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Abstract 
 
In eukaryotic cells, related functions like the storage, protection, and precise regulation 
of genomic DNA are achieved by its compaction into protein–nucleic acid complex 
structures known as chromosomes.  During the initial steps of compaction, naked DNA 
is wound around an octamer of histone proteins in a process that forms the nucleosome 
core.  This nucleoprotein complex creates increasingly higher-order structures that, 
with the addition of linker histone proteins, ultimately generate densely packed 
chromatin.  It is established that tumor cells present distinct dissimilarities in chromatin 
dynamics, nucleosome positioning, and epigenetic modifications like DNA methylation 
and post-translational modifications relative to healthy cells, and this distinction is 
significant in the context of genomic regulation during the eukaryotic cell cycle.  With 
this knowledge, chromatin reactivity toward exogenous molecules is the primary 
principle concerning rational design of therapeutic compounds that separately, or 
simultaneously, target protein and DNA motifs of the nucleosome core.  Beyond the 
nucleosome core, a comprehensive understanding of genomic structure and 
nucleosome–nucleosome arrangement requires the availability of minimal and 
reproducible systems for investigation.  Understanding gained from new nucleosome 
structures will illuminate heretofore unknown details regarding the interplay between 
nucleosome dynamics and genetic regulation and their collective genome-wide impact. 
 
Earlier studies from our collaborators have shown a synergistic effect between the 
antirheumatic compound auranofin (AUF), possessing a gold(I) reactive center, and the 
ruthenium(II)-based anticancer drug RAPTA-T.  Remarkably, the synergism observed 
as a decrease in tumor cell viability coincides with an allosteric mechanism by which 
binding of RAPTA-T to its characteristic target sites on the H2A:H2B acidic patch 
(sites RU1 and RU2) facilitates the binding of AUF to a distinct histidine residue 
(H113) found on core histone H3 near the nucleosome dyad.  Here in a follow-up study, 
Compound III (C3), a novel hetero-dinuclear compound containing distantly-linked 
ruthenium(II) and gold(I) metal centers, was found to form adducts at canonical 
nucleosome ruthenium and gold binding sites by exploiting the allosteric crosstalk 
between distant regions of the histone octamer surface to cross-link tetramer with 
dimer.  Mononuclear C3 precursors, a trinuclear C3 derivative, and two viral peptide–
metalloreagent conjugates possessing AUF-like gold(I) reactive centers were 
additionally employed in an attempt to capitalize on the dimer–tetramer allosteric 
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pathway towards therapeutic gain, with structural data for each presenting varying 
degrees of effectiveness.   
 
Adapting established cloning techniques to produce palindromic nucleosome DNA 
sequences, we were able to construct nucleosomes containing linker regions that 
maintain the capacity to form base pairs at their termini.  Controlling this process 
allowed for the creation of well diffracting crystals of nucleosome-linker histone 
assemblies.  Building on this concept, several new nucleosome DNA construct designs 
are presented here, all of which are based on the 601 Widom high affinity sequence.  
This has allowed improvement of technical issues involved in nucleosome core particle 
(NCP) DNA production as well as the elucidation of NCP crystallization kinetic 
principles, which offer a degree of control over NCP crystal lattice formation.  As such, 
this approach holds potential for facilitating acquisition of NCP structures with diverse, 
genetically significant DNA sequences, histone proteins and associated chromatin 
factors.  Additionally, a high-resolution crystal structure of a cohesive-end NCP reveals 
a novel multimeric arrangement that may approximate specific instances of chromatin 
fiber packing. 
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Chapter 1 – Introduction 
 

1.1 Chromatin Structure and Dynamics 
Eukaryotic cells package genomic material into chromosomes.  These bodies are dense, 
highly folded, nucleoprotein complexes that reside in the nucleus (Smith, E. and 
Shilatifard, A., 2010).  Nearly all cellular activity is directly governed by the degree of 
nuclear protein access to genomic DNA.  (Fierz, B., 2015; van Holde, K.E., 1989).  The 
basic repeating unit of chromatin is the nucleosome (Fig. 1) (van Holde, K.E., 1989).  In 
the genome, nucleosome core regions are connected to one another by a variable section 
of linker DNA ranging from ten to ninety base pairs in length (Cutter, A.R and Hayes, 
J.J., 2015).  At this level of organization, the appearance of chromatin assumes a ‘beads-
on-a-string’ structure with an average diameter of approximately 11 nm (Fig. 1) 
(Kornberg, R.D., 1974; Oudet, P. et al., 1975).   
 
Further condensation of the 11 nm structure yields the 30 nm fiber (Fig. 1), an 
arrangement of chromatin that is the most pervasive at physiological salt conditions in 
vitro (Woodcock, C.L. and Dimitrov, S., 2001; Dorigo, B. et al., 2004; Hansen, J.C., 
2002).  In the fiber state the side-to-side packing of nucleosomes proceeds perpendicular 
to the fiber axis causing the structure to experience further compaction, transitioning 
through several intermediate chromosomal forms before it becomes recognizable as a 
mitotic chromosome (Fig. 1) (McGinty, R.K and Tan, S. 2014).  These levels of 
structural organization and sequential condensation are abetted by various chromatin 
binding factors such as internally positioned linker histones (H1) (Song, F. et al., 2014; 
Hergeth, S.P. and Schneider, R., 2015).  However, the overall process remains poorly 
understood in terms of identified transition structures and quantified kinetic and 
thermodynamic parameters.  There also remains a dearth of detailed knowledge 
regarding stable higher-order chromatin structures; a problem that persists despite high 
resolution NCP structural data (Fig. 2) (Davey, C.A. et al., 2002; Luger, K. et al., 
1997a). 
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Upon discovery, chromatin was thought to exist only for satisfying the spatial 
requirements of DNA packaging; the highly convoluted structure is used to condense 
two meters of genetic material into a nucleus of less than 10 micrometers (Felsenfeld, 
G. and Groudine, M., 2003).  However, further investigations revealed that chromatin 
is also intimately involved in gene expression, acting itself as a general transcription 
repressor (Fierz, B., 2015).  Highly compact chromatin structures severely restrict 
protein factor access to DNA (Polach, K.J. and Widom, J., 1995; Li, G. and Widom, J., 
2004).  Regions that are condensed generally experience less active transcription due to 
regulatory site occlusion, while regions that are arranged more loosely are more actively 
transcribed (Kornberg, R.D. and Lorch, Y., 1991).  This level of genomic control is a 
primary factor concerning cellular differentiation in multicellular eukaryotic organisms 
where the same genetic material is present but genes are expressed discretely (van 
Holde, K.E., 1989).  Despite this relatively static view, chromatin is highly dynamic.  
Nucleosome positioning is subject to perpetual remodeling by ATP-dependent enzyme 
complexes, and is influenced by core histone composition, linker histone abundance, 
DNA methylation patterns, and other effector binding/modifications.  Therefore, 

Figure 1.  Outline of DNA’s sequential folding into higher-order nucleoprotein complexes.  The culmination of 
this process leads to a complete mitotic chromosome.  Adapted from Alberts, B. et al., 2002. 
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chromatin exists in numerous structural states beyond merely binary ‘on’ or ‘off’ modes 
(Clapier, C.R. and Cairns, B.R., 2009; Fierz, B., 2015).  Chromatin continuously 
condenses and expands causing discontinuous transcription resulting in transcriptional 
bursting (Clapier, C.R. and Cairns, B.R., 2009; Kaochar, S. and Tu, B.P., 2012).  
Chromatin dynamics also influence the regulation of other nuclear processes like DNA 
replication, repair and recombination (Fierz, B., 2015). 
 
In the context of rational drug design towards anticancer therapeutics, it is critical to 
note that gene transcription and DNA replication, repair, and recombination are the 
dominant cellular processes that require nucleosome unpacking.  Any disruption of the 
dynamic nature of chromatin will directly influence transcription and DNA replication.  
Increased rates of transcription and replication, and by extension cellular division, are 
hallmarks of oncogenic cells.  Therefore, any compounds that disrupt or modulate 
chromatin dynamics should have a greater relative impact on tumor cells compared to 
normal cells.  The altered gene expression profile and DNA synthesis rates of tumor 
cells are in part caused by characteristic nucleosome positioning and dynamic 
configurations.  Distinct changes in core histone composition and modifications, linker 
histone composition and occupancy, transcription factor/activator/repressor site 
availability, DNA methylation and acetylation patterns, and a host of other determinants 
under the direct influence of nucleosomes are also not shared by normal cells (Roy, S. 
et al., 2010; Kharchenko, P.V. et al., 2010; Ernst, J. et al., 2011).  Therefore, the 
nucleosome is an ideal target for rational drug development considering the abundance 
of conceivable DNA heterogeneity and plethora of core histone sites.  
 

