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Monitoring Anthracycline Cancer Drug-Nucleosome
Interaction by NMR Using a Specific Isotope Labeling
Approach for Nucleosomal DNA

Clara L. van Emmerik,” Vincenzo Lobbia,” Jacques Neefjes,™ Frank H. T. Nelissen, and

Hugo van Ingen*®

Chromatinized DNA is targeted by proteins and small molecules
to regulate chromatin function. For example, anthracycline
cancer drugs evict nucleosomes in a mechanism that is still
poorly understood. We here developed a flexible method for
specific isotope labeling of nucleosomal DNA enabling NMR
studies of such nucleosome interactions. We describe the
synthesis of segmental one-strand *C-thymidine labeled 601-
DNA, the assignment of the methyl signals, and demonstrate its

Introduction

In eukaryotes, access to the genetic code is restricted by the
wrapping of DNA around the histone proteins in the nucleo-
some. Modulation of nucleosome dynamics and nucleosome
positioning thus plays a crucial role in regulation of chromatin
function.” The intrinsic dynamics of the nucleosome® can be
altered by epigenetic modifications,” binding of proteins,>® as
well as small molecules.” Over the last decade it has become
clear that anthracycline cancer drugs thank their anti-cancer
activity at least in part to their disruptive effect on chromatin
structure, causing nucleosome eviction from defined regions in
the genome, rather than directly causing DNA damage.®'?
Anthracyclines like doxorubicin are cornerstones in cancer
treatment and topoisomerase Il poisons. Aclarubicin (‘acla’) is
an anthracycline that only evicts nucleosomes, and is used in
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use to observe site-specific binding to the nucleosome by
aclarubicin, an anthracycline cancer drug that intercalates into
the DNA minor grooves. Our results highlight intrinsic con-
formational heterogeneity in the 601 DNA sequence and show
that aclarubicin binds an exposed AT-rich region near the DNA
end. Overall, our data point to a model where the drug invades
the nucleosome from the terminal ends inward, eventually
resulting in histone eviction and nucleosome disruption.

the treatment of AML patients.® Acla consists of a aglycon
moiety, common to other anthracyclines, that intercalates into
the DNA and a trisaccharide that has been shown to bind in the
minor groove, covering up to 4 base pair steps."® Acla prefers
poly-AT sequences although sequence specificity is limited.'*"
Like related anthracyclines such as doxorubucin, acla prefers
binding to naked DNA over binding nucleosomes."® How
anthracyclines such as acla interact with nucleosomes to cause
histone eviction is however poorly understood.

To obtain molecular insights in the binding and eviction
mechanism requires methodology that allows the site-specific
studies of the conformational dynamics of nucleosomal DNA.
NMR studies can provide such detailed insight for nucleic acids,
so far most clearly demonstrated on RNA."7" Application to
the nucleosomal DNA has so far been limited as the size
(~200 kDa with histone proteins included) and the length (at
least 145 bp™?) poses significant challenges.

Recently, two different approaches to overcome these
challenges have been demonstrated.®*? In the study of
Abramov et al., nucleosomal DNA was amplified in E. coli in
perdeuterated form, and after purification 'H,"*C-labeled methyl
groups were installed on specific cytidine and adenosine bases
using recombinant methyltransferases.” Exploiting the methyl-
TROSY effect for high molecular weight systems,”” very high
quality solution NMR spectra were obtained, affording detailed
characterization of DNA dynamics at specific sites in the
nucleosome. Yet, there is limited flexibility in the choice of
labeled bases as this depends on the specificity of the
methyltransferases. In the study of Conroy et al. the nucleoso-
mal DNA was uniformly C,°N-labeled and interrogated using
dynamic nuclear polarization-enhanced solid-sate NMR (DNP-
ssNMR).?¥ Using minimal amounts of DNA, high quality spectra
were obtained to identify the typical signals of each of the four
bases, enabling measurement of distances in specific types of

© 2024 The Authors. ChemBioChem published by Wiley-VCH GmbH
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base pair steps. However, the limited chemical shift dispersion
of DNA precluded a site-specific analysis.

