromatography, followed by S-Sepharose ion-exchange
chromatography, removal of the affinity tag using thrombin, and
a final S-Sepharose ion-exchange chromatography yielding
about 5-10 mg/L of culture. The protein was then concentrated
to approximately 1.8 mM in 0.3 M NaCl/100 mM HEPES,
pH 7.5, for use in crystallization experiments.

RT-DNA-CD27 crystals were microseeded using crystals of
anRT-DNAcomplex of the sameDNA sequence and grown by
hanging drop vapor diffusion crystallization at 20 �C (17-19).
Microseeding allows the rapid growth of crystals (1-2 days) of
any DNA sequence cocrystallized (with or without drug com-
plexes) and the RT protein. Crystals were obtained from a
reservoir solution containing 7% PEG 40000, 5 mMmagnesium
acetate, and 50 mM ADA, pH 6.5. Hanging drops contained a
1:1 ratio of reservoir solution and complex, which included
a ratio of DNA/protein of 1:1.8 and a DNA/drug ratio of
1:3. Stock concentrations were 1.8 mM RT in 50 mM MES,
pH 6.0/0.3 M NaCl, 1.6 mM oligonucleotide in 10 mMHEPES,
pH 7.0/10 mM MgCl2, and 25 mM CD27 in 25% DMSO.

FIGURE 1: Chemical structures of CD27 and CD25 shown as dica-
tionic species.
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The RT-DNA-CD27 crystals were soaked in cryosolutions
including 9% PEG 4000, 5 mM magnesium acetate, 100 mM
HEPES, pH 8.0, 2 mM CD27, and increasing concentrations of
ethylene glycol beginning with 2% and concluding with 20%.
The data for the crystal were collected at beamline 19-BM of the
Advanced Photon Source (APS), Argonne, IL (λ=1.008001 Å)
to Bragg spacings of 1.75 Å for a crystal that was∼50� 60� 160
μm3. The space group was P21212 with unit cell parameters of
a=54.93 Å, b=146.75 Å, and c=46.85 Å. Datawere processed
using theHKL2000package (20). See Table 1 for data processing
statistics.
Structure Determination and Refinement. The crystal

structure of RT-DNA-CD27 was phased by molecular replace-
ment in AMoRe using the refined model of the N-terminal
fragment of MMLV RT as the search model (PDB ID code
1ZTW) (21). The initial model was subjected to rigid-body,
positional, and B-factor refinement in CNS (22), and resulting
difference maps included unbiased electron density for the DNA
andCD27. The B-formDNAmodel for our desired sequence was
generated using Nucleic Acid Builder (23) and adjusted manually
to fit the electron density inO (see Supporting InformationFigure
S-1) (24). This was followed by subsequent additions of water
molecules, excluding those associated with the DNA, and several
rounds of positional and B-factor refinement in CNS. Although
CD27 was evident in initial Fo - Fc electron density maps, it was
not positioned in theminor groove until theDNAmodel had been
refined. Inspection of Fo- Fc maps at this stage of the refinement
revealed clear density, indicating the position and orientation of
the CD27 molecule. The aminoimidazoline end closest to the 50

end in the base of the groove had well-defined density and was
used as a guide to fit the remainder of the symmetrical molecule.
The phenyl ring adjacent to this first aminoimidazoline also
had well-ordered density leading up to the nitrogen bridge that
points out away from the minor groove. The second phenyl had

sufficient density to deduce that this phenyl moiety is planar
relative to the first. Upon additional rounds of refinement, density
improved for the bound ligand and DNA, revealing the position
of the second aminoimidazoline end. This end is relatively planar,
allowing the molecule to adopt a nearly crescent shape character-
istic of minor groove binding compounds. Additional refinement
calculations using CNS (22) were done until convergence was
achieved (see Table 1 for refinement statistics), and no large peaks
remained in the Fo - Fc electron density maps.
Calculated Equilibrium Geometry. The molecular model-

ing calculations with CD27 were carried out with Spartan 4.0
software (WaveFunction, Inc.) in the dicationic state. Equilibrium