Two key factors influence nucleosomal DNA recognition by nuclear proteins and the 
binding of small molecules, and may determine drug accessibility, reactivity, and 
efficacy; Solvent Accessible Surface Area (SASA) and conformational sampling 
(Pryciak, P.M. and Varmus, H.E., 1992; Makde, R.D. et al., 2010; Yamada, K. et al., 
2011).  The SASA of nucleosomal DNA is vastly reduced relative to free DNA as a 
result of folded chromatin’s condensed state, which causes general inhibition of effector 
binding (Davey, C.A. et al., 2002; Fierz, B., 2015).  Induced high curvature bending of 
the DNA double helix is initiated by superhelical wrapping around the histone octamer 
and forces distinct sequence and positioning dependent nucleosomal DNA 
conformations, which possess signature structural motifs (Richmond, T.J. and Davey, 
C.A., 2003; Chua, E.Y. et al., 2012).  Consequently, nuclear proteins and small 
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molecules that interact with naked DNA may not interact with the highly deformed 
DNA of the nucleosome core, or their binding modes may be altered.  Therefore, it is 
more appropriate, and informative, to study these interactions in the context of the 
nucleosome by making use of nucleosomal DNA constructs as an investigative tool for 
defining molecular interactions with the eukaryotic genome. 

 
1.2 Nucleosome Core 
1.2.1 NCP Structure 
In isolation, the nucleosome core particle (NCP) is the irreducible repeating unit of 
eukaryotic chromosomes and the basic component of nucleosomes in all forms of 
chromatin.  The nucleosome initiates an approximately seven-fold linear compaction of 
genomic DNA in vivo through its packing, which is facilitated via nucleosome face to 
nucleosome face interactions (Cutter, A.R. and Hayes, J.J. 2015).  The nucleosome core 
consists of a 145 to 147 base pair segment of DNA wound in tight association around 
an octamer of highly basic histone proteins in ~1.67 left-handed superhelical turns 
(McGinty, R.K. and Tan S. 2014).  The octamer contains two copies of each core histone 
(H2A, H2B, H3, and H4) and for organization purposes, core histones are designated 
‘prime’ or ‘nonprime’, to help distinguish between each copy (Fig. 2).  ‘Prime’ core 
histones contact the ‘minus’ or negative half of the DNA, which counts down from the 
dyad at nucleotide position 0, and the nonprime histones contact the ‘plus’ or positive 
half, counting up from the dyad (Fig. 2a, red arrow).   
 

Figure 2.  Overall structure of the NCP at 1.9 Å resolution.  The 147 bp strands of DNA are colored orange and 
cyan with core histones colored individually: H3 (blue), H4 (green), H2A (yellow), H2B (red).  (a) View of the 
NCP along the DNA superhelical axis showing the pseudo two-fold axis running vertically through the central base 
pair demarcated by the black arrow.  The red arrow indicates the nucleosome dyad at base pair 0.  (b) and (c) Top 
and bottom perspectives are shown respectively with the pseudo-two-fold axis indicated by a black dot. 
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The core histone octamer and DNA form an oblate disc 5.5 nm in height and 11 nm in 
diameter for the average structural dimensions (McGinty, R.K. and Tan, S. 2014).  This 
structure is nearly invariable amongst all eukaryotes (Tsunaka, Y. et al., 2005).  While 
tight association of DNA and histone octamer confers nucleosomal DNA with 
protection from nuclease digestion, linker DNA is rapidly digested leaving only 145 – 
147 base pairs of protein bound DNA, which delineates the core particle (Fig. 2) 
(McGinty, R.K. and Tan, S. 2014).  
   
To date, the highest resolution nucleosome core structure available is that of a core 
particle containing 147 base pairs of palindromic DNA (Fig. 2) (Davey, C.A. et al., 
2002).  The structure was solved to 1.9 Å and reveals an extensive solvent network that 
helps stabilize histone–DNA interactions, and an unprecedented level of histone tail 
completeness (Davey, C.A. et al., 2002).  Structural analysis depicts a molecule with an 
axis of pseudo-two-fold symmetry, running through the dyad, separating the two 
symmetry-related NCP halves (Fig. 2).  Associations between the DNA and histone 
octamer are semi-specific where major and minor grooves will alternate between facing 
inward and outward relative to the octamer surface.  This groove alternating along the 
double helical axis allows interrogation of structural DNA motifs by specific histone 

Figure 3.  Schematic of the nucleosome core structure (positive half) based on the 1.9 Å NCP147 model.  
SHLs are enumerated as whole integers at major groove locations counting from the central base pair towards the 
DNA terminus.  The dashed line delineates the nucleosome’s axis of pseudo-two fold symmetry.  Core histones 
are colored as in figure 2 with tails and other obstructing features removed.  Histone fold motifs are deconstructed 
and identified as smaller DNA binding motifs alphanumerically (αC, αN, α1, L1, etc.).  The four-helix bundles 
forming dimer–tetramer interfaces are circled. 
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residues and results in sequence-dependent octamer positioning by the DNA.  As the 
double helix turns around the octamer a superhelix is formed.  The position of the 
superhelix is described as a superhelical location (SHL), a representation of the number 
of turns the double helix has made at any point around the octamer beginning from the 
central base pair designated SHL 0 (Fig. 2a, 3, & 4). 
 
The first step of in vitro NCP reconstitution is the creation of histone octamer from 
individual core histone proteins.  Pre-forming octamer is essential, as the molecule’s 
highly basic surface is the defining factor governing overall nucleosome structure.  Core 
histones adopt a characteristic fold termed the ‘histone-fold’, which is a well-conserved 
structural motif (Freeman, L. et al., 1996).  The histone-fold consists of three alpha 
helices (α1, α2, α3) connected by short loops (L1, L2) (Fig. 3).  These features allow the 
histones to interact through an extensive protein–protein interface that guides the 
heterodimerization of H2A:H2B and H3:H4 (Arents, G. et al., 1991; Arents, G. et al., 
1993).  Histone dimers associate with one another through four-helix bundles at the 
dimer–dimer interface to produce the H3:H4 tetramer, via the H3–H3’ interface, and the 
H2A:H2B dimers (Fig. 4).  The H3:H4 tetramer and the H2A:H2B dimers interact 
through an additional four-helix bundle between H4 and H2B to complete the octamer 
thereby forming the DNA binding surface (Fig. 4).  Additionally, the packing 
interactions of the nucleosome in chromatin are also directed in part by histone 
topography.  Nucleosome packing into higher order chromatin states is stabilized when 
mediated by H4-tail–H2A:H2B dimer contact.  
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Histone–DNA interactions occur primarily between the DNA phosphodiester backbone 
of the central 120 base pairs and the core histone-fold motifs (Fig. 3).  The paired-loop 
and paired-end-of-helix motifs of the histone-fold domains contact minor groove-
inward regions of the DNA backbone that face the octamer surface (Figs. 3 & 4).  The 
side chains of twenty amino acids, primarily arginine and lysine, are inserted into all 
fourteen octamer facing minor grooves.  Here they form polar or stacking interactions 
with DNA phosphodiester bonds and base edges to help stabilize DNA positioning, 

bending, and global conformation.  DNA termini (SHLs ±5.5 to ±7) binding to octamer 

is weaker than the core (SHLs 0 to ±5) and thus exhibit more flexibility (Battistini, F. et 

al., 2010; Chien, F.T. and van der Heijden, T. 2014).  The binding of core DNA to the 
octamer and its positioning around the octamer surface derives in part from interactions 
with H3 (αNs and N-terminal tails), and H2B tails (not shown).  These core histone 
domains thread through minor groove channels between neighboring DNA gyres around 

SHL ±1 (H3/H3’) and SHL ±4.5 (H2B/H2B’) (Fig. 4).  Water molecules of the solvent 

Figure 4.  General summary of histone octamer–NCP DNA interactions based on the 1.9 Å NCP structure.  
Individual histones and DNA strands colored as in figure 2.  Structural and chemical determinants of octamer 
association and positioning are represented as the sum of polar, electrostatic, and hydrophobic interactions between 
the octamer surface and DNA double helix. 
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network also mediate bridging interactions between distant histone and DNA moieties 
(Davey, C.A. et al., 2002).  While many of these interactions are independent of DNA 
sequence, a feature that allows nucleosome formation at nearly all genomic DNA 
sequences, a degree of intrinsic sequence-dependency is exploited for specific functions 
and differential stability.   
 