Both methods relied on DNA produced in E. coli which is
only compatible with uniform isotope labeling. Nucleic acids
can, however, also be efficiently produced in vitro, offering
more flexibility in isotope labeling.”**®! Here, we detail a flexible
strategy for site-specific isotope-labeling of nucleosomal DNA
that can be used for both solution and solid-state NMR studies.
The method relies on incorporation of tailored, labeled primers
in a PCR reaction. It can be tuned to label a specific desired
DNA location, specific nucleotides and, possibly, specific spin
pairs. As a proof-of-concept, we demonstrate this by the specific
labeling of six thymidine nucleotides in the Widom 601%"
strong-positioning DNA. Using a fill-in reaction, a custom primer
was produced to subsequently prime a large-scale PCR reaction,
resulting in milligram quantities of labeled nucleosomal DNA.
With only 6 out of 72 T nucleotides labeled, the methyl-TROSY
spectra of the DNA and nucleosomes were of sufficient
sensitivity and resolution to resolve their methyl signals. In a
‘divide-and-conquer’ approach assignments could be trans-
ferred from a 15 nucleotide (nt) duplex. The NMR data obtained
for the labeled 601 DNA and nucleosome provide evidence for
intrinsic conformational flexibility at a key histone-DNA inter-
action site in the 601 sequence. We further performed a
titration of the nucleosomes with aclarubicin, a DNA-intercalat-
ing anthracycline cancer drug, showing that aclarubicin binds
an exposed AT-rich region near the DNA end. Overall, our data
point to a model where the drug invades the nucleosome from
the terminal ends inward, eventually resulting in histone
eviction.

Results and Discussion
Segmental One-strand Labeling Strategy

Our strategy produces nucleosomal DNA with isotope-labeled
nucleotides in one strand at a defined location, as illustrated in
Figure 1. First a specifically labeled primer is produced by
performing a fill-in reaction using the Klenow fragment of DNA
polymerase | in the presence of isotope labeled nucleotides
(Figure 1a). The fill-in reaction is performed starting from a

a)

5 e—

template-primer partial duplex with the template having both a
3" and a 5’ overhang. During the reaction the 5’ overhang is
filled-in by the polymerase, while the 3’ overhang remains. This
ensures a sufficiently large difference in size of the template
and the labeled primer to facilitate separation and purification
from a denaturing gel. The lengths of the initial primer and
template determine the 5’ and 3’ boundaries, respectively, of
the segment that will be isotope-labeled. Therefore, varying
these lengths allows tuning of the nucleotides that will be
labeled. However, care must be taken to maintain the size
difference for the template, initial primer and labeled primer for
gel-separation, as this is crucial for purification. Alternatively,
the single-strand primer can be purified from a biotinylated
template.®”

The labeled primer is then used to prime a large-scale PCR
reaction to produce nucleosomal DNA that can be used for
in vitro reconstitution reactions (Figure 1b). Here, we produced
a 30 nt primer to label six thymidines at superhelical location
(SHL) +6 of a 167 base pair (bp) version of 601-DNA, referred to
as 6T-601-DNA  below (Figure 1c and Supplementary
Scheme S1). Using 145 bp nucleosomal DNA®? in combination
with a primer of up to ~35 nt, nucleotides in the region from
SHL +7 to SHL +4 can be labeled. The primer cannot be
extended much further, as this would decrease efficiency of the
PCR reaction. Labeling the central part of the DNA (SHL 0 to
=+ 3) would thus require PCR production of two DNA segments
and subsequent ligation.

Production of Labeled Primer, 601-DNA and Nucleosomes

We used a 601-DNA sequence with a total length of 167 bp,
including 10bp of linker DNA on each side. To achieve
thymidine isotope-labeling at SHL+6, we used a 38 nt initial
template in combination with a 15 nt initial primer, that after
fill-in with uniformly "N- and “C-labeled dTTP and unlabeled
dGTP, dCTP and dATP yielded a 30 nt primer as product,
containing six isotope-labeled thymine residues (see Figure 1a
and 2). The use of the Klenow fragment for polymerization
ensures removal of possible non-templated adenosine residues
at the 3’-end of the labeled primer that could cause decreased
priming efficiency during PCR. The yield was optimized by

3
Klenow fragment,
BCSN-dTTP

l large scale PCR

l PAGE purification

CTGCGATAGCACAGGATGTATATATCIGAC

nucleosome
reconstitution

Figure 1. Schematic overview of the synthesis of segmentally isotope-labeled 601-DNA and its incorporation into nucleosomes. (a) An initial primer-template
partial duplex is subjected to a fill-in reaction with Klenow fragment in presence of isotope nucleotides. Labeled nucleotides indicated in blue. (b) The labeled
PCR primer is used in a large-scale PCR reaction to produce nucleosomal DNA with specifically labeled nucleotides in one strand of the DNA, which is
subsequently used to reconstitute nucleosomes. (c) Model of the 167 bp 601-nucleosome with the accessible region for labeling without requiring a ligation
step highlighted in magenta/violet and labeled nucleotides in this study in cyan. Numbering of the superhelical locations (SHL) indicated.
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varying template-primer ratios (Figure 2). A 1.25-fold excess of
initial primer was chosen to limit the amount of left-over primer
after the reaction. After gel purification and IEX chromatog-
raphy, the yield was found to be 6-7 nmol of pure labeled
primer per mL of fill-in reaction.