Table 1: Summary of Crystallographic and Refinement Data for RT-
AATT-CD27

Cell Parameters

cell constants a, b, c (Å) 53.74, 145.6, 46.57

space group P21212

Statistics

maximum resolution (Å) 1.75

reflections (unique) 35935

reflections (total) 165567

completeness (%) 95 (94.6)c

Rsym (%)a 0.045 (0.355)

I/σ 24.7 (4.1)

Refinement

resolution range (Å) 50-1.75

no. of waters 257

average B-factor

ptn 28.7

waters 36.1

DNA 47.3

CD27 51.0

R value (%)b 23.1

Rfree (%) 25.4

aRsym=
PP

i|Ii-ÆI æ|/
P

ÆI æ, where I is the integrated intensity of a ref-
lection. bRvalue=

P
hkl||Fo-kFc|/

P
hkl|Fo|. 5% of all reflections were

omitted from refinement; Rfree is the same statistic calculated for these
reflections. cData in parantheses are for highest resolution shell.

FIGURE 2: FID results cast as merged-bar histograms and identifica-
tion (lower expansion) of the top 15 four base pair cassettes selected
(red bars depict GC-only four base pair cassettes, blue bars depict
AT-only four base pair cassettes, and black bars depict mixed
sequence four base pair cassettes). (A) CD27 analyzed at 10, 20,
and 30 μM concentrations and (B) CD25 analyzed at 10, 20, and
30 μM concentrations.
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geometry calculations were initiated from both the coordinates of
CD27 when bound to DNA and from a molecular mechanics
energy-minimized structure built in Spartan. Calculations were
carried out using the Hartree-Fock method at the 6-31G(d,p)
level. Calculations from both starting structures minimized to a
very similar final equilibrium geometry conformation.
Calculated Solvent-Accessible Surface Areas. Solvent-

accessible surface areas (SASA) of the CD27-DNA complex
were calculated using NACCESS V2.1.1. This program outlines
the accessible surface of a molecule using a path generated by the
center of a 1.4 Å radius probe rolled around the van der Waals
surface of the molecule based on the Lee and Richards
method (25, 26). The surface area is calculated by slicing the
three-dimensional molecular volume to determine the accessible
surface of individual atoms. SASAs for unbound DNA
and CD27 were calculated using only the coordinates
for DNA or CD27, respectively. SASAtotal = SASAcomplex -
(SASAfreeDNA + SASAfreeCD27).

RESULTS

DNA Sequence Selectivity of CD27 vs CD25. A fluor-
escent intercalator displacement (FID) assay (14) was employed
to verify the A/T site selectivity of CD27 and CD25 (Figure 1)
using a library of 136 hairpin oligonucleotides containing four
base pair cassettes comprising all possible four base pair sites
within DNA. The FID assay relies upon competitive binding
and/or displacement of intercalated ethidium bromide from
hairpin oligonucleotides containing preferred binding sites by
the compound of interest resulting in a decrease in fluorescence.
We have used this assay previously to determine the selectivities

of DNA-binding compounds including RT29, bleomycin,
actinomycin, and netropsin (12, 27). As expected based on their
structural similarities to other known A/T-rich DNA binders,
CD27 and CD25 were found to preferentially bind to A/T-rich
sites in the FID assay (Figure 2). The histogram for CD27
displayed slightly steeper plot curvature than CD25 at the 30 μM
concentration (60% decrease in F ) consistent with higher affinity
binding and greater selectivity for the highest ranked sequences:
50-AAAA, 50-AATT, and 50-AAAT. In comparison, CD25 only
promoted a 40% decrease in F at the highest ranked end of
the histogram consistent with lower affinity binding and less
selectivity among the top ranked sites.

To further investigate CD25 and CD27 DNA binding quanti-
tatively, surface plasmon resonance (SPR) experiments were
performed to determine the binding affinity of these compounds
to DNA. Representative sensorgrams for CD27 and CD25
binding to AATT-, (AT)4-, or (CG)4-containing oligonucleotides
are shown in Figure 3. The primary binding constant K1

(see Materials and Methods and Table 5) for CD27 was
determined to be 9.2 � 105 M-1 for a hairpin oligonucleotide
containing a 50-AATT site and 4.6 � 105 M-1 (fitting uncertain-
ties of less than 10%) for an 50-ATAT-containing hairpin DNA,
a 2-fold difference in binding affinity. In contrast, the primary
binding constant for CD25 was determined to be 3.2 � 105 M-1

(fitting uncertainty less than 10%) for both 50-AATT- and
50-ATAT-containing hairpin oligonucleotides. CD25 and CD27
binding to a (CG)4-containing hairpin oligonucleotide was found
to be too weak for accurate fitting of a binding constant.