In comparison to free DNA, or the DNA of protein–nucleic acid complexes, 
nucleosomal DNA adopts distinct conformations with helical deformations that widely 
deviate from standard B-form conformation.  Free B-from DNA has a persistence length 
of approximately 150 base pairs, whereas the 1.67 left-handed superhelical turns of 
nucleosomal DNA contain about 80 base pairs per turn (Richmond, T.J. and Davey, 
C.A. 2003; McGinty, R.K. and Tan, S.  2014).  Discrepancies in persistence length 
represent a mechanical disadvantage when wrapping DNA around histone octamer.  In 
order to assume the distorted superhelical configuration, nucleosomal DNA must be 
bent around the octamer by excessive roll into octamer facing major and minor grooves, 
with almost no influence from base pair tilt (Luger, K. et al., 1997a; Richmond, T.J. and 
Davey, C.A. 2003; Tolstorukov, M.Y. et al., 2007).   
 
As the superhelix rises around the octamer, base pair slide occurs at octamer facing 
major and minor grooves.  High roll values observed at these locations indicate points 
of superhelix bending.  However, the distribution of curvature is unequal, which leads 

to particularly sharp bends at SHL ±1.5 and SHL ±4.5 (Luger, K. et al., 1997a).  Histone 

proteins define the overall nucleosome shape by exerting deformations across the DNA 
via their preference for particular elements of the nucleotide sequence (Hayes, J.J. et al., 
1991; Bao, Y. et al., 2006).  Such elements, like flexible dinucleotide steps at locations 
of minor groove bending, or decreases in helical twist, lead to sequence-dependent 
translational positioning of nucleosomes throughout the genome (Luger, K. et al., 
1997a; Richmond, T.J. and Davey, C.A. 2003; Hayes, J.J et al., 1991; Hayes, J.J et al., 
1990). 
 
1.2.2 Significance of Nucleosome DNA Deformation 
NCP DNA is highly deformed and deviates from naked B-form DNA significantly in 
certain structural parameters.  To achieve optimal histone octamer positioning the 
double helix must wrap around the octamer surface in a manner that promotes tight 
association.  Double helical wrapping increases base pair step curvature to accommodate 
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the path of the superhelix and forces bending at certain superhelical locations 
(Richmond, T.J. and Davey, C.A. 2003).  Superhelical bending creates considerable 
mechanical stress on base pair–base pair interactions and phosphate backbone 
conformation.  Such stress at weakly positioning, or less stable, SHLs induces local 
deformations like base pair step unstacking, DNA stretching and major/minor groove 
kinking.  The net effect of these local disruptions helps the nucleosome maintain strong 
contacts within the histone–DNA register (Fig. 5).  Segments of NCP DNA that are bent 
into the minor groove experience kinking or alternate base pair shifting to alleviate 
mechanical stress accompanied by over-twisting (Fig. 5) (Ong, M.S. et al. 2007; 
Richmond, T.J. and Davey, C.A. 2003).  Moreover, stretch deformations are more 
commonly observed in NCP structures assembled with shorter DNA molecules.  For 
example, an NCP structure with 145 base pairs of DNA (NCP145) versus 147 base pairs 
(NCP147) displays regions of stretching associated with areas of extreme minor/major 
groove kinking/unstacking and DNA over-twisting (Fig. 5).  These types of local 
structural rearrangements bear in vivo significance as their presence in chromatin could 
affect its degree of compaction or influence site recognition by DNA binding proteins 
(Ong, M.S. et al. 2007).   
 
Insertion of arginine side chains at all minor groove-inward locations in NCP147 
induces minor groove bending and causes narrowing of the groove width (Richmond, 
T.J. and Davey, C.A. 2003).  Smooth minor groove bending across the H3:H4 tetramer 
occurs when blocks of four base pair steps alternate.  These blocks contain at least one 
GC=CG, GG=CC, or AG=CT base pair step that shifts to relieve steric clash between 
base pair edges (Fig. 5b) (Richmond, T.J. and Davey, C.A. 2003).  Kinked minor groove 
bending across the H2A:H2B dimer occurs at flexible CA=TG base pair steps, and 
accounts for the absolute curvature into the superhelix of the entire base pair step block 
(Fig. 5).  Kinked bending into the minor groove causes a concurrent base pair step 
unstacking at the opposing major groove (Fig. 5c).  In the cell, DNA stretching occurs 
at an average of one to two base pairs for every nucleosome making this a genome-wide 
phenomenon (Richmond, T.J. and Davey, C.A. 2003).  For biological function, 
stretching adjusts incompatible linker lengths, eases twist angle restrictions, reduces 
local frame twist values, and introduces twist defects in the double helix that diffuse, in 
a DNA sequence dependent manner, to regions away from the nucleosome entry/exit 
point (Richmond, T.J. and Davey, C.A. 2003).  
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Interestingly, the greatest stretching observed in the NCP145 structure occurs around 

SHLs ±2, which are preceded by major groove unstacking of a CG=GC base-pair step 

at SHL 1.5 and minor groove unstacking of a CA=TG base-pair step at SHL –1 (Fig. 6) 
(Ong, M.S. et al. 2007).  In terms of energetics, this unstacking is significant due to the 
high stacking energy and rigidity of the CG=GC base pair step (Fig. 6).  Deformation at 
this SHL occurs as a result of stretching to maintain histone–DNA register (Ong, M.S. 
et al. 2007).  In applied work, our lab has successfully interrogated the minor groove 
kink at SHL +1.5 of NCP145 with rationally designed platinum-based compounds 
decorated with intercalating functional groups (Fig. 10b) (Chua, E.Y. et al. 2015).  The 
cis-platinum-napthalamide (cisPtNAP) molecule was shown to be particularly effective 
at reducing human cancer cell viability (Chua, E.Y. et al. 2015).  This site has now 
become a hot spot for our metal-based drug development efforts with ruthenium, 
platinum, and gold mono-, bi-, and heterodinuclear organometallics as leading 
candidates.  Furthermore, NCP induced deformation of unique and genetically relevant 
DNAs could expose additional sites unique to nucleosomes that may be amenable to 
alternative drug treatments. 
 

Figure 5.  DNA bending modes in the NCP147 structure.  Major and minor groove blocks are respectively 
colored magenta and yellow.  (a) Smooth bending into the major groove (left) resulting in uniform curvature of 
major groove blocks (right).  (b) Smooth bending into the minor groove (left) causes alternating shift in minor 
groove blocks (right).  (c) Kinked bending into the minor groove localizes acute curvature at two blocks causing 
base edge clash and opposing major groove unstacking.  Adapted from Richmond, T.J. and Davey, C.A. 2003 

SHL −5 
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1.2.3 Octamer as a peptide binding, drug targeting, and NCP interaction scaffold 
Aside from DNA binding, the octamer plays a critical role in chromatin condensation 
via a major core histone motif known as the H2A:H2B acidic patch.  This patch forms 
a negatively charged surface that is involved in multiple facets of chromatin dynamics 
and protein recognition, particularly during condensation where the positive H4 N-
terminal tails contacts a groove formed by the α2-helix of H2A and the αC-helix of H2B 
(Fig. 7) (Kalashnikova, A.A. et al., 2013).  Furthermore, replacement of canonical 
histones with specialized variants leads to substantial chromatin structure alterations that 
influence numerous biological processes ranging from transcriptional regulation to 
genome stability (Bonisch, C. and Hake, S.B. 2012).  Among core histones, H2A 
possess the highest sequence divergence, giving it the highest potential to regulate 
chromatin organization.  For example, variants like H2A.Z can alter nucleosome 
properties such as increasing acidic patch electronegativity (Suto, R.K. et al., 2000).   
 
The acidic patch has served as the primary protein target in much of our drug 
development research.  Of the eight histone residues comprising the acidic patch, 
organometallic adducts have been observed at six: E61, E64, D90, E91H2A and E102 
H2B (Wu, B et al., 2011; Section 3.8.3 and 3.8.4).  This motif is also the target of several 

Figure 6.  Stretching of shorter length NCP DNAs helps maintain precise histone–DNA register.  (upper 
right)  Schematic representation of an NCP particle.  The blue circle indicates a DNA region typically associated 
with helical stretching.  The red circle indicates the location of minor groove kinking in the NCP145 DNA 
structure.  (lower left)  Structural alignment of NCP147 DNA (green) and NCP146b DNA (blue; PDB code 3UTB) 
demonstrates helical stretching around SHL -5.  Nucleotide register remains consistent for both DNAs until -52G 
of NCP146b where the register is advanced by one nucleotide, persisting until SHL -5.5 (Chua, E.Y.D. et al. 
2012).  (right)  Structural alignment of NCP147 DNA (green) and NCP145 DNA (magenta; PDB code 2NZD) 
structures showing minor groove kinking, major groove unstacking, and backbone stretching resulting in a severe 
-55° bend at SHL +1.5  of the 145 base pair construct relative to the 147 base pair construct.  Alignments were 
performed using the Needleman-Wunsch algorithm for nucleic acid matrices (Needleman, S.B. and Wunsch, C.D. 
1970), part of the UCSF Chimera software package. 
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viral peptides with binding motifs mimicking chromatin remodeling and architectural 
factors like high mobility group nucleosome-binding proteins, which contact the 
negatively charged groove with positively charged nucleosome-binding domains (Ueda, 
T. et al., 2008).  Among these viral peptides are the human cytomegalovirus IE1, 
Kaposi’s sarcoma herpes virus (KSHV) latency-associated nuclear antigen (LANA), 
and the chromatin-binding sequence (CBS) of prototype foamy virus (PVF) structural 
protein GAG (Barbera, A.J. et al., 2006; Fang, Q. et al., 2016; Lesbats, P. et al., 2017).  
These peptides use ‘arginine anchor’ motifs to recognize and bind specific acidic patch 
residues D90 and E92 of H2A.  Both LANA and GAG are being developed by us and 
our collaborators as biologics capable of delivering organometallic anticancer agents to 
chromatin via naturally evolved, high affinity acidic patch binding. 
 

The acidic patch is also responsible for a major NCP crystal packing interaction that is 
analogous to chromatin condensation (Fig. 8a & b).  During NCP crystallization this 
interaction helps organize other crystal contacts such interdigitating major and minor 
grooves at DNA–DNA interfaces, cation coordination and DNA charge neutralization, 
and base pair stacking at blunt end NCP DNA termini which are linker DNA entry/exit 
sites in chromatin (Fig. 8c & d) (Luger, K. et al., 1997a; Davey, C.A. et al., 2002; 
Richmond, T.A. and Davey, C.A. 2003; Vasudevan, D. et al., 2010; Wu, B. and Davey, 
C.A. 2010).  For crystal soaking experiments, these packing contacts dictate which 

Figure 7.  The nucleosome acidic patch plays a crucial role in NCP crystallization and metalloreagent 
targeting studies.  APBS-PDB2PQR calculated electrostatic surface of the human nucleosome histone octamer 
(nucleic acid component in gray).  The blue areas designate the positively charged octamer surface involved in 
DNA binding.  The larger red region designates the negatively charged acidic patch.  ‘H2A’ and ‘H2B’ are placed 
over the α1/2-helix of their respective histone.  The N-terminal H4-tail is outlined in green for clarity. 
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nucleosome surfaces are accessible to adducting agents as one face of the nucleosome 
is occluded (Fig. 8a & b).  In cohesive end crystallization experiments these interactions 
influence crystallization time and the order of aggregation where the lattice is immutable 
through one crystal axis and malleable along another.  Further detail regarding these 
crystal contacts and packing interactions will be provided in subsequent sections of the 
text.  
  

Figure 8. Overview of NCP crystal packing interactions.  (a)  Circles identify face-to-face H4-tail–acidic patch 
contacts, highlighted in (b).  Black arrows indication DNA–DNA contacts where major/minor groove interdigitating 
and cation interactions occur, highlighted in (c).  The green box outlines the NCP layer along the a-axis that stacks 
along the c-axis, highlighted in (d).  (b) Detail of the H4-tail – acidic patch crystal contact.  (c) Detail of DNA–
DNA crystal contacts and cation interaction (purple sphere).  (d) NCP DNA termini stacking interactions along the 
c-axis forms a layer of particles along the a-axis.  Figure based on NCP601 crystal structure. 
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1.3 Metal-based drugs in cancer therapy 
1.3.1 Origins, chromatin epigenetics, drug targeting, and mononuclear designs 
As discussed, chromatin structure organizes the cell’s genetic information into a 
compact state which governs gene activation and silencing.  The degree of alteration to 
chromatin’s structure by DNA methylation, covalent histone modifications, nucleosome 
remodeling, incorporation of histone variants, and snRNAs forms the basis of epigenetic 
control.  This has a direct impact on DNA replication and gene transcription which are 
essential cellular processes that require unpacking of condensed chromatin, i.e. 
facultative heterochromatin, to euchromatin and other less condensed states (Collins, N. 
et al., 2002).  Locally, nucleosomes modify gene expression by obstructing or 
facilitating access to regulatory DNA sequences (ref).  For example, a loss of 
nucleosomes directly upstream of transcription start sites correlates with gene activation 
(Yuan, G.C. et al., 2005).  These nucleosome free regions at the 5’ and 3’ ends of genes 
are believed to provide sites for assembly and disassembly of transcription machinery 
(Lin, J.C.  et al., 2007; Shivaswamy, S. et al., 2008).  As such, the structural dynamics 
of these processes may be sensitive to artificial interference aimed at interrupting 
transcription and replication machinery.  In clinical contexts, carcinogenesis is typically 
associated with numerous genetic alterations, however, human cancer cells also harbor 
global epigenetic abnormalities derived from nucleosome dynamics.  Moreover, tumor 
cells possess distinct nucleosome positioning and dynamics when compared to healthy 
cells due to epigenomic differences in gene expression patterns (Lin, C. et al., 2007; 
Sharma, S. et al., 2010; Gaspar-Maia, A. et al., 2011) (Fig. 9).   

Figure 9.  Epigenetic control of gene silencing and activation leading to tumorigenesis.  (top) The epigenetic 
status of chromatin in healthy cells.  (bottom) Aberrant silencing (red arrow) of tumor suppressor gene promoters 
by the formation of a silent chromatin state via epigenetic factors (methylation).  Aberrant activation (green arrow) 
of tumorigenic regions of DNA via epigenetic influence.  Figure adapted from Sharma, S. et al., 2010. 
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Therefore small molecules that can disrupt or influence nucleosome sliding, occupancy, 
and ejection may have an outsized effect on tumor cells relative to healthy cells.  With 
respect to the nucleosome targeting applications, two factors influence the recognition 
of nucleosomal DNA and histones by nuclear proteins and small molecules.  First, the 
condensation of DNA and histones into nucleosomes, and further compaction into 
heterochromatin, necessarily reduces its SASA relative to free DNA and chaperone-
bound histones.  Second, depending on the DNA sequence and its position around 
histone octamer, nucleosomal DNA assumes distinct conformations that are 
unattainable by free DNA.  As such, ideal genomic targeting models would comprise 
NCP and nucleosome arrays, however most studies of DNA binding compounds have 
focused solely on naked DNA.  Taking these mechanisms and models into 
consideration, and with the advantage of a broad chemical landscape that includes 
nucleic acid and protein moieties, the nucleosomes is a unique and viable target for 
anticancer drug design efforts. 
 
Conventional pharmacological applications of transition metals encompass two broad 
categories; they are employed as either structural scaffolds to produce a desired bond 
configuration, or utilized as reactive centers in organometallic compounds.  Gianferrara, 
T. et al., 2009 propose categorization of metal compounds, specifically anticancer metal 
compounds, into five distinct categories based on their mode of action: (i) the metal has 
a functional role where it binds to a biological target, (ii) the metal has a structural role 
that determines the shape of the molecule and target binding is non-covalent, (iii) the 
metal acts as a carrier for active ligands, (iv) the metal compound is a catalyst, and (v) 
the metal compound is photoactive.  In these roles the use of metals has significantly 
increased the range of biologically active therapeutic compounds available for clinical 
and research purposes.  The following text, with respect to structural biology and 
rational compound design, will focus on the two broad categorizations where the metal 
center reacts with a biological target (the nucleosome) to form covalent bonds, and 
reactivities of different metal types for their target can be modulated by ligand 
alterations or additional metal centers. 
 

Utilizing metals as scaffolding moieties offers numerous design advantages that derive 
from the specific properties of the chosen metal.  The two major features are the number 
of accessible redox states a particular metal can achieve, and the variety of coordination 
geometries available in its complexed state (Brabec, V. and Novakova, O. 2006).  These 
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properties allow for the synthesis of structures with unique stereochemical 
configurations and atypical ligand orientations that are not possible with purely organic 
reagents.  As such, metals are frequently connected to organic ligands when functioning 
as structural scaffolds.  In these scenarios an in vivo reaction between the target molecule 
and metal center does not occur.  Instead, the metal acts to orient the compound 
specifically such that it is positioned for optimal target binding.  This is possible because 
organometallic complexes can, in principle, behave like organic compounds, a 
characteristic that results from kinetically inert metal–carbon bonds (Meggers, E. et al., 
2007; Meggers, E. 2007; Bruijnincx, P.C. and Sadler, P.J. 2008).  An interesting 
example of this is the use of ruthenium complexes as inhibitors of the GSK-3 and Pim-
1 protein kinases (Meggers, E. et al., 2007).   
 

Metals also confer the ability to adjust the thermodynamic and kinetic properties of 
ligand substitution when functioning as reactive centers.  This is particularly important 
considering different metal–ligand complex combinations where the metal forms bonds 
with either organic or inorganic ligands (Gasser, G. et al., 2011; Peacock, A.F. and 
Sadler, P.J.  2008; van Rijt, S.H. and Sadler, P.J. 2009).  Therefore, designing 
therapeutic compounds with certain reactive metals offers the capability of tuning the 
reagent’s chemical reactivity for different targets in vivo.  As a reactive center, this 
feature is critical in directing when the metal itself will form a bond with the target 
molecule, act as a purely scaffolding modality, or some combination of both.   
 
The first metal-based compound known to be effective against a specific type of cancer 
was cisplatin, originally discovered in the 1960s by Barnett Rosenberg and colleagues 
(Rosenberg, B. et al., 1965).  Cisplatin’s clinical success led to the development of a 
multitude of platinum-based anticancer agents derived from its basic design; drugs like 
carboplatin, oxaliplatin and satraplatin (Fig. 10a) (Harrap, K.R. 1985; Kelland, L.R. et 
al., 1993; Kidani, Y. et al., 1978).   
 

The first step of in vivo platinum drug−DNA binding is spontaneous exchange of the 

reagents’s leaving group(s) with cytosolic water molecules to form an aquated and 
active species.  The aquated species then reacts with DNA to form adducts (Davies, 
M.S. et al., 2000; Fichtinger-Schepman, A.M. et al., 1985).  Specific nucleotide 
sequences and DNA structural features affect the site selectivity of platinum where the 
metal displays a preference for GpG dinucleotide steps or GpXpG motifs (Wang, D. and 
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Lippard, S.J. 2005).  Platinum–DNA adduct formation usually takes place by exploiting 
existing distortions in the DNA structure, however adduct formation can also cause 
these distortions to occur.  Adducts formed at N7 atoms of GpG or GpXpG sites cause 
intra- or inter-strand crosslinking of the double helix and produce a pronounced 
conformational change resulting in a highly kinked tertiary structure (Wang, D. and 
Lippard, S.J. 2005).  This deformation disrupts DNA transcription and replication by 
sterically blocking progression of transcription and replication machinery along the 
active DNA.  
 
This semi-indiscriminate binding is the primary mechanism of action for most platinum-
based drugs, however, the increased activity of nuclear proteins involved in DNA repair, 
particularly proteins in the nucleotide excision repair pathway, can recognize 
structurally distorted regions of DNA and excise these lesions rendering the drug 
partially or completely ineffective (Wang, D. and Lippard, S.J. 2005; Spivak, G. 2015).  
Platinum compound binding may also be reduced through down-regulation of receptors 
involved in small molecule influx, or sequestration may take place through sulfur-
containing proteins leading to drug efflux from the cell (Holzer, A.K. and Howell, S.B. 
2006; Holzer, A.K. et al., 2006; Mistry, P. et al., 1991; Yang, P. et al., 2006; Safaei, R. 
et al., 2004).  Increased tolerance to platinum DNA adducts through the loss of the DNA 
mismatch repair pathway may also arise, thereby inhibiting drug-induced apoptosis 
(Fink, D. et al., 1996; Zdraveski, Z.Z. et al., 2002).  Finally, DNA polymerase may 
bypass adducts during replication and cells may deliberately reduce apoptosis signaling 
pathways (Albertella, M.R. et al., 2005; Bassett, E. et al., 2002; Gadducci, A. et al., 
2002). 
 
Despite the clinical success of platinum-based therapeutics, issues with severe toxicity 
continue to be problematic.  A major detracting aspect of platinum-based compounds is 
their nonspecific reactivity towards DNA of any origin.  Therefore, they unfortunately 
do not have distinct activity against tumor cells.  This lack of specificity means healthy 
cells are also compromised during treatment resulting in numerous side effects, many 
of which are severe e.g. nephrotoxicity, neurotoxicity, ototoxicity, myelotoxicity, and 
hemolytic anemia (Kelland, L. 2007; Knox, R.J. et al., 1986).  The toxicity issues and 
recurring tumor cell resistance of platinum-based agents has spurred efforts to develop 
novel metal-based drugs that alleviate these problems while maintaining therapeutic 
efficacy.  For this reason, alternative transition metals are being investigated as reactive 
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centers in actively developed compounds with ruthenium, and more recently gold, as 
leading candidates (Gasser, G. et al., 2011; van Rijt, S.H. and Sadler, P.J. 2009).  
 
The clearest advantage of ruthenium-based compounds is their greater specificity for 
tumor cell targets over platinum-based drugs, which bestows a significant reduction in 
side effects.  This is because blood plasma proteins like albumin and transferrin bind 
ruthenium compounds which may allow for their delivery to tumor cells, a theory that 
has gained favor in drug transport strategies (Ang, W.H. et al., 2007; Aleksenko, S.S. et 
al., 2013; Alagesan, M. et al., 2014).  This strategy may work because tumor cells 
possess increased transferrin receptor concentrations relative to normal cells due to their 
greater requirement for iron.  Exploiting this pathway potentially yields selective 
delivery of ruthenium compounds to tumor cells in greater quantities.  Additionally, 
ruthenium-based reagents are more reactive in vivo at lower pH values.  For example, 
observations of the ruthenium-based RAPTA-C and KP1019 compounds show that 
reactivity to DNA at pH 6.0 is increased compared to pH 7.4 (Levina, A. et al., 2009; 
Bergamo, A. and Sava, G. 2011; Bartel, C. et al., 2011; Stevens, S.K. et al., 2013).  This 
feature is critical since most tumor tissues maintain hypoxic conditions while relying on 
glycolysis as the primary source of energy production.  The accumulation of lactic acid 
as a result of increased glycolytic rates in cancer cells causes a reduction in cytosolic 
pH.  The lower pH environment assists in reducing inactive Ru(III) pro-drugs to active 
Ru(II) metabolites.  This, along with the targeted delivery described above, aids in 
diminishing side effects.  Thus, ruthenium-based reagents are very promising for 
chemotherapy regimens where tumors do not respond to, or are resistant to, platinum 
drugs. 
 
In addition to platinum compounds, our lab has conducted extensive structural studies 
on ruthenium-based organometallics, containing either a 1,3,5-triaza-7-phosphatricyclo-
[3.3.1.1]decane (PTA) ligand or ethylenediamine (ED), an arene moiety, and chlorido 
leaving groups (Fig. 10c).  These studies were carried out in the context of chromatin 
targeting and adduct formation with NCP through crystal soaking experiments (Wu, B. 
et al., 2011; Adhireksan, Z. et al., 2014).  Evidence from RAPTA–NCP derivative 
studies and have shown ruthenium(II) binding at several distinct nucleosome sites (Fig. 
11).  These sites include core histone and DNA targets where RAPTA displays a 
preference for coordinating H2A E61 and E64 of the H2A:H2B acidic patch, a key 
binding motif for chromatin regulation (Wu, B. et al., 2011; Adhireksan, Z. et al., 2014).  
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Prototypical anti-cancer ruthenium agents, RAPTA-T and RAPTA-C are bifunctional 
mononuclear agents that target core histone sites at H4 E63 – K59 (RAPTA-C), and 
H2A E61 – E64 and H2B E102 – H106 (RAPTA-C/T) (Fig. 10c) (Wu, B. et al., 2011).  
The monofunctional RAED-C targets both H2A E64 of the acidic patch and DNA sites 
at SHL ±1.5 as well as an additional core histone site at E41/E41’ of H2A/H2A’ (Fig. 
11) (Adhireksan, Z. et al., 2014).  Studies presented here will discuss dinuclear Ru(II)-
based compounds, derived from the classic RAPTA structure, rationally designed to 
target multiple nucleosome sites simultaneously (Appendix 5).  Additionally, 
preliminary structural data of NCP crystals derivatized with hetero-dinuclear 
compound, JN128-2_KP2425 possessing ruthenium(II) and platinum(IV) centers, 
designed to coordinate both protein and DNA sites, will also be presented (Appendix 

Figure 10.  Metal-based anticancer compounds.  Reagents our lab has worked on in prior chromatin targeting 
studies (a) Classic cisplatin derived platinum(II) series.  (b) Novel platinum(II)-based compounds with 
intercalating functional group.  (c)  Ruthenium(II)-based RAPTA and RAED series.  (d)  Gold(I)-based 
antirheumatic auranofin. 
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5), as well as hetero-bi- and trinuclear ruthenium(II)–gold(I) compounds.  These 
reagents, and their supporting literature, will be discussed in greater depth in their 
respective sections (Sections 3.6.1, 3.6.3, 3.6.4). 
 
Recent breakthroughs in organometallic compound design have focused on so called 
‘noble’ metals like gold.  Therapeutic compounds synthesized with gold(I) reactive 
centers are now gaining currency as anti-tumorigenic drugs.  The first cytotoxic effects 
of gold(I) compounds were observed in mice with P388 leukemia (Sadler, P.J. and Sue, 
R.E. 1994).  Since the initial cytotoxicity observations, gold compounds have been 
investigated as effective agents against various cancers including ovarian, breast, and 
lung cancer, and certain leukemias (Park, S.H. et al., 2014; Varghese, E. and Busselberg, 
D. 2014; Fan, C. et al., 2014).  Unlike cisplatin and its derivatives, gold complexes 
primarily target sulfur and nitrogen protein substrates.  With an adaptive design this 
mode of action could increase the specificity of these complexes, relative to cisplatin, 
which may reduce side effects associated with nonspecific adduct formation.   
 
Auranofin (AUF), gold(I)-3,4,5-triacetyloxy-6-(acetyloxymethyl) oxane-2-thiolate; 
triethylphosphanium is a gold-based medicinal compound originally developed as an 
anti-rheumatic drug that is now being applied as a broad spectrum anticancer agent (Fig. 
10d).  As a prodrug, the gold(I) containing AUF is rapidly metabolized into a 
pharmacologically active species upon cellular uptake where it displays high cytotoxic 
efficacy (Tiekink, E.R. 2003).  Elucidated antimetastatic mechanisms for gold-based 
drug compounds, including AUF, remain lacking.  However, available research 
indicates that inhibition of protein targets such as thoiredoxin, thioredoxin reductase, 
and the proteasome, are likely target pathways (Schuh, E. et al., 2012; Ronconi, L. and 
Fregona, D. 2009).  Structural and cellular localization studies performed by our lab and 
collaborators have identified chromatin as a novel target for auranofin when NCP 
crystals or A2780 cells are first treated with RAPTA-T (Adhireksan, Z. et al., 2017).  
An extensive analysis demonstrated a synergistic effect between RAPTA-T and AUF, 
whereby RAPTA-T binding the H2A:H2B acidic patch causes subtle, but global, 
changes in nucleosome conformation that increase AUF binding at symmetry-related 
histidine residues on H3 and H3’.  When applied in cytotoxicity assays, RAPTA-T 
binding induces tumor cell susceptibility to AUF reactivity.   
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In an attempt to enhance specificity for nucleosomes, bis-gold AUF derivatives, along 
with bis-ruthenium RAPTA-T derivatives, were developed in collaboration with the 
Dyson lab at the EPFL (Appendix 5).  These dinuclear compounds contain chemically 
inert, variable length linkers between each metal center as their intended purpose is to 
crosslink two nucleosome sites.  This theme is also explored with the previously 
mentioned hetero-dinuclear compound  
 
JN128-2_KP2425, which possesses a platinum(IV) center in lieu of a gold(I), in addition 
to Compound III, a gold(I)–ruthenium(II) hetero-dinuclear agent and its trinuclear 
derivative, and two chromatin binding viral peptides conjugated by PEG linker to a 
gold(I) reactive species (Appendix 5). 
  

 
1.3.2 Multinuclearity, peptide–metal conjugates, and nucleosome cross-linking 
Beginning with cisplatin and cisplatin derivatives, the ability of mononuclear 
metalloreagents to bind nucleosomes has been invaluable as an anticancer drug 
development platform and a chromatin research tool (Wu, B. et al., 2008; Wu, B. and 
Davey, C.A. 2008).  The advent of the potent trinuclear platinum compound BBR3464, 
with IC50 values 20-fold lower than cisplatin, spurred the focus of metal-based 
anticancer drug design towards homo- and hetero-multinuclear reagents (Manzotti, C. 
et al., 2000).  Recently, multinuclearity as a drug design concept has grown beyond the 
development of homo-dimetallic complexes to explore a variety of metals types and 

Figure 11.  Map of metalloreagent binding sites on the nucleosome.  Bold entries signify reagents analyzed in 
the present study.  *Reagent forms cross-links between sites.  ^Potential cross-links between sites. 
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combinations (Batchelor, L.K. et al., 2017).  Synthesis of metal-based compounds 
continues with both rare and biologically essential metals, but the emphasis remains on 
platinum, ruthenium, and more recently gold as the binding mechanisms, toxicologies, 
and bioavailabilities of these metals are well known.  In particular, auranofin is a prime 
candidate for drug repurposing and has undergone structural modification to achieve 
homo-multinuclear gold and hetero-multinuclear complexes (Roder, C. and Thomson, 
M.J. 2015).   
 
Multinuclear organometallic and metalorganic anticancer compounds offer a diverse 
range of cytotoxicity mechanisms resulting in distinct cytotoxicity profiles in 
comparison to mononuclear compounds.  This is due to their unique characteristics such 
as additional targeting modes, altered electrostatic behavior and the magnitude of 
charge, lipophilicity of the bridging molecule, and the ability to form specific cross-
linking patterns (Pratesi, G. et al., 1999; Manzotti, C. et al., 2000; McGregor, T.D. et 
al., 2002; Zhu, J.H. et al., 2009).  At the time of writing, researchers have synthesized 
thousands of organometallic and metalorganic anticancer compounds with a number of 
them successfully utilized in cytotoxicity assays.  Some of these compounds transitioned 
to clinical trials where they have performed with mixed results (Raymond, E. et al., 
1998; Jodrell, D.I. et al., 2004; Hensing, T.A. et al., 2006).  For example, the previously 
cited platinum compound BBR3464 has superseded cisplatin’s potency by increasing 
the number of reactive metal centers per molecule but failed in clinical trials (Mazotti, 
C. et al., 2000; Jordell, D.I. et al., 2004; Hensing, T.A. et al., 2006).  Yet despite well-
documented issues with toxicity and resistance, the efficacy of mononuclear cisplatin 
continues to be the reference against which metal-based anticancer candidates of any 
metal type are compared.  Therefore a more targeted and rational approach to 
multinuclear design is necessary; one capable of exploiting a fundamental biological 
target, with distinct tumorigenic markers, and capitalize on any highly specific chemical, 
structural, and allosteric motifs.  
 
Our lab’s chromatin targeting work has applied multinuclear designs and initial 
experiments have utilized dinuclear ruthenium compounds to bind H2A and H2B 
histones at the acidic patch, forming intra- and inter-particle cross-links that lead to 
chromatin condensation (Davey, G.E. et al., 2017).  These observations, in conjunction 
with the discovery of a nucleosome allosteric cross-talk pathway, are providing 
inspiration for new hetero-bi- and trinuclear organometallic and metalorganic anticancer 
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compounds that take advantage of these discrete yet related sites (Adhireksan, Z. et al., 
2017).  Expanding our pharmacological toolkit, the LANA and GAG viral peptides have 
been conjugated by PEG linkers to gold(I) containing AUF derivatives in an attempt to 
elicit the same conformational dynamics and synergistic response of the RAPTA-
T/AUF combination (Section 3.6.5).  Interestingly, this approach reverses the principle 
identified in category iii of Gianferrara, T. et al., 2009 where the ligand, in this case a 
viral peptide, is employed to deliver the active organometallic compound.  

 
1.4 Scope 
The nucleosome is a thoroughly examined molecule, however, there are still gaps in 
knowledge concerning chromatin structure with respect to genetically relevant DNA 
sequences, and a similar lack of data regarding nuclear factor bound nucleosome 
structures.  Our lab’s efforts in rational molecule design have utilized the NCP crystal 
system as a model for chromatin targeting in anticancer drug development and the study 
of chromatin dynamics (Wu, B. et al., 2011; Adhireksan, Z. et al., 2017; Davey, G.E. et 

al., 2017).  The difficulty in obtaining chromatin factor bound structures of the NCP, 
and the physical crystal damage accrued during small molecule soaking studies are in 
part attributed to deficiencies in the NCP crystal lattice.  The extent of NCP crystal 
damage that occurs during compound soaks can result in a loss of resolution of one 
angstrom or greater.  This has been a stubborn technical challenge where a lack of 
precise information regarding NCP-adduct structures obligates use of implicit chemical 
knowledge instead of relying on crystallographic data.  As such, the central theme 
throughout the thesis will be the engineering of NCP DNA sequences intended to 
increase crystal integrity and manipulate the crystal lattice.  Cohesive end palindromic 
sequences have already demonstrated improved ordering of nucleosome packing and 
crystallization kinetics in nucleosome linker histone assemblies (Adhireksan et al., 
under review).  Furthermore, while the following projects are not directly related, they 
share overlap by benefiting from the development of an improved nucleosome crystal 
system (Fig. 12).   
 
With the exception of diruthenium compounds, prior chromatin targeting studies 
performed in our lab concentrated on reagents with single metal centers.  Design 
emphasis is now shifting to newer dimetallic compounds that have the capacity to 
crosslink proximal and distant areas on the nucleosome.  Taking advantage of the 
nucleosome’s broad chemical space, hetero-dinuclear organometallics are the current 
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focus of our chromatin targeting drug development.  These reagents are designed to 
exploit distinct nucleosome sites with characteristic reactivity (Adhireksan, Z. et al., 
2017).  Furthermore, efforts are underway to expand anticancer reagent development to 
include metal–peptide conjugates.  This is a new type of approach to chromatin 
targeting, exploiting biologics as a drug delivery method.   
 
The workhorse system for these studies has been the NCP145 crystal system.  However, 
reagent soaking experiments will transition to new nucleosome crystal systems provided 
they perform up to expectations.  Additionally, co-crystal structures of NCP in complex 
with factors like the architectural non-histone chromosomal protein HMGN, or its 
nucleosome binding domain (NBD) peptide, and the forkhead box family of 
transcription factors will be attempted with cohesive end DNA constructs (Fig. 12).  
These structures have been challenging to obtain due to their transient nucleosome 
binding, which may benefit from an improved crystal lattice and crystallization kinetics.  
 
To overcome the shortcoming of blunt end NCP crystals, cohesive end sequences will 
be modified for NCP crystal systems to improve the quality of adduct structures and 
used to achieve difficult to crystallize structures of chromatin factors bound to 
nucleosome.  With further experimentation, cohesive end DNA fragments are 
anticipated to offer control over NCP crystallization kinetics, which would allow 
crystallization of NCPs with select DNA sequences.  For development purposes, initial 
cohesive end constructs possess a Widom 601 core sequence and either complimentary 
or non-complimentary cohesive ends (Fig. 12). 
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Figure 12.  Project overview and significance.  The gray box around the ‘NCP:Factor Complexes’ field 
indicates these are projected studies for the application of cohesive end NCP DNA fragments. 
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Chapter 2 – Methods and Materials 
Unless otherwise stated, all chemicals were purchased from Sigma and all enzymes were 
purchased from New England Biolabs.  P.J. Dyson provided mono, dinuclear, and 
hetero-dinuclear ruthenium and gold compounds and A. A. Nazarov provided JN128-
2_KP2425 (Appendix 5). 

 
2.1 DNA production and NCP construct cloning 

2.1.1 Large scale production of DNA601L 
Sixteen 84bp repeats of the left half of the Widom 601 sequence were cloned into pUC57 
ampicillin resistant vector by GenScript (Chua, E.Y. et al., 2012).  This was used for 
production of palindromic 601L NCP DNA by a protocol adapted from Dyer, P.N. et 
al., 2004.  601L is a strong positioning NCP DNA construct, derived from the Widom 
601 sequence, created by our lab to study NCP crystal systems where nucleosome 
positioning is highly dependent on structural characteristics of DNA sequences (Chua, 
E.Y. et al., 2012; Lowary, P. T. and Widom, J. 1998).  Essentially, 601L is the left half 
of the 601 Widom sequence inverted about the dyad to generate a palindromic construct 
(Chua, E.Y. et al., 2012).  The palindromicity of 601L reveals unique and specific 
aspects of TA dinucleotide and G|C rich element’s propensity for favorable energetic 
positioning at certain locations around the histone octamer (Chua, E.Y. et al., 2012).  
Since its inception, our lab has extensively developed and modified 601L for various 
nucleosome and nucleosome-linker-histone-assembly applications with primary focus 
on structural investigation.   
 
PAGE gels representing each step of 601L production are shown in figure 13a – f.  PEG 
fractionation is carried out after complete EcoRV digestion of pUC57 vector containing 
sixteen 84 base pair half-site tandem repeats (168 base pair cloning repeats) of 601L 
sites A and B (Fig. 13a).  A minimum of eight cloning repeats is essential to generate 
the necessary yield during large scale culture preparations that is required for 
crystallographic studies.  Cut plasmid DNA is too large to enter the gel and is visualized 
by EtBr staining at the well (Fig. 13a).  A ligation test is carried out to check for adequate 
5’ end dephosphorylation by calf intestinal phosphatase (CIP) (Fig. 13b).  This step 
ensures there will be correct ligation products after removal of a nine base pair 
protection fragment by HinfI digestion (Fig. 13b).  In each 168 base pair cloning repeat 
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there are two HinfI sites that differ by an A/T nucleotide at position three.  This 
substitution defines the difference between the A and B fragments.   

 
HinfI digestion of the 84 base pair fragment produces 72 base pair fragments of A and 
B with three base pair 5’ overhangs (71+3), and nine base pair fragments with a three 
base pair 3’ overhang (9+3) (Fig. 13c).  This mixture of fragments must be separated by 
ion exchange chromatography (Fig. 13d & g).  Subsequent T4 ligation of the 71+3 A 
and B fragment HinfI sites yield a palindromic 145 base pair NCP DNA construct where 

Figure 13.  601L production and processing.  (a – f) Representative 10% PAGE gels of each protocol step.  g & 
h Ion exchange chromatography to separate fragments of varying size.  Blue trace = mAU UV @ 280nm; brown 
trace = conductivity, mS/cm; green trace = % slat concentration.  (a) EcoRV digestion is followed by PEG 
fractioning to produce sixteen 84bp half-site fragments per plasmid.  Linear plasmid DNA is too large to enter the 
10% PAGE gel.  (b) Ligation test demonstrating complete 5’ dephosphorylation of EcoRV digested fragments will 
not form unwanted ligation products.  (c)  HinfI digestion of 84bp blunt end half sites removes protection sequence 
to produce 71+3 fragments.  (d & g)  Ion exchange chromatography of HinfI digested fragments separates 10+1 
and  71+3 half sites.  (e)  Ligation of 71+3 sticky end fragments creating 145bp NCP DNA.  Only 30 – 40% 
completion visible.  (f & h)  Separation of unligated fragments and 145bp NCP DNA yields sufficient purity of the 
145bp construct. 
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the nucleotide at position three of the HinfI site becomes the central base pair 
corresponding to the NCP dyad (Fig. 13e).  Additional rounds of ion exchange 
chromatography are necessary to separate the finished 145 base pair construct from 
unligated 71+3 fragments (Fig. 13f & h).  Pure 145 base pair DNA is used for NCP 
reconstitutions. 
 
2.1.2 Large scale production of DNA145 
Human α-satellite DNA are large arrays of 170 base pair tandemly repeated non-coding 
palindromic sequences serving as the main component of functional centromeres and 
are the primary structural constituent of heterochromatin (Botchan, M. et al., 1971; Gall, 
J.G. et al., 1971; Peacock, W.J. et al., 1974; Tyler-Smith, C. and Brown, W.R. 1987; 
Guenatri, M. et al., 2004).  In biological research, α-satellite DNA has been used in 
investigations of nucleosome and chromatin structure for decades, including the first 
atomic-scale resolution structure of the  
 
NCP (Gottesfeld, J.M. and Melton, D.A. 1978; Igo-Kemenes, T. et al., 1980; Luger, K. 
et al., 1997a).  In our lab, α-satellite DNA constructs are used to reconstitute nucleosome 
145, 146, and 147 core particles that act as experimental controls and metal-based 
reagent substrates.  Currently, NCP145 is the principal crystal system used for small 
molecule soaking experiments in our lab. 
 
DNA145 was produced and purified using methods similar to 601L production and 
purification.  EcoRV digestion, PEG fractionation, HinfI digestion and CIP 
dephosphorylation, and Taq ligation are all identical to 601L DNA production as 
outlined by PAGE gels representing each step of purification (Fig. 14a - g).  .  Elution 
of 71+3 and 145 base pair fragments was carried out by ResourceQ and MonoQ anion 
exchange chromatography with a 1 M NaCl gradient. 
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Figure 14.  DNA145α production and purification.  (a – g) Representative 10% PAGE gels of each protocol 
step.  For all gels, ladder in lane 1 is Promega 100bp.  (a & b) EcoRV digestion (a) is followed by PEG fractioning 
(b) to produce sixteen 84bp half-site fragments per plasmid.  Linear plasmid DNA is too large to enter the gel.  (c)  
HinfI digestion of 84bp blunt end half sites removes the protection sequence and yields 71+3 fragments.  (d)  Ion 
exchange chromatography of HinfI digested half sites separates 10+1 and 71+3 fragments.  Blue trace = mAU UV 
@ 280nm; brown trace = conductivity, mS/cm; green trace = % salt concentration. (e)  84bp (lane 2 & 3) and 
71+3bp (lanes 4 & 5) controls.  (f)  Ligation of 71+3 HinfI end fragments creating 145bp NCP DNA.  (g)  
Separation of unligated 71+3 and 145 base pair fragments yields pure DNA145α (lanes 3, 4 & 5). 
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2.1.3 Cohesive end NCP DNA cloning 
Cloning of palindromic 601L derivatives with overhang termini was attempted by 
following the protocol found in Dyer, P.N., et al., 2004 with adaptations.  The maximum 
tandem cloning repeat target was 8 A+B sites for a total of 16 half sites.  BamHI and 
HindIII were chosen as cloning site enzymes with BglII as a subcloning site.  PstI was 
chosen for NCP sticky end termini as it is half G|C with a 3’ overhang.  The cloning 
plasmid chosen was pUC19 ampicillin resistant vector.  All plasmid DNA was 
replicated by growing DH5α cells in liquid overnight cultures using Terrific Broth 
media.  Plasmid isolation and insert purification were done using QIAGEN miniprep 
and gel extraction kits with some protocol modifications.  All results were visualized on 
1% agarose gels with ethidium bromide staining.  Further details on the cloning process 
are discussed in section 3.1. 
 
2.1.4 Large scale production of NCP147SK/XK/K 
All constructs were ordered from GenScript Inc. and sequences were independently 
verified by 1st Base Axil Scientific Pte Ltd.  Single stranded and duplex sequences are 
provided in Appendix 2.  Further details, as well as FPLC UV traces, are given in each 
construct’s respective section and section 3.1.4.  Restriction enzyme concentrations for 
the release of construct from pUC19 (SacI, XhoI, KpnI) approximated 300 U∙mg-1 of 
plasmid DNA. 
 

2.2 Core histone production and histone octamer refolding 
2.2.1 Core histone and H2A.Z variant production and purification  
Each core histone type was expressed and purified individually using the same protocol.  
Human core histone sequences where cloned into pET15b 6xHis-tag ampicillin resistant 
expression vectors at the NdeI-BamHI cloning site.  Histone purification protocol was 
adapted from Luger, K. et al., 1997a and Luger, K. et al., 1999 with modifications.  
Clarified lysate from the insoluble fraction was solubilized in 6M guanidinium chloride 
and centrifuged at 20,000 g for 15 minutes to pellet debris.  The supernatant contains 
6xHis-tagged core histones that were initially purified by Ni-NTA affinity 
chromatography (IMAC®, GE Healthcare) by an imidazole step gradient in the presence 
of 8 M urea.  Results are visualized by SDS-PAGE.  The sample is then dialyzed against 
Mili-Q® H2O before treatment with thrombin serine protease (GE healthcare) to cleave 
the 6xHis-tag.  Further purification to remove tightly bound contaminating DNA is done 
by ion exchange chromatography (ResourceS®, GE Healthcare) with a sodium chloride 
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gradient.  Pure samples are visualized by SDS-PAGE and their concentration is 
determined by UV spectroscopy, using the appropriate molecular weight and extinction 
coefficient, before lyophilization and long-term storage at -20°C. 
 
Core histone genes are PCR amplified from genomic DNA and subsequently cloned into 
a pET15b ampicillin resistant plasmid.  This vector affixes a hexahistidine tag to the N-
terminal tail that allows for downstream purification by affinity chromatography.  When 
induced to overexpress in bacterial cells, core histones aggregate as inclusion bodies 
that require high chaotrope concentrations during purification.  For this reason, cells are 
pelleted and suspended in buffer containing 7 M guanidinum chloride as they undergo 
several rounds of lysis by moderate sonication.  Each step of sonication and 
resuspension isolates histones located in the insoluble fraction.  Clarified lysate is passed 
through a Ni-NTA column to trap the 6xHis-tag and histone protein is eluted by an 
imidazole step gradient in the presence of deionized 8 M urea where the majority of 
protein elutes between 50 – 250 mM imidazole (Fig. 15a).  At this point during 
purification the positively charged core histones are highly contaminated with genomic 
DNA which will cause aggregation during subsequent steps if the bound DNA is too 
abundant.  Several dialysis steps remove the urea so that the 6xHis-tag can be cleaved 
by thrombin digestion before the histones are finally be purified and DNA is removed 
by ion exchange chromatography (Fig. 15c).  Histone fractions are analyzed by 18% 
SDS-PAGE to assure purity before they can be lyophilized for long term storage or used 
directly for histone octamer refolding (Fig. 15b). 
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2.2.2 Histone octamer refolding and purification 
Octamer refolding is achieved by mixing individual lyophilized core histones in the 
presence of 6 M guanidinium chloride together in a H2A:H2B:H3:H4 ratio of 

1:1:1.1:1.1 at a concentration of 2 mg×mL-1 and dialyzing this volume against 2 M NaCl 

overnight.  Heavy precipitate is removed by centrifugation for 10 minutes at 4°C and 
maximum speed.  Concentration is determined by absorbance at 276 nm with UV 
spectroscopy using an octamer extinction coefficient of 48,900 cm−1 M−1 (0.45 cm2 
mg−1) and a molecular weight of 108,000 Da.  Dialyzed octamer sample is concentrated 
by 3K spin column concentrators at 4°C and maximum speed until the total volume is 
below 2 mL.  Concentrated sample is injected over an S200 Superdex gel filtration 
column (GE Healthcare) and eluted in refolding buffer (2 M NaCl, 10 mM Tris-HCl 
(pH 7.5), 1 mM Na-EDTA, 10 mM βMe).  Fractions under the octamer peak are isolated, 

pooled, and concentrated to >8 mg×mL-1 before diluting the sample in half with 100% 

glycerol for storage at −20°C. 

Figure 15.  Purification of human core histones by affinity and ion exchange chromatography.  (a)   Elution 
of 6-histidine tagged H2A with imidazole step gradient by hand shows most protein eluting between 50 mM and 
250 mM imidazole when visualized on a 15% denaturing gel.  (b & c) Subsequent pooling, dialysis, and thrombin 
digestion of H2A is followed by ion exchange chromatography (NaCl gradient to 1 M) to remove contaminating 
DNA and proteins remaining after affinity chromatography.  UV trace – blue, %B (NaCl) – green, Conductivity – 
brown.  Pure fractions are analyzed by 15% SDS-PAGE. 



33 

Human histone octamer is allowed to fold under high salt conditions which favor tight 
association of the individual histone proteins.  Samples are dialyzed against 2 M salt to 
force hydrophobic interactions and maximize solvent contact with the positively 
charged octamer SASA.  The octamer elution profile by SEC is shown in figure 16.  The 
largest peak at approximately 70 mL represents pure fully folded octamer which is 
followed closely in apparent size by unincorporated H3/H4 tetramer with sufficient 
separation between octamer and H2A/H2B dimer (Fig. 16a).  Protein aggregates and 
DNA contaminated histones elute around ≈50 – 55 mL (Fig. 16a).  Human histone 
octamer identity and purity is confirmed by SDS-PAGE analysis showing comigration 
of H3 and H2B, in our evaluations, with H2A and H4 running at lower apparent 
molecular weights.  Faint upper bands may represent multimeric histone complexes like 
disulfide cross-linked H3 oligomers (Fig 16b). 

 
2.3 NCP145 reconstitution and crystallization 
2.3.1 Human NCP145 reconstitution 
Human NCP145 was reconstituted according to adapted protocol taