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ABSTRACT: The molecular mechanism for the displacement of HMGA1 proteins
from DNA is integral to disrupting their cellular function, which is linked to many
metastatic cancers. Chemical shift and NOESY NMR experiments provide structural
evidence for the displacement of an AT hook peptide (DNA binding motif of HMGAL1
proteins) by both monomeric and dimeric distamycin. However, the displaced AT
hook alters distamycin binding by weakening the distamycin:DNA complex, while
slowing monomeric distamycin dissociation when AT hook is in excess. The central
role of the AT hook was evaluated by monitoring full-length HMGA1a protein binding
using fluorescence anisotropy. HMGAIla was effectively displaced by distamycin, but
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the cooperative binding exhibited by distamycin was eliminated by displaced
HMGA1la. Additionally, these studies indicate that HMGA1a is displaced from the DNA by 1 equiv of distamycin, suggesting
the ability to develop therapeutics that take advantage of the positively cooperative nature of HMGA1la binding.

Malignant neoplasms are one of the leading causes of death
in the United States." Thus, disrupting the function of
proteins that are linked with these cancers is a viable target for
small molecule therapies.” Members of the High Mobility
Group Al (HMGAL) protein family have been detected at high
concentrations in a wide variety of cancers, and overexpression
is associated with different cancers including pancreatic,*
thyroid,” and breast.°"'© HMGAI proteins are essential for
embryogenesis," "' but expression of these proteins in healthy
adult tissues is low to undetectable.”'> In particular, the
upregulation of HMGALI proteins has been linked to tumor
metastasis and correlates with poor prognosis for the
patient.”>™'® Silencing of the HMGAl gene by RNA
interference, in a mouse model system, effectively inhibits
metalloproteases and downregulates cell proliferation, tumor
migration, and invasion."® The larger family of HMGA proteins
regulates an array of nuclear functions,">'”* and their high
degree of flexibility is implicated in a variety of mechanisms that
control gene expression, such as recruitment of transcription
factors to DNA and alteration of DNA architecture.'>'”*°7>*
These proteins are characterized by the occurrence of multiple
DNA binding motifs, called AT hooks, that preferentially bind
AT-rich DNA. The work herein focuses on one of the human
proteins, HMGA1a, and a pe}z‘)tide analogue comprised of one
of the three AT hook motifs.**

HMGALI proteins are intrinsically disordered prior to binding
DNA? and as a result are difficult to target directly; therefore,
targeting the DNA sequences that HMGAIla binds has greater
potential for downregulating protein activity.>>*® To effectively
target such a multifarious and flexible protein, it is essential to
understand the dynamics of HMGAIla inhibition by using a
readily available small molecule, such as distamycin A or
Hoechst 33258, both of which have been shown to displace
HMGA from DNA.>” Toward this goal, we have structurally
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characterized the dynamic inhibition of both the AT hook and
the full-length HMGAIa protein binding to DNA by the small
molecule, distamycin A. This naturally occurring polyamide
preferentially binds the minor groove of AT-rich DNA as an
antiparallel dimer”®*® or as a monomer.>*>' The ability of
distamycin to bind in either mode will demonstrate that
HMGA1a has only a minimal effect on distamycin binding.
Several groups have shown that distamycin and related
polyamides are capable of regulating gene expression in vitro
and in vivo by hindering the binding of transcription factors and
related proteins.** ™7 For example, Grant et al. showed that the
polyamide netropsin effectively displaces a polypeptide that
corresponds to the second and third AT hook motifs of
HMGA1 [HMGA1(2/3)] from the NOS2 promoter DNA.*
NMR spectroscopy showed that the addition of netropsin (at a
2:1 ratio of netropsin:protein) resulted in dissociation of
HMGA(2/3) from two identical short segments of DNA, each
of which had been bound by a distinct AT hook.>”
Distamycin generally binds well to any AT-rich sequence,
and a variety of methods including gel mobility shift
assays,27’33’38’39 in vivo studies,> Northern Blotting,33”38 and
footprinting® have shown that distamycin inhibits binding of
HMGA proteins to DNA. A dynamic understanding that
includes structural analysis of AT hook displacement and
kinetic analysis of distamycin dissociation is the focus of our
studies. Examination of the competition between distamycin
and the AT hook motif by 'H chemical shift and NOESY
experiments has allowed for a subnucleotide, structure-based
mechanism to be characterized. In the presence of distamycin,
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the AT hook exhibits no contacts with the nitrogenous bases in
either the minor or major grooves, thus showing that the AT
hook is not bound within the DNA. Furthermore, by
homonuclear NOESY and *'P experiments, the displaced AT
hook was shown to electrostatically associate with the DNA
backbone, which indicates that the displaced protein is
nonspecifically bound to the DNA. At high concentrations of
displaced AT hook, the peptide does appear to weakly associate
with nucleotides that flank the distamycin binding site.
Additionally, dissociation of the first molecule of distamycin
was actually slowed in the presence of excess AT hook, and the
rate of dimer dissociation was not altered by the presence of the
AT hook. This analysis of the fine structure and kinetics of the
dynamic competition led naturally to the study of a biologically
relevant full-length protein. The change in the hydrodynamic
profile of a short DNA was monitored by fluorescence
anisotropy to better understand binding dynamics of the
displacement of HMGA1la by distamycin. Saturation of both
AT hook DNA binding sites with distamycin dimers is required
to drive the equilibrium completely to the dissociation of all
HMGA1a:DNA complexes in the solution. It is important, due
to the cooperative nature of HMGA binding, to investigate low
ratios of the minor groove binder to DNA, to see whether
HMGA cooperativity plays a role in its own displacement.
These studies show that 1 equiv of distamycin to DNA is
capable of displacing the entire protein, thus raising the
possibility that targeting a single AT hook binding site (rather
than the two or three that are bound by a single protein) would
be sufficient to regulate HMGALI binding and function.