Initially, we attempted to produce the full-length 6T-601-
DNA using a second fill-in reaction starting from the labeled
primer and stoichiometric amounts of 167-nt ssDNA, produced
using rolling circle amplification.®” Despite several optimization
attempts, production of dsDNA was not efficient, likely due to
secondary structure formation in the ssDNA template strand.
We thus used the segmentally isotope-labeled primer in large-
scale PCR to obtain the full-length 601-DNA. To efficiently
prepare mg amounts of DNA, we used a 60-well thermoblock
that can accommodate 0.5 mL PCR tubes. The PCR tubes
contained 200 puL of reaction mixture, and to ensure proper
temperature distribution over the whole sample, the time per
PCR step was slightly increased. This way, each run (2 hrs)
contained 12 mL of PCR reaction and yielded about 0.4 mg
product, resulting in the production of 2 mg of purified DNA in
1-2 days (Figure S1).

NMR of the 6T-Labeled DNA and Nucleosome

Before proceeding to use the 6T-labeled DNA for nucleosome
reconstitution, we first examined it by NMR, focusing on the
signals of the thymine methyl groups that benefit from the
methyl-TROSY relaxation interference effect.”” To assign the
methyl resonances, we used a 'divide-and-conquer’ strategy,
starting from a 15 bp unlabeled DNA duplex. Using homonu-
clear 2D TOCSY and NOESY, the sequential assignment and
thymine methyl assignment could be completed, and the latter
transferred to the 'H,*C-HMQC spectrum (Figures 3a and S2,
S3). These assignments were then first transferred to the 6T-
labeled product of the Klenow fill-in reaction (Figure 3b). This
product contains a 30 bp duplex in which the 6 thymidines are
specifically labeled, resulting in a spectral simplification com-
pared to the 15 bp duplex. In the last step these assignments

6T-primer synthesis

initial primer
template

11 115 12 125

— — — W — template (38 nt)

e S S S — 6 T-primer (30 nt)

W —initial primer (15 nt)

Figure 2. Denaturing PAGE gel of 6T-labeled primer synthesis. Molar ratios of
template to initial primer are indicated above each lane.
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were transferred to the 6T-labeled 167 bp DNA (Figure 3b, see
also Figure S3). Notably, the assigned chemical shifts corre-
spond closely to those expected based on the nucleotide
sequence, as the observed shifts match the tabulated statistical
averages reported by Altona et al. .*" For example, a chemical
shift of ~1.6 ppm is expected for thymidines flanked by a
pyrimidine at the 5’-end, which is indeed only the case for T27
(CpT, see Figure 3d).

To obtain high-resolution spectra of the 6T-labeled DNA,
constant-time HMQC spectra were recorded at 45°C to refocus
the effect of 'J.c couplings and increase the overall molecular
tumbling, respectively (Figure 3c). Comparison of the spectra
recorded at 10 and 45°C (see Figure S3 and inset in Figure 3¢)
revealed significant changes for T27, which gives a single peak
at low, and a major and minor peak at high temperature. The
T27 methyl resonance also showed high chemical shift variation
between the different constructs tested (Figure 3b and Fig-
ure S3). These observations are indicative of conformational
heterogeneity around T27. Interestingly, T27 is near SHL 5.5
where the minor groove faces the histone octamer (see
Figure 3d). The CpA=T27pG dinucleotide step has been high-
lighted as one of the important points where increased DNA
flexibility allows deformation of the minor groove.*® Thus, our
results here illustrate that the conformational flexibility is
intrinsic to the nucleotide sequence at SHL 5.5.

Next, we used the 6T-601-DNA to reconstitute nucleosomes
(see Figure S1) and recorded the methyl NMR fingerprint again
(Figure 3b). Overall, the resonances were somewhat broader
compared to the free DNA. Of note, we here used perdeu-
terated histones to avoid rapid relaxation of the methyl signals
by nearby histone protons. Comparison to the free DNA
spectrum further showed small chemical shift changes, most
clearly for T19 and T25. Intriguingly, T19 and T25 are the only
nucleotides that are part of base pairs that form the phosphate
binding platforms.®¥ At these binding platforms the minor
grooves are constrained to fit to histone surface, which can
result in base pair step deformations. T19 is part of the platform
at SHL 6.5 and T25 at SHL 5.5 (Figure 3d). In addition, the minor
T27 peak observed for the free 6T-601-DNA seemed to have
disappeared, or at least have lower relative intensity compared
to the main peak, suggesting that the DNA conformation is
stabilized inside the nucleosome. While the sample likely
contains a small percentage of free DNA, the observed changes
in line width and peak pattern compared to the free 6T-labeled
DNA spectrum indicate that the observed signals originate from
DNA in the nucleosome. Together, the results on 6T-labeled
DNA and the 6T-labeled nucleosomes demonstrate the specific
labeling approach taken here can generate high-resolution
spectra to probe conformational dynamics of nucleosomal DNA
at atomic resolution.