Both SPR and FID binding measurements confirm the
preferential binding of CD25 and CD27 to A/T-containing

FIGURE 3: (A) Sensorgrams for the interaction of CD27 with the AATT hairpin. (B) Binding curves of CD27 to three different DNA hairpins:
AATT (circles), alternating AT (squares), and alternating CG (diamonds). The strongest binding was observed with the AATT hairpin.
(C) Sensorgrams for the interaction ofCD25with the (AT)4 hairpin and (D)with the (CG)4 hairpin. The plots illustrate preferential binding to the
AT sequences. Both plots have the same concentration range from 1 nM (lowest sensorgram) to 8 μM (highest sensorgram).
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oligonucleotides. Both methods also suggest greater selectivity
and higher affinity binding of CD27 to DNA as compared to
CD25. By SPR, CD27 binds with higher affinity to 50-AATT vs
50-ATAT sites while CD25 binds with the same affinity to both
50-AATT- and 50-(AT)4-containing oligonucleotides, thus dis-
playing a lack of selectivity for these two sequences.
Description of the Crystal Structure. The host-guest

crystallographic approach (11, 17, 19) was used to analyze the
molecular basis of the binding interactions of CD27 in the minor
groove of its preferred 50-AATT site in atomic detail. The
N-terminal fragment of Moloney murine leukemia virus reverse
transcriptase (MMLV RT) serves as the host and DNA in the
presence or absence of a ligand as the guest (Figure 4). As previ-
ously reported, this method allows for the analysis of novel DNA-
binding compounds and a comparative analysis of the same
oligonucleotide free of ligand (11). Advantages of the method
include the ability to readily crystallize 16 base pair oligonucleotide
duplexes of any sequence, to phase the structure by molecular
replacement using the proteinmodel, to interpret unbiased electron
density for both the DNA and bound ligand, and to characterize
simple minor groove binding compounds as well as ligands with
more complex interactions such as bleomycin (11-13).

The complex analyzed includes two protein molecules bound
to either end of a symmetric 16 base pair duplex oligonucleotide
(50-CTTAATTCGAATTAAG) including two CD27 binding
sites as shown in Figure 4, while the asymmetric unit within the
crystal includes one RT protein, eight base pairs of duplex DNA,
and one CD27 molecule. The structure was determined by
molecular replacement using the protein as the search model
(see Materials and Methods and Table 1). Difference electron
density maps following refinement of the DNA and protein
model (Figure 5) revealed the presence of CD27 bound in the
minor groove of the 50-AATT site as shown in Figures 4 and 6.
Interactions of the protein with the DNA include six hydrogen
bonds with the terminal three base pairs of the duplex DNA as

summarized in Table 2. As a consequence, the intervening ten
base pairs are relatively flexible as reflected in the higherB-factors
observed for the DNA than the protein in this complex (Table 1,
Supporting Information Figure S-1). A critical design feature of
the oligonucleotide is the placement of the 50-AATT site begin-
ning at position 4 from the end of the duplex to allow interactions
of the oligonucleotide with the protein required to form the
crystal lattice and yet allowCD27 to interact freelywith theDNA
(Figure 4). Inherent in the flexibility of the DNA is the ability to
accommodate structural changes that allow for ligand binding to
the minor groove as discussed below for CD27.

Attempts were also made to obtain a complex of CD25 bound
to DNA using the same host-guest approach. CD25 was
cocrystallized with the DNA and protein yielding suitable
crystals as described for CD27 in the Materials and Methods;
the crystals were then soaked in cryosolvents that includedCD25.
However, in contrast to CD27, the crystals cracked, rendering
them unsuitable for data collection. Alternatively, crystals were
soaked in cryosolvents lacking CD25. Diffraction data were then
collected, and the structures were determined. In these structures,
there was no evidence of CD25 bound to theDNA in the electron
density maps. Thus, efforts to date to determine a crystal
structure of CD25 bound to DNA have been unsuccessful.
Interactions of CD27 with the AATT Site. CD27 forms

two bifurcated hydrogen bonds within the 50-AATT site: N4 of
CD27 hydrogen bonds to O2 of T13 andN3 of A5 (2.9 and 3.3 Å,
respectively) and, similarly, N2 of CD27withO2 of T7 andN3 of
A11 (2.9 and 3.0 Å, respectively) as shown in Figures 6 and 7 and
Table 3. Thus, interactions of CD27with the DNA involve direct
hydrogen bonding and van der Waals interactions but do not
involve ordered water molecules as have been observed in the
structures of berenil and DB75 (28). In fact, interactions of

FIGURE 4: (A) The crystal structure of the RT-DNA-CD27 com-
plex. The asymmetric unit consists of one protein molecule, 8 base
pairs of the symmetric 16 base pair oligonucleotide duplex, and one
CD27 molecule representing half of the symmetric complex. The
dashed vertical line represents the dyad. The DNA oligonucleotide is
shown as a gray stickmodel, andCD27 is shown in a red stickmodel.
RT is shown as a ribbon renderingwithβ-strands,R-helices, and coils
in navy. Residues Tyr64,Asp114, Leu115, Arg116, andGly191make
contacts with the DNA and are shown as an orange ball-and-stick
model. (B) Schematic of the oligonucleotide duplex with the two
complementary strands and numbering scheme referred to in the text.
The arrow denotes the span of CD27 binding to the oligonucleotide. FIGURE 5: (A) Initial Fo- Fc map of CD27 density contoured at 2.5σ

shown in a magenta cage rendering superimposed on the final CD27
model. (B) Final 2Fo - Fc map of CD27 density contoured at
1σ shown in a green cage rendering and the final CD27 model super-
imposed inblue.Theview in (C) is rotated∼90� from that shown in (B).
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ordered solvent with the DNA are somewhat limited in this
structure including only five water molecules, four of which
are hydrogen-bonded to the phosphodiester backbone and one in
the major groove (see Table 4 and Supporting Information Figure
S-2), a finding not atypical of what we have observed in other

host-guest complex structures that we have determined (11, 12,
29, 30).

Despite the symmetry of CD27 and the sequence of its
recognition site, 50-AATT, the electron density for the ligand is
not symmetric. As shown in Figure 5, the density for the
aminoimidazoline phenyl bound to A5 and T13 is better ordered
than that bound to T7 and A11. Within the aminoimidazoline
phenyl bound to T7 and A11, the phenyl ring is partially
disordered, lacking electron density for the two carbon atoms
farthest from the floor of the minor groove. Thus, the better
ordered electron density occurs within the narrower part of the
groove for the 50-AATT site. As previously noted (11), despite the
chemical symmetry of the 50-AATT site, it is in fact structurally
asymmetric with regard to groove width (Figure 6C). Although
CD27 does form symmetric bifurcated hydrogen bonds within

FIGURE 6: (A) Space-filling CPKmodel of CD27 bound in the minor groove of the DNA represented as a gray stick model: nitrogen in blue and
carbon atoms in green. (B) Schematic of bifurcated hydrogen-bonding interactions between CD27 and the minor groove of the DNA. (C)Minor
groovewidth (in Å) calculated in3DNAbasedon the cross-stranddistances of phosphate groups is shown inorange for theCD27-DNAcomplex
and in green for the sameDNA in the absence of CD27 for the entire 16 base pair oligonucleotide. The dashed line indicates the axis of symmetry
present within the DNA molecule, with one-half representing the asymmetric unit within the crystal.

Table 2: Hydrogen-Bonding Interactions between the Protein and

DNA (Å)

residue atom base pair atom distance

Asp114 OD2 Gua16 N2 3.1

Leu115 N Gua16 O30 3.0

Arg116 Thy3 O40 2.8

Arg116 NH2 Gua16 N2 3.4

Gly191 O Gua16 O30 3.0

Arg116 NH2 Thy2 O2 2.7



Article Biochemistry, Vol. 48, No. 25, 2009 5949

the 50-AATT site (Figures 3 and 4), the symmetry does not extend
to the length of the hydrogen bonds. The hydrogen bonds of N2
or N4 to O2 of T7 and T13 are of the same length (2.9 Å), while
the hydrogen bond of N4 with N3 of A5 in the narrower part of
the groove is somewhat longerwith a less favorable angle than the
corresponding hydrogen bond of N2 with N3 of A11 (3.3 vs
3.0 Å, respectively). This finding suggests that the better ordered
density within the narrower part of the groove potentially results
frommore favorable van derWaals interactions rather than from
stronger hydrogen bonds. In fact, the carbon adjacent to N4
within the ethyl bridge linking N4 and the other N atom in the
imidazoline (C17 in the coordinate file) makes van der Waals
contacts with O40 of A5, O40 of A14, and O2 of T13
(see Supporting Information Figure S-3). The other C atoms
(C18, C15, and C16) within the ethyl bridge of either imidazoline

make only a single van der Waals contact. Interactions of CD27
with the 50-AATT bury a total surface area of 729.6 Å2.
Binding of CD27 Results in Changes in the DNA Struc-

ture.Differences in theDNA in the presence and absence ofCD27
(rmsd of 0.6 Å) have been evaluated by comparison of the
corresponding structures, which were determined in the same
crystal lattice, thereby limiting artifactual crystallographic factors
(Figure 4). Binding of CD27 to the 50-AATT site, base pairs 4-7
and 10-13, results in a significant widening of the minor groove.
Specifically, the groove is widened by 0.9 Å within the A5T6/
T12A11 dinucleotide step and 0.6 Å for the T6T7/A11A10
dinucleotide step as compared to the unbound structure (see
Figure 1 for oligonucleotide numbering scheme). A further
point of interest is that the narrowest point within the groove is
shifted fromA5T6/T12A11 in the unbound structure to the T6T7/
A11A10 dinucleotide step, which differ by 0.1 Å, 10.7 vs 10.8 Å,
respectively, as calculated using 3DNA (31). Overall, the groove
width varies less across the 50-AATT site in the CD27-DNA
complex than in the unbound structure as shown in Figure 6.

In addition to changes in the width of the minor groove, the
binding of CD27 also affects the local nucleobase structure
particularly in the regions of direct contact including A5, T13,
T7, and A11 as shown in Figure 7. Upon binding of CD27,
buckling within the A5-T12 base pair is decreased by 7.8� while
propeller twist is increased by 3.9�. Propeller twist increases of
5.2� and 3.9� in base pairs T6-A11 and T7-A10 were also
observed upon CD27 binding. Base pair opening is increased in
all of the base pairs within the 50-AATT site in the RT-DNA-
CD27 structure as compared to the unbound structure, the most
dramatic being an increase of 13.7� for the T7-A10 base pair.
Increases in base pair opening for A4-T13, A5-T12, and T6-A11
are 3.7�, 5.2�, and 2.9�, respectively. Differences were also
observed in local step parameters with the tilt of the T6T7/
A10A11 dinucleotide step increasing by 5.9� while that of the
T7C8/G9A10 step decreased by 6.4�. Also noteworthy, the roll
parameter at T7C8/G9A10 increased by 7.2� but decreased by
5.2� for the CG/CG dinucleotide step at the crystallographic
dyad axis. These changes in local base and step parameters likely
occur as a direct consequence of specific hydrogen-bonding and
van der Waals interactions of CD27 with the DNA.

FIGURE 7: (A) Stereo diagram of 50-AATTDNA in the presence (blue) and absence (magenta) of CD27 (sky blue) bound toDNA. Finalmodels were
superimposed (rmsd=0.6 Å)usingCCP4basedonall atomswithin the8basepairs.HydrogenbondsbetweenDNAandCD27are shown in lightgreen
dashed lines. N3 atoms of A5 and A11 are shown in green, O2 atoms of T7 and T13 are shown in red, and N2 andN4 of CD27 are shown in orange.

Table 3: Hydrogen-Bonding Interactions between the DNA andCD27 (Å)

base atom ligand atom distance

Ade5 N3 CD27 N4 3.3

Thy7 O2 CD27 N2 2.9

Ade11 N3 CD27 N2 3.0

Thy13 O2 CD27 N4 2.9

Table 4: Hydrogen-Bonding Interactions between theDNAandWater (Å)

base atom number distance

Cyt1 O2 H2O 257 3.0

Thy3 O4 H2O 177 2.7

Ade15 O1P H2O 243 2.7

Gua16 O1P H2O 154 2.9

Gua16 N7 H2O 185 2.9

Table 5: Primary Binding Constants (K1 (M
-1), Fitting Errors (<10%))a

AATT (AT)4 (CG)4

CD25 3.2� 105 3.2� 105 NDb

CD27 9.2� 105 4.6� 105 ND

aSecondary binding (K2) to AATT and (AT)4 is 4-5 times weaker.
bND: too weak for accurate fitting.
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Comparison of DNA-Bound vs Free CD27 Structure.
The calculated, energy-minimized structure predicts that CD27

will adopt a staggered conformation with a dihedral angle of 43�
between the two phenyl rings, and this reduces electrostatic and

steric repulsion. The two aminoimidazoline ends are likewise

staggered relative to the phenyl rings with dihedral angles of 85�
in the energy-minimized conformation. However, upon binding

to the DNA, CD27 adopts a more classical crescent shape as

shown in Figure 8 with a dihedral angle of near 0� between the

phenyl rings. As the structure flattens, it should become more

energetically favored due to enhanced conjugation; however, this

aspect is attenuated by accompanying steric clashes and charge

repulsion. As shown in Figure 8, the variations in electrostatic

potential are greater in the DNA-bound than in the equilibrium

structure. Thus, as observed for other minor groove binding

compounds such as RT29 (12), the interaction of ligand with

DNA appears to involve an induced fit of both the ligand and

DNA in order to maximize favorable interactions.

DISCUSSION

As previously reported, dicationic compounds such as CD27
and CD25 bind DNAwith relatively high affinity as indicated by
the ΔTm values observed upon the melting of poly(dA 3dT)2 in
their presence: 38.5 and 29.6 �C, respectively (8). The compounds
differ only in the nature of the dicationic moieties comprising
either endof themolecule, a bisguanidine in the case of CD25 and
bisaminoimidazoline in CD27. Through our structural analysis
of CD27 bound to DNA and further characterization of the
DNA-binding properties of CD27 and CD25, we provide new
insights with regard to understanding how these diphenylamines
bind and recognize DNA.

CD27 binds to the minor groove floor via bifurcated hydro-
gen-bonding interactions between the N2 and N4 imidazoline
atoms and the O2 and N3 atoms of T and A, respectively, of
adjacent base pairs (see Figures 6 and 7). Recognition of the
50-AATT site within the DNA appears to result directly from the

ability of CD27 to form these hydrogen bonds, which specifically
involve T of one strand and A from an adjacent base pair of the
complementary strand within the site (Figure 7). Consistent with
the somewhat lower binding affinity observed for 50-ATAT, we
predict that CD27, like netropsin (32), would not formbifurcated
hydrogen bonds with a 50-ATAT site. In fact, netropsin was
found to be disordered within a 50-ATAT site (32) and has also
been shown to bind 50-ATAT approximately 2.5 times less well
than 50-AATT as assessed byDNase I footprinting (33). Thus, we
suggest that hydrogen-bonding interactions along with favorable
van der Waals interactions resulting from interactions with the
internal adenines provide a basis for the selectivity of CD27 for
50-AATT sites. Binding of CD27 induces significant changes both
in itself and the DNA, specifically the properties of the minor
groove and local base and step parameters within the DNA. The
nitrogen bridge within CD27 forms no hydrogen-bonding inter-
actions with the DNA but may confer desirable properties as
bioisosteric substitution (e.g., CH2, S,O) at this position results in
a decrease in trypanocidal activity in vitro (8, 9). Interestingly,
neither of the closely related compounds, diamidine diphenylfur-
an (or 2,5-bis(4-guanylphenyl)furan, DB75) or berenil, form
bifurcated hydrogen bonds involving O2 and N3 of adjacent
base pairs in the 50-AATT site; rather the amidines hydrogen
bond directly toO2 atoms of T or N3 atoms of A on either end of
the 50-AATT site (28). In addition, water-mediated interactions
are involved inbinding of bothDB75 andberenil toDNAbut not
for CD27. Both DB75 and berenil were designed to have a
preformed planar, crescent shape through the inclusion of a furan
spacer linking the phenyl units in the case of DB75 and a triazene
in the case of berenil and therefore form very favorable van der
Waals interactions with the DNA. In energy-minimized struc-
tures, both compounds have planar diphenylfuran or triazene
core structures as shown in Supporting Information Figure S-4.
Thus, DB75 and berenil differ significantly from CD27, which
includes a single NH spacer allowing the molecule to adopt a
much more twisted conformation in its unbound state. Both
DB75 and berenil are potent antitrypanosomal compounds but
show little sequence selectivity among A/T-rich sites (7).

In contrast to CD27 which binds 50-AATT with 2-fold higher
affinity than 50-ATAT sites as measured by SPR, CD25 shows no
difference in its primary binding constant for 50-ATAT vs
50-AATT. The decreased relative selectivity displayed by CD25
may have contributed therefore to difficulties encountered in
attempting to obtain a crystal structure of the CD25-DNA
complex. Regarding H-bonding interactions, although it is not
possible to ascertain definitively whether or not CD25 forms
bifurcated hydrogen bonds with the DNA, we speculate that by
comparison with DNA-bound DB75, berenil, RT29, and ne-
tropsin it may not. DB75, berenil, and RT29 are diamidines,
which hydrogen bond directly to only one strand of the DNA
within the minor groove (12, 28). Netropsin is also dicationic,
including both an amidine and guanidine, neither of which forms
a bifurcated hydrogen bond to the DNA in any of the reported
crystal structures (11, 34, 35). Thus, although CD27 and CD25
are similar, their interactions with the DNA may differ in detail.
The aminoimidazoline ring in CD27 offers the same hydrogen-
bonding potential as found in the guanidine but may form more
favorable van der Waals interactions with the minor groove of
50-AATT while the more flexible guanidine may bind more
indiscriminately with alternative AT sites. In turn, the more
favorable van der Waals interactions with the aminoimida-
zoline may promote bifurcated hydrogen bonding, thereby

FIGURE 8: (A) Representation of CD27 as bound to DNA in the
crystal structure shown within the electrostatic potential molecular
surface. (B) The energy-minimized structure of CD27, as calculated
using the Hartree-Fock method in Spartan 2004 and shown within
the electrostatic potential molecular surface for the molecule, is
highly twisted in contrast to the DNA-bound form in (A) which
has a relatively planar crescent shape.
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facilitating recognition of both strands of the DNA within the
minor groove.

Both CD27 and CD25 are documented as having excellent
in vivo antitrypanosomal activity; however, previous studies
have shown that the aminoimidazoline has a greater selectivity
for the parasite of interest as compared to guanidine analogues
and is a more potent trypanocide (8). Based on our comparative
binding studies, we conclude that CD27 binds DNA more
selectively and with higher affinity to 50-AATT sites than
does CD25. Our structural and DNA-binding results taken
together with the in vitro findings thatCD27 has greater selectivity
for parasites of interest suggest that selectivity is an important
property for trypanocidal compounds and that the aminoimida-
zoline moieties likely contribute to selectivity through favorable
van der Waals interactions. The crystal structure of CD27 bound
to DNA provides a basis for understanding in atomic detail the
interactions between CD27 and DNA as well as a basis for future
design of trypanocidal compounds.
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Unbiased difference electron density maps for the DNA, 2Fo

- Fc electron density maps for the final structure, a stereoimage
of theDNA structure with associated water, a 2-D van derWaals
contact map for one of the two amidazoline groups, and energy-
minimized structures of berenil and DB75. This material is
available free of charge via the Internet at http://pubs.acs.org.
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