B MATERIALS AND METHODS

Materials and Sample Preparation. 5-CGAAATTTCG
was synthesized and desalted by Operon or Integrated DNA
Technologies. This symmetrical DNA decreases the number of
proton resonances by half (Figure 1A), allowing for simpler
NMR spectra than with nonsymmetric DNA. A segment of
DNA that corresponds to the distal negative regulatory element
(DNRE) of the human interferon-A gene40 was chosen for the
studies conducted with the full-length protein. This DNA and
was synthesized with a §’-6-carboxyfluorescein tag and HPLC
purified by Eurofins MWG Operon (Figure 1B). N-
TPKRPRGRPKK (AT hook; Figure 1C) is identical to the
second AT hook in HMGAIla, except for the addition of a
second C-terminal lysine. The peptide was synthesized and
reverse phase-HPLC purified by the W.M. Keck Facility at Yale
or Biosynthesis Inc. HMGAla protein was purchased from
Abnova. Distamycin A (Figure 1D) was purchased from 3B
Scientific or Sigma-Aldrich. DNA and distamycin concen-
trations were determined using UV—vis spectroscopy (Shi-
madzu Biospec-mini: dsDNA mode and &, = 36000 M™*
cm™). Herein, solution mixtures will be described as ratios of
distamycin:AT hook or HMGA1a:DNA (Dst:P:D).

Peptide Quantification. Peptide concentration was de-
termined using the ATTO-TAG CBQCA kit (Invitrogen
Molecular Probes).*' A tryptophan-labeled AT hook peptide
(N-TPKRPRGRPKKW) was used as the standard (g,5, = 5600
M™' em™). ATTO-tagged peptides were deposited on
Whatman nitrocellulose membranes by filtration (dot blot;
Whatman) and the fluorescence emission quantified (GE
Typhoon Trio; ex 488 nm, em 555 nm). A standard curve
generated with tryptophan-labeled AT hook was used to
quantify the unlabeled peptide concentration.
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Figure 1. (A) Palindromic DNA used in NMR studies. Nucleotides
are numbered relative to their 5’ location. Strands are symmetric such
that, for example, protons of both G'® are equivalent. Cognate AT
hook and distamycin binding sites are bolded. (B) S'-carboxyfluor-
escein (F) tagged, halrpm DNA corresponding to the DNRE of the
interferon-A gene.** Cognate AT hook and distamycin binding sites
are boldface. (C) Peptide corresponding to the AT hook. (D)
Chemical structure of distamycin A. For simplicity, “pyrrole” protons
will refer to H1, H2, and H3 and not to other ring protons, which face
away from the minor groove when distamycin is bound to DNA. Key
protons are bolded (e.g,, FH is the formyl proton).

NMR Sample Preparation. Samples were prepared in 10
mM phosphate buffer [10 mM phosphate, 100 mM Na* (from
NaH,PO,, NaOH, and NaCl), 1 mM EDTA, pH 6.7],
according to the molar ratios indicated in the Results section
(relative to constant 200 nmol of DNA). The conditions of all
NMR experiments prevented variations in pH, temperature,
and buffer and salt concentrations, so that changes in chemical
shifts are attributable to ligand binding events. Each sample was
prepared in buffered water, lyophilized to dryness, and
resuspended in either 0.5 mL of 99.9% D,O or 0.5 mL of 9:1
H,0:D,0. Because of the amount of time necessary to prepare
and perform individual NMR experiments (typically on the
time frame of hours), each spectrum reflects a solution at
equilibrium, independent of the order in which the
biomolecules were added.

NMR Measurements. NMR measurements were taken at
500 MHz (Varian Inova 500) or 400 MHz (Varian MR-400) at
25 °C. 1D proton spectra (minimum 512 transients) in D,0
were collected on the MR-400 with sweep widths of 4006.4 Hz
and 8207 complex points or on the Inova 500 with sweep
widths of 4998.1 Hz and 10239 complex points. Proton
decoupled scans (minimum 1024 transients) were collected for

3P (MR-400), with a sweep width of 2431.9 Hz and 3891
complex points. Exchangeable proton measurements (MR-400)
had sweep widths of 6009.6 Hz with 13 112 complex points.

The equilibrium constants for the AT hook were determined
by titrating 8.45 mM peptide (10 mM phosphate buffer/D,0)
in increments of 0.1:1.0 peptide to DNA (2.77 uL/titration).
Minimal broadening of resonances was observed (SI Table 2),
and the K values were calculated from the frequency changes
as a function of peptide concentration.*”

2D NOESY in D,O were collected on the Inova 500 (phase-
sensitive States-TPPI quadrature detection; 4998.1 Hz per
dimension sweep width). 128 scans were taken for each of the
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256 increments in t, with 1024 complex points in t,. A recycle
delay of at least 1 s was used with a steady-state pulse prior to
subsequent scans. 2D NOESY in 9:1 H,0:D,0 were collected
on the MR-400 (phase sensitive States-TPPI quadrature
detection; 6009.6 Hz sweep width). Gradient suppression of
water resonance was applied. NOESY mixing times were 150,
400, or 700 ms (only 150 ms data shown herein). 2D spectra
were analyzed using SPARKY.*

Assignments for DNA and AT hook:DNA proton resonances
(SI Table 1) were based on sequential connectivities observed
in the NOESY spectra. Assignments for distamycin complexes
(SI Table 1) were similarly determined and facilitated by
comparison with reported assignments for distamycin com-
plexed with a comparable DNA sequence.”® Rates of
dissociation of 1:1 distamycin:DNA (using the exchange of
SAC2 between free and bound) and dissociation of the 2:1 to
the 1:1 complex (using the exchange of the pyrrole protons)
were determined using equations in ref 44.

Referencing. Proton chemical shifts were referenced to
trimethylsilyl propionate (TSP) or to a contaminant peak (7.99
ppm from TSP, integration is one-half of one DNA proton).
The contaminant peak does not shift upon addition of AT hook
or distamycin. Phosphorus chemical shifts are referenced to
triphenylphosphine in CDCl; (—6.0 ppm) resuspended in a
sealed tube within the experimental NMR sample.

Fluorescence Anisotropy. Titrations were conducted at
25 °C in the 10 mM phosphate buffer described above, using a
Horiba Jovin Yvon FloroMax-3. All components were
resuspended in the same phosphate buffer, such that buffer
conditions remained constant throughout the course of each
experiment. It is important to note that addition of the peptide
to a fluorescently labeled hairpin DNA analogue of the DNA in
Figure 1A exhibited no change in anisotropy, most likely
because the change in size and shape was not sufficient to alter
the anisotropy signal (data not shown). Each solution
underwent 15 scans initiated 3 min after titration and
concluded within 7 min after addition of titrant. Each
experiment contained 22.S pmol of DNRE in 2.00 mL (11.25
nM). For HMGAIla association experiments, 2.38 pmol of
protein was added per titration (0.5 uL per titration). For
distamycin association experiments, 5.41, 21.63, or 43.26 pmol
of distamycin was titrated (4, 1, and 2 uL, respectively) to
either free DNA or solution containing DNA and 35.7 pmol of
HMGALla. Six sets of titrations were conducted (some sets
included more titration points), and data were averaged.
Experimental errors were less than 4.0, 2.2, and 3.0
millianisotropy units for HMGAla association, distamycin
association, and HMGAIa dissociation, respectively.

Bl RESULTS

Structural Analysis and Binding Affinity of AT Hook
for AT-Rich DNA. Association of the AT hook peptide, N-
TPKRPRGRPKK (Figure 1C), to the AT-rich DNA (Figure
1A) was characterized by homonuclear NOESY. Similar
complexes have been structurally characterized by NMR;**
however, it was important to repeat these studies for direct
comparison with the competition experiments in the
aforementioned solution conditions. Strong couplings were
observed between the protons on the C2 of adenine (AC2) of
nucleotides 4 and S with the /3, 7, and § protons (along with &
for S AC2) of both core arginine residues (SI Figure 1).
Therefore, the peptide is bound to the minor groove of the
DNA. A single resonance is observed for each of the 3, 4, and §
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AC2 protons (7.27, 7.12, and 7.62 ppm, respectively),
indicating that the Arg-Gly-Arg core of the peJ)tlde binds
pseudosymmetrically to the DNA, as anticipated.*

Chemical shift perturbations of the nitrogenous base protons
were monitored by 1D NMR upon increasing concentrations of
AT hook and establish the formation and stability of the
resulting complex (Figure 2A). The peptide undergoes fast
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Figure 2. AC2 protons shift upon addition of AT hook. (A) 1D
expansion of AC2 protons. Sample spectra are shown and the molar
ratios correspond to AT hook:DNA. 3, 4, and 5 AC2 protons are
denoted by circles, squares, and diamonds, respectively. (B) Changes
in AC2 proton frequency as a function of AT hook concentration.
Negative values correspond to upfield shifts and positive values to
downfield shifts. Data were fit: A, = A, {(K; + [P], + [D]y) — ((Ky
+ [P]o + [D]o)” — (4K4[Po))"*}/2[P],, where [P], and [D], are the
total concentrations of peptide and DNA at each titration point. A,
and A, are the changes in chemical shift in Hz for each titration
point and at saturation, respectively.*

exchange onto the DNA, which allows nucleotide-specific
quantification of equilibrium dissociation constants by mon-
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itoring changes in the frequency of specific DNA protons as a
function of peptide concentration. Of significant interest are
AC2 protons (symbols in Figure 2A), which lie in the DNA
minor groove and make direct contact with the peptide. The
AC2 protons of nucleotides 4 and S shift downfield by 7.99 and
5.19 Hz, respectively, while 3 AC2 shifts upfield by 23.96 Hz.
The large frequency change of 3 AC2 is due to the proximity of
the positively charged Arg residues bound within the DNA
minor groove.*® Titration data were fit with a one to one
binding isotherm, and the resultant K; values were 17.7 + 2.5,
25.0 + 7.1, and 24.8 + 9.7 uM for the 3, 4, and 5 AC2 protons,
respectively (Figure 2B). K; values determined from each
nitrogenous base proton shift are mostly between 4.8 and 25.0
UM, a slightly broader range than observed for the AC2 protons
(SI Table 2). The only affinities that do not lie within this range
are the CS and C6 protons of 9 C, which exhibit weaker Ky
values (SO and 135 uM, respectively). The major groove
protons do not directly bind the AT hook® and are thus
indirectly affected by peptide binding. Therefore, the Ky values
(17—25 uM) determined from the three AC2 protons best
reflect the binding affinity of the peptide for the DNA minor
groove.