Interaction with Aclarubicin
To explore the feasibility of our specific DNA labeling approach

for interaction studies of the nucleosome, we focused on the
binding of aclarubicin (aclacynomycin A, short form ‘acla’, see

© 2024 The Authors. ChemBioChem published by Wiley-VCH GmbH
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Figure 3. NMR assignment and methyl spectra of 6T-labeled DNA and nucleosomes. (a) Section of 2D 'H-"H NOESY, recorded at 10°C, showing H6-H7
thymidine correlations in the unlabeled 15 bp duplex. See Figure S2 for sequential assignment. Thymidines that are isotope-labeled in the 6T-DNA (T17 to
T27) are highlighted in magenta. (b) Methyl region of the 2D 'H-"*C HMQC of the unlabeled 15 bp duplex (top), the 6T-labeled Klenow reaction product
(middle), and the 167 bp 6T-labeled DNA (bottom). All spectra recorded at 10°C. Dashed lines indicate the assignment transfer between conditions. (c) Methyl
region of the constant-time HMQC of 6T-labeled 601-DNA (magenta, top) and nucleosome (blue, middle) and their overlay (bottom), recorded at 45°C,
including transferred assignments. The inset in the top panel shows the T27 methyl resonances in HMQC spectra at 10 and 45 °C, see also Figure S3. The
minor peak of T27 is marked with an asterisk. The inset in the bottom panel shows the 1D traces through the major and minor peak of T27 for comparison. (d)
Location and numbering of the labeled nucleotides T17-T27 (cyan, methyl group shows as a cyan sphere) around SHL 6 of the nucleosome with the DNA
sequence shown on top. The black/gray lines indicate regions where the major/minor groove faces the histone octamer. The histone binding platforms are
indicated by showing the phosphorus atom as a sphere.

Figure 4a). Using a careful, stepwise procedure up to 6 significant intensity loss for all methyl peaks except for T27,
equivalents of aclarubicin were added to 6T-labeled nucleo-  without clear changes in chemical shift (Figure 4b,c). As
somes while preserving nucleosome integrity. This resulted in a  intercalation of acla in any of the labeled base pair steps could

=0 d) Ay
-
-2 T27
—_ w4
E 10{ © /
s @ T
= -
14 acla -5
145 IS
18 16 1.4 12
'H (ppm)
© 1.0
©
2
kI — U
[}
0

trisaccharide

T17 T19 T21 T23 T25 T27

Figure 4. Interaction with aclarubicin (acla). (a) Molecular structure of acla with the intercalating aglycon moiety and the trisaccharide indicated. (b) Methyl
region of the constant-time 2D 'H,"*C HMQC of 6T-labeled nucleosomes in presence of 0, 1, 2, 3, 4 and 6 equivalents of acla. Color coding indicated. (c) Bar
plot showing for each methyl group the intensity ratios of the corresponding peak in presence of acla compared to the free state using the color coding of
panel (b). (d) Model of the acla-nucleosome interaction. Acla can bind and intercalate into the linker DNA where the minor groove is fully exposed, and the
DNA is not constrained or can bind nucleosomal DNA where only the outward facing minor groove is exposed, and the DNA conformation is constrained by
histone-DNA contacts. Transient ‘breathing’ of the nucleosomal DNA will allow acla to progressively bind more internal sites ultimately resulting in histone
eviction.
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be expected to induce significant chemical shift changes due to
the aromatic ring current effect, these observations suggest
that binding of acla can only be visualized indirectly through
the disappearance of the free state signals. Close proximity of
acla protons, in combination with DNA rigidification and/or
increase in ps-ms motions in the bound state, will cause
excessive line broadening preventing direct observation of the
bound state.