The dissociation constants determined by NMR are in good
agreement with the previously determined Kj value for the AT
hook motif (K; = 10 puM), which was determined by
dissociation of Hoechst 33258 from the 3-UTR of the bovine
interleukin-2 DNA.** Because of the similarity between the
previously reported Ky value and those determined by NMR,
the concentrations required to perform NMR experiments are
in a viable realm for monitoring the competition between
distamycin and AT hook for binding DNA.

Structural Analysis of Distamycin with AT-Rich DNA.
The interactions between distamycin and DNA at 2:1, 1:1, and
0.5:1 Dst:D molar ratios were probed and are the same ratios of
distamycin:DNA that were monitored in the presence of AT
hook (discussed in following sections). Key NOE signals in the
2:1 Dst:D mixture show interactions between the pyrrole ring
protons (H1, H2, and H3) and the 4/5 AC2 protons (squared
regions in SI Figure 2A). NOE couplings also indicate the
proximity of pyrrole ring protons to the thymidine C1’ protons
and of 20H protons to the 3/4 AC2 protons. An NOE was
observed between FH and 20H of distamycin, which denotes
formation of the antiparallel distamycin dimer conformation.

Nitrogenous base protons in the distamycin:DNA complexes
are in slow exchange on the NMR time scale, resulting in
significant line broadening and lack of peak dispersion;
therefore, equilibrium binding constants for distamycin were
not extracted from the NMR data. The equilibrium constant for
formation of the 2:1 distamycin:A;T; complex has been
previously reported to be 60 nM,*” which is 2 orders of
magnitude stronger than the affinity of the AT hook for the
DNA.

The 1:1 mixture of Dst:D exhibits two resonances per
nitrogenous base proton, one for each strand. Despite the
complexity that arises from the loss of symmetry in 1:1
Dst:DNA complex, clear NOEs denote the proximity of the
pyrrole protons to the 4 AC2, 5 AC2, and TCl' protons
(squared regions in SI Figure 2B). Additionally, three cross-
peaks (circled region in SI Figure 2B) indicate that each pyrrole
proton is in equilibrium between two different, but stable,
structural states. Comparison with the NOESY of the 2:1
complex indicates that one state corresponds to the 2:1
complex. The other correlates to the 1:1 complex.”® Thus,
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distamycin exchanges between the 1:1 and 2:1 binding modes
during the mixing time (150 ms) of the NOESY experiment.

In the 0.5:1 Dst:D solution, NOE peaks are observed that
correspond to monomeric distamycin bound to DNA (data not
shown). The pyrrole protons do not exhibit exchange peaks,
signifying an absence of free distamycin in the 0.5:1 ratio.
However, additional cross-peaks do indicate the DNA
equilibrates between the free and bound states. For example,
an exchange cross-peak is observed between 7.61 and 8.14/8.23
ppm, which corresponds to the resonances of the SAC2 proton
in free DNA and in the unsymmetric, monomeric distamy-
cin:DNA complex, respectively. This evidence suggests there is
either a static 1:1 complex or fast exchange among multiple 1:1
binding sites.”’

Distamycin Displaces AT Hook from the DNA. One-
dimensional chemical shift perturbation experiments deter-
mined which species is bound to the DNA in a solution mixture
of 2:1:1 Dst:P:D (distamycin:peptide:DNA). The chemical
shifts of the 2:1:1 mixture are nearly indistinguishable from
those of the 2:0:1 Dst:P:D solution (Figure 3 and SI Table 1),

m)

Chemical Shift Perturbation (pp

Nitrogenous Base Protons

Figure 3. Chemical shift perturbations of nitrogenous base protons.
All values are relative to the chemical shifts of the identical proton in
the free DNA and negative values denote upfield shifts. Peak
assignments are available in SI Table 1. DNA nomenclature: the
number below each nucleotide position is the location of the
nucleotide from the S5'-termini, the first letter is the nucleotide
identity, and the second letter and number denote the atom on the
nitrogenous base to which the proton is attached. 6, 7, and 8 TN3 are
imino protons.

clearly showing that distamycin is bound to the DNA. For
example, all three AC2 protons have equivalent resonances in
the presence and absence of the AT hook.

Pyrrole ring and arginine protons exhibit distinctly different
NOEs with the minor groove of DNA and are therefore good
signatures for monitoring the competition between distamycin
and the AT hook. The intermolecular NOEs observed in the
2:0:1 Dst:P:D complex (4/SAC2 to pyrrole, TC1' to pyrrole,
and 3AC2 to 20H) are also observed in the NOESY of the
2:1:1 Dst:P:D mixture, and Arg-DNA NOEs are not observed
in this mixture (Figure 4A). In addition, the presence of the
20H-FH NOE in the 2:1:1 mixture verifies that distamycin
binds as an antiparallel dimer when an equimolar concentration
of AT hook (to DNA) is present. The terminal base pairs do
not exhibit contacts with distamycin and are potential sites for
arginine residues to associate with the DNA. However, there
are no NOEs between arginine protons and any minor groove

dx.doi.org/10.1021/bi200822c | Biochemistry 2011, 50, 8107—8116
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Figure 4. NOESY spectrum of Dst:P:D mixtures (150 ms mix, 25 °C). Key intermolecular NOEs are denoted with rectangles. Dashed circles
correspond to regions in which new NOEs were observed only in the 2:2:1 mixture (see Figure S). (A) 2:1:1 Dst:P:D mixture. AC2-Arg NOEs are
not present (dashed rectangles), although these regions do overlap distamycin:DNA NOEs (1.6 and 1.9 ppm; SI Figure 2A). Pyrrole protons exhibit
weak cross-peaks, indicating exchange between free and 2:1 distamycin:DNA states (circled region). (B) 0.5:2:1 Dst:P:D. The 4 and 5 AC2 protons
exchange between the distamycin and AT hook bound forms (solid circles). While the 4/S AC2 resonances are very similar for the free (7.10/7.61
ppm) and peptide bound (7.12/7.62 ppm) states, the exchange peaks map to the peptide bound resonances and not to the free DNA resonances.
(C) 1:2:1 Dst:P:D. The Arg-AC2 NOEs are absent (dashed boxes). The pyrrole protons exchange between 1:1 and 2:1 states (solid circle).

protons in the 2:1:1 mixture. Therefore, the AT hook does not
occupy the minor groove in the 2:1:1 mixture.

Small deviations (<0.012 ppm) were observed between the
1D spectra of the 2:1:1 and the 2:0:1 mixtures (Figure 3 and SI
Table 1), and the larger of these shifts were for 1 CCS (—0.012
ppm), 6 TCS (—0.009 ppm), and the imino protons of each T
(—0.010 ppm). Perturbations of the imino protons indicate that
the groove width for the distamycin bound state has been
altered by the presence of the AT hook. No significant changes
were observed for any other major groove proton (9CCS, 7/8
TCS, and each AC8, GC8, TC6). The unaffected major groove
protons are distributed along the length of the DNA, and the
other major groove protons undergo relatively small shifts in
the presence of AT hook; therefore, it is very unlikely that the
peptide was displaced to the major groove.

Monomeric and Dimeric Distamycin Binding in the
Presence of Displaced AT Hook. NOESY was used to
monitor the formation of Dst:D complexes at low ratios of
distamycin in the presence of excess AT hook. In a 0.5:2:1
Dst:P:D mixture, NOEs are observed for the 4/5 AC2-arginine
and the 4/5 AC2-pyrrole interactions (rectangles in Figure 4B).
Additional cross-peaks (solid circles in Figure 4B) indicate
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exchange of the 4/5 AC2 DNA protons between protein-bound
and distamycin-bound states. Therefore, the distamycin:DNA
and peptide:DNA complexes are in equilibrium with each
other. Pyrrole proton resonances indicate the presence of the
1:1 distamycin:DNA complex, and they do not exhibit
exchange peaks with the 2:1 state, indicating that all bound
distamycin is monomeric. The rate of dissociation of the 1:1
distamycin:DNA complex in the 0.5:2:1 mixture is 0.5 Hz. In
the absence and presence of 1 equiv of AT hook (to DNA) the
rates of 1:1 distamycin:DNA complex formation are 0.7 and 0.8
Hz, respectively. In the absence of the AT hook, the kg value is
in good agreement with that previously determined by stopped-
flow kinetics.*® Therefore, the dissociation of the first molecule
of distamycin is only slightly slower when AT hook is in excess
but is unaltered by the presence of equimolar AT hook.

In the 0.5:2:1 mixture, the AC2 protons do not exchange
with free DNA resonances, indicating that there is no
measurable free DNA in the sample. Together with the
observation that distamycin complexes with DNA only as the
monomer, these data indicate that half of the DNA molecules
are bound to distamycin and the remainder are bound to the
peptide in the 0.5:2:1 mixture. Therefore, monomeric

dx.doi.org/10.1021/bi200822c | Biochemistry 2011, 50, 8107—8116
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distamycin effectively inhibits the AT hook from binding the
DNA. Additionally, the DNA minor groove does not need to
be widened by the addition of the second distamycin molecule
to dissociate the AT hook.

Increasing the ratio of distamycin (1:2:1 Dst:P:D) results in
loss of detectable NOEs between Arg and AC2 protons
(dashed rectangles, Figure 4C). Additional NOEs to Arg are
not observed for any DNA proton. Therefore, the AT hook is
not bound to the minor or major groove of DNA. NOEs are
observed for the adenine—pyrrole interactions, indicating
formation of distamycin:DNA complexes (rectangles in Figure
4C). Exchange peaks are observed for the pyrrole protons
(circled region Figure 4C), indicating distamycin is free to
exchange between the 1:1 and 2:1 forms at the 1:2:1 ratio as it
does in the 1:0:1 mixture. In the presence of 0, 1, and 2 equiv of
AT hook (to DNA), the rates of dissociation from the 2:1 to
the 1:1 distamycin:DNA complexes were 0.1, 0.1, and 0.2 Hz,
respectively. The rate of dissociation, in the absence of AT
hook, is in good agreement with the previously determined off
rate for the 2:1 complex.*® Therefore, dimer dissociation is
essentially unaffected by the presence of the AT hook.

In the 1:2:1 Dst:P:D mixture, the pyrrole protons exhibit
exchange between the 2:1 and 1:1 structures and do not exhibit
NOE or exchangeable binding with the AT hook peptide.
Additionally, the 1:2:1 and 1:0:1 Dst:P:D spectra (Figure 4C
and SI Figure 2B) are similar to each other, indicating that the
AT hook does not significantly alter binding of the distamycin
monomer to the DNA (smaller perturbations to distamycin
binding will be discussed below). Therefore, distamycin does
not appear to inhibit the AT hook by directly binding and
sequestering the AT hook.

AT Hook Electrostatically Shields the DNA Back-
bone. 1D phosphorus scans were used to probe DNA
backbone interactions (SI Figure 3). The phosphorus
resonances of the 2:0:1 and 0:2:1 Dst:P:D complexes have
distinctly different patterns, which is not surprising due to the
high density of positive charge in the peptide. The chemical
shifts of the distamycin:DNA complex are more dispersed than
those observed for the AT hook:DNA complex, which can be
attributed to minor groove widening and untwisting of the
DNA helix due to dimeric distamycin binding.* The 2:2:1
mixture shows a nearly identical footprint to the 2:0:1 Dst:P:D;
however, resonances in the 2:2:1 mixture are shifted upfield
(shifts ranged from —0.05S to —0.084 ppm). The 2:1:1 mixture
exhibits smaller shifts, ranging from —0.022 to —0.037 ppm
(data not shown). The relatively uniform upfield shifting of
each phosphorus signal by the displaced peptide indicates that
the positively charged AT hook electrostatically shields the
entire phosphate backbone in a peptide concentration depend-
ent manner. These data indicate that the displaced peptide,
while not specifically bound in either the minor or major
groove, does exhibit nonspecific association with the DNA
backbone. Although unlikely, this nonspecific binding may
allow HMGA proteins to retain function within the cell due to
the conformational flexibility of the protein.

Excess AT Hook Alters the Structure of the
Distamycin:DNA Complex. Increases in the AT hook
concentration shift the intramolecular '"H NOEs for 1C, 2G,
9C, and 10G upfield (squared regions in Figure S). For
example, 1 CC5 and 10 GCS8, protons shift upfield 0.04 and
0.02 ppm, respectively, as the concentration of AT hook
increased from O to 2 mol equiv relative to the DNA. The
accompanying 1 CC2’ and 10 GC1’ protons also shift upfield
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Figure S. 2:x:1 Dst:P:D NOESY (150 ms mix, 25 °C). 2:0:1 (green),
2:1:1 (blue), and 2:2:1 (purple) mixtures of Dst:DNA complex.
Intramolecular NOEs that shift with increasing AT hook concen-
trations are boxed, most of which NOE to ribose protons (1.8—4.2
ppm). The weak NOEs, which are only observed in the 2:2:1 mixture,
are denoted (dashed circles). At the 2:2:1 ratio, pyrrole protons
exchange between the free and bound states (solid circles). The left-
most solid circle corresponds to the N-methyl protons of distamycin.
Cross-peaks at 6.4 and 2.5/2.8 ppm are anomalies that are visible in
many of the spectra, regardless of the biomolecular solute. The pyrrole
protons do not shift upon addition of the AT hook, indicating that
distamycin binding is static regardless of the peptide concentration.

(0.03—0.04 ppm). The small upfield shift of the 9C NOE is
presumably due to proximity of this nucleotide to the positively
charged amidino tail of distamycin. The minor groove of the
AT-rich region is bound by distamycin, but the altered NOEs of
the terminal nucleotide protons indicate that the ends of the
DNA are affected by the AT hook. In the presence of excess AT
hook (2:2:1 mixture), very weak NOEs are observed for 1CCS,
9CCS, and 1CC1’ with a single proton resonance, which could
be an arginine (3.3 ppm; dashed circles in Figure S). No other
nitrogenous base protons exhibit unaccounted for NOEs in
excess AT hook. These new NOEs were not observed in
spectra of Dst:P:D mixtures of solutions containing lower
concentrations of the peptide or distamycin. Thus, in addition
to shielding the entire phosphate backbone, excess amounts of
the peptide may associate weakly with major (CCS) of 1C and
9C and minor (C1’) groove protons of 1C in the 2:2:1 Dst:P:D
mixture. This weak association may also be the result of
accessible DNA termini, allowing the peptide to wrap around
the ends of the short DNA.

In the 2:2:1 mixture, there is no evidence for the binding of
the AT hook to the AT-rich region of the DNA; however,
cross-peaks indicate that distamycin does equilibrate between
the free and bound states (circled in Figure S). Additionally, the
NOESY spectra of the 1:2:1 (Figure 4C) is similar but not
identical to the 1:0:1 mixture (SI Figure 2B) as illustrated by
the absence of NOEs between TC1’ and the pyrrole rings in the
1:2:1 mixture. These observations, in conjunction with the
slight changes in the presence of AT hook observed by 1D
(Figure 3) and NOESY (Figure S), indicate that the displaced
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Figure 6. Fluorescence anisotropy of HMGAla and distamycin titrated into DNRE DNA. (A) HMGAa association data are fit with A + (A(x/(x +
K3))), where Ay and A are the initial level and the total change in anisotropy levels and «x is the concentration of HMGALla. Correlation (R) for the fit
is 0.9964. (B) Distamycin association (squares) and HMGA a dissociation by distamycin (circles). Distamycin association data are fit by Ay + A((x/
(x + K)) + (x/(x + K,))), and HMGA1a dissociation date are fit by Ay — (A(x*/(x> + K))). R values are 0.9662 and 0.9953, respectively. Inset:
distamycin titrations are shown with linear fits. Both sets of data exhibit a change in slope at 4:1 (dashed line).

AT hook weakens and slightly perturbs the structure of the
distamycin:DNA complex.

These NMR data identify key steps in the dissociation of the
AT hook motif by distamycin. Thus, we aim to place our new
structural understanding of AT hook displacement into a larger
framework by studying the fulllength HMGAla protein.
Interestingly, binding of the fulllength HMGAIla is highly
cooperative, and affinity increases by 3—4 orders of magnitude
when at least two AT hook motifs exist within a single
protein.”® Fluorescence anisotropy was used to investigate the
global changes in size and shape during the competition with
full-length protein. The stoichiometric dependence of the
change in anisotropy provides important structural insight into
how distamycin perturbs the protein—DNA complex.

Dissociation of Full Length HMGA1a by Distamycin.
Addition of the full-length protein to fluorescently labeled
DNA results in increased anisotropy, reflecting a decrease in
rotation of the fluorophore in solution. This loss of rotational
freedom is due to an increase in the hydrodynamic radius of the
DNA, which is coupled to HMGALla association (Figure 6A).
The data were best fit by a 1:1 binding isotherm with a K =
16.2 nM. This value is in agreement with previously reported
Ky values of 1 and 7 nM for HMGAIla, as determined by
Hoechst displacement and gel mobility shift assays, respec-
tively.”>?’

Titration of distamycin resulted in a smaller positive change
in anisotropy (closed squares in Figure 6B). A sharp increase in
anisotropy was observed up to the ratio of 4:1 Dst:DNA, which
represents saturation of each of the two AT hook sites by
distamycin dimers. The gradual increase in anisotropy above
the 4:1 ratio indicates nonselective saturation of the entire
DNA minor groove by distamycin. The data were best fit by a
2:1 binding isotherm (rather than 1:1 or 4:1), with
corresponding K, values of 40.6 and 192.0 nM. The minor
groove binder Hoechst 33258 exhibits cooperative binding at
two adjacent locations that is minimized by the presence of a
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hairpin loop, which stabilizes the free DNA in the duplex
form.>® The DNA used in the anisotropy experiments herein
also contains a hairpin loop; this suggests that the binding
affinity of distamycin monomers to two adjacent sites can be
described by a single K, and formation of both dimers by the
second K., The negative cooperativity of distamycin dimer
formation*”*" indicates that binding of the first two molecules
of distamycin, each to adjacent sites, should correspond to the
stronger K, (40.6 nM). Therefore, binding of the first
distamycin is slightly weaker than binding of HMGAla (16.2
nM) to the same DNA.

Distamycin was titrated into the solution of 1.6:1
HMGAla:DNA (17.8 nM HMGA1a), which is anticipated to
contain a mixture of 1:1 HMGAla:DNA complexes and free
HMGALla (Figure 6A). Anisotropy decreased with increasing
concentrations of distamycin, indicating dissociation of
HMGAIla from the DNA (open circles in Figure 6B). The
distamycin titration data (£tHMGAla) converge by 12:1
distamycin:DNA. Therefore, in the presence of excess protein,
distamycin is bound to the DNA, and the protein is bound
neither specifically nor nonspecifically to the DNA at high
concentrations of distamycin. Previous studies have shown that
shorter peptides corresponding to a single AT hook can result
in ordered aggregation of the peptide:DNA complexes.”* Thus,
the nonspecific, electrostatic binding observed by NMR occurs
only for the peptide and not the full-length protein.

Formation of Distamycin:Protein:DNA Complexes Are
Not Observed. The titration of distamycin into HMGA1la:D-
NA likely results in an ensemble of different complexes, the
ratio of which would change over the course of the titration.
The 0.5:2:1 Dst:P:D mixture analyzed by NOESY NMR
suggests that distamycin and the AT hook cannot bind the
same region of DNA simultaneously, so it is unlikely that
distamycin and the AT hooks of HMGA1la bind to the same
region of the DNA. On the basis of the independent titrations
of HMGAla and distamycin (Figure 6, open and closed
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squares, respectively), it is likely that formation of stable ternary
complexes (>1 distamycin:1 HMGA1la:1 DNA) would result in
at minimum no change and probably an increase in anisotropy,
regardless of the potential ternary structures. However, at no
point in the titration does the anisotropy increase (circles,
Figure 6B), indicating that it is very unlikely that a significant
percentage of DNA molecules stably bind both the protein and
distamycin. It is possible that transient ternary complexes are
formed. Ultimately, the gradual decrease reflects an ensemble of
distinct distamycin:DNA and HMGAla:DNA complexes.

Full-Length HMGA1a Alters Negative Cooperativity of
Distamycin Dimerization. Distamycin dimerization exhibits
negatively cooperative binding to the DNA sequences used in
both the NMR and anisotropy experiments described herein.
Additionally, in the presence of the AT hook (as shown by
NMR in Figure 4B) the monomeric distamycin complex will
predominate over the dimeric complex at low distamycin
concentrations. However, distamycin binding to DNA in the
presence of HMGAIla is best described by 2x distamycin +
DNA < distamycin, DNA, with a single K value (28.6 nM,
Figure 6B), and the data are not well fit by an equation
analogous to that used for distamycin association in the absence
of HMGAIla (fit not shown). Therefore, unlike the NMR
studies, where the AT hook has little effect on distamycin
cooperativity, the full-length protein does diminish the
cooperative binding of distamycin.

One Equivalent of Distamycin Displaces HWGA1a. In
the presence of HMGAIla, distamycin binding is not
cooperative; therefore, the addition of 1 equiv of distamycin
to DNA (11.21 nM) is sufficiently below the K; (28.6 nM) that
the majority of the distamycin:DNA complexes that are formed
will be 1:1. Remarkably, 1 equiv of distamycin results in a
decrease in anisotropy from 76.0 to 74.6 millianisotropy units
(16% decrease in signal). Taking into account the decrease in
anisotropy due to displaced HMGAla and the increase in
anisotropy due to bound distamycin (and assuming that there
are no stable ternary complexes), then approximately one-
quarter of the previously bound HMGA1la is displaced by 1
equiv of distamycin to DNA. Because the data do not exhibit
positive cooperativity with respect to distamycin binding
(Figure 6B, open circles), the data indicate that formation of
1:1 distamycin:DNA complexes is sufficient to displace the
entire protein (Figure 7). It is also important to consider the
positive cooperativity of DNA binding bgr multiple AT hook
motifs within a single HMGA protein.”” In our conditions,
binding of the AT hook is weak (K; ~ 20 uM by NMR),
whereas binding of the full protein is 3 orders of magnitude
tighter (K; = 162 nM) and stronger than monomeric
distamycin binding (40.6 nM). Thus, it is possible that binding
of one distamycin molecule to one AT hook binding site is
sufficient to displace HMGALla from the DNA.

However, anisotropy does not reach saturating levels at low
concentrations of distamycin; therefore, the dissociation of all
HMGAIla:DNA complexes requires higher concentrations of
distamycin. Titrations of distamycin in the absence and
presence of HMGAla exhibit breaks at the 4:1 ratio (inset
Figure 6), indicating that the majority of HMGAla protein
molecules are dissociated by the binding of two distamycin
dimers (approximately three-quarters of the previously bound
HMGAIla). Ultimately, saturation of the 28 base pair DNA
(cognate and non-cognate sites) by distamycin is required to
drive complete dissociation of the protein from all DNA
molecules (Figure 7). These data show that as the
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by distamycin. Low concentrations of distamycin (black ball and stick)
can dissociate HMGAla (binding motifs are symbolized by wings,
which are connected by a line) from the DNA, but the
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Individual complexes are not meant to depict a single conformation,
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concentration of distamycin increases, the equilibrium between
HMGA1la:DNA and distamycin:DNA complexes favors for-
mation of the latter.

B DISCUSSION

The competition against HMGAla and the AT hook by
distamycin have been monitored using NMR and fluorescence
anisotropy. These studies provide a molecular description of
protein displacement by distamycin.

Formation of the distamycin:DNA complexes, first as 1:1 and
then as 2:1 complexes, coincide with the displacement of AT
hook and are documented by changes in NOEs between key
protons of each biomolecule. The NMR data indicate that
DNA preferentially binds to a single molecule of distamycin,
displacing the peptide, even when the concentration of AT
hook is in excess of distamycin (0.5:2:1 Dst:P:D mixture). With
the exception of very weak interactions at the DNA termini
when AT hook is in excess, stable ternary complexes are not
formed. Therefore, the DNA equilibrates between the
distamycin:DNA and the AT hook:DNA complexes, as
observed in the 0.5:2:1 mixture (Figure 4B). The distamy-
cin:DNA and HMGA1la:DNA complexes also equilibrate (as
judged by anisotropy) and stable ternary complexes are also not
formed. We have shown that low concentrations of distamycin
are capable of promoting dissociation of the full-length protein.
Therefore, it is possible that HMGAla can be displaced by
small molecules designed to selectively bind a single AT hook
binding site, thereby taking advantage of the cooperative nature
of HMGAIa binding.

Both the AT hook and HMGAIla alter the binding of
distamycin to DNA, clearly illustrating the interplay that must
exist between these two molecules that are capable of binding
the same region of DNA. The 2:1 distamycin:DNA complex is
weakened, and the adjacent nucleotides are structurally
perturbed in the presence of the AT hook peptide (Figures 3
and S). Interestingly, the rate of 1:1 distamycin complex
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dissociation is not altered by equimolar AT hook and is actually
slightly slowed by excess AT hook. The rate of forming the 1:1
from the 2:1 complex is independent of the presence of the AT
hook. The AT hook does electrostatically associate with the
DNA backbone, and shielding of the phosphate backbone
charges may explain the altered binding by distamycin.
However, this nonspecific binding was not observed with the
full-length protein and has been reported to be a function of the
peptide.”* HMGAla does, however, abolish the negatively
cooperative binding that distamycin exhibits in the absence of
the protein. Therefore, each molecule of distamycin binds to
the DNA with equal affinity, indicating that the DNA is
uniformly accessible to these molecules and that the minor
groove does not need to widen for the distamycin dimers to
form. These changes to distamycin binding highlight the
importance of investigating the structural dynamics, in the
presence of the protein, of this very well characterized small
molecule.

This research has focused on the HMGALla protein and thus
provides the foundation of understanding the entirer HMGA
family. When attempting to target discrete sites of DNA,
creation of minor groove binding molecules that inhibit a single
AT hook will be paramount to creating more potent HGMA
inhibitors.
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