Still, two striking observations can be made. First, addition
of 1 equivalent acla affects mostly the peak intensity of T21
and, to a slight lesser extent, T17 and T23 (Figure 4c). Assuming
acla will first bind to exposed minor grooves in the nucleosome,
there are 14 binding sites in the nucleosome core (1 per turn)
and 2 additional binding sites in each of the two linker DNA
arms (total 18 binding sites). The observed drop in intensity is
much larger than expected from a purely statistical distribution.
Interestingly, T21 and T23 are part of the only AT-repeat region
in the 601 sequence (see supplementary Scheme S1). This
region at SHL 6 also has a solvent-exposed minor groove (see
also Figure 3d) and is thus available for binding. Moreover,
since histone-DNA contacts in this region are weaker compared
to the more internal sites, DNA deformation by intercalation of
acla may be accommodated here. It is also conceivable that
initial association of acla here may be driven by favorable
interactions of the sugars with the AT-minor groove™ without
intercalation. Thus, the effects observed for T21 and T23 are
consistent with the reported sequence preference of acla. The
effect on T17, the most terminal nucleotide, suggests that, in
addition, acla binds first the terminal ends.

Second, at 6 equivalents added, the most inward located
methyl, T27 at SHL 5.5, is still mostly unaffected while all other
methyl signals have all severely reduced intensities. This
suggests that the next minor groove at SHL+5 is not yet
occupied by acla, which matches quantitatively with acla being
bound in the linker arms (2 per arm) and at SHL +/—6. Our
data thus point to a model where aclarubicin initially
intercalates in free linker DNA, and any exposed AT-rich minor
grooves, and then progressively inwards into the nucleosomal
DNA (Figure 4d). Intercalation into linker and terminal (SHL 6,7)
DNA is likely energetically more favorable than at internal sites,
due to the resulting DNA stretching and unwinding.”* This will
be less well accommodated in regions where the DNA is heavily
constrained by the histone-DNA contacts. Initial terminal
intercalation may also enhance transient, partial DNA unwrap-
ping thus exposing more DNA for binding and allowing
invasion of the DNA by the drug, ultimately resulting in
unfolding of the nucleosome and eviction of histones.

We expect that the approach outlined here will be useful in
the study of other small molecules or proteins that bind the
nucleosome, as well as other protein-DNA complexes involving
long stretches of DNA. We expect that uniform labeling used
here will be well suited for site-specific solid-state NMR studies.
The solution NMR data presented here demonstrate the
feasibility of obtaining high-resolution spectra with protonated
DNA and deuterated histones. However, to fully benefit from
the methyl-TROSY effect in solution, one would need deuter-
ated DNA with specific 'H-"*C methyl labeling. While fully

ChemBioChem 2024, 25, €202400111 (5 of 6)

deuterated nucleotides are commercially available, specifically
methyl-labeled and deuterated thymidine is not, thus requiring
custom synthesis. In that case, deuteration of histones is likely
not required and deuteration may be restricted to the segment
produced during the Klenow fill-in reaction.

Here, we specifically labeled nucleotides at SHL 6 of the
nucleosome using a DNA construct that also includes one turn
linker DNA at each end. Using the minimal 145 bp nucleosomal
DNA, nucleotides in the region from SHL +7 to SHL +4 can be
labeled in a similar manner. To specifically label nucleotides in
SHL 0 to +3, one would need to produce first a shorter DNA
segment with the labeled nucleotides near the end, and then
ligate the remainder to obtain the complete nucleosomal DNA.

The divide-and-conquer strategy for resonance assignment
used here relies on the structural similarity between the short
DNA segment, here the 15 bp duplex, and the larger DNA
construct. For many complexes, resonances may be transferred
to the complex using titration experiments. For the nucleosome
such transfer from free to bound DNA is not possible and thus
relies again structural similarity. In case extensive DNA
distortion in the bound state would preclude such analysis, the
labeling may be tuned to one residue at a time to obtain
assignments.

Conclusions

We present a PCR-based method to specifically label nucleoso-
mal DNA for NMR studies, which can be tailored to specific DNA
locations and nucleotides of choice. We described the success-
ful incorporation of uniformly *C-labeled thymidine nucleotides
around SHL+6 of the 167 bp 601-DNA sequence and showed
that this can be used to probe site-specific effects in the context
of the nucleosome.

Our results highlighted the intrinsic conformational hetero-
geneity at SHL 5.5 in the 601-DNA sequence. We further
demonstrated the use of the specifically labeled DNA in an
interaction study with anti-cancer drug aclarubicin. We ob-
served that aclarubicin can bind the exposed AT-rich minor
groove at SHL 6 and suggest that the drug invades nucleo-
somes from the terminal ends inward, eventually resulting in
histone eviction. These data may explain how anthracyclines
induce histone eviction and how the specificity of this process
may be manipulated for the targeting of other DNA regions
currently untouched by these effective cancer drugs.*” Overall,
the method opens up new opportunities to study the structural
dynamics of nucleosomal DNA as function of protein or drug
binding.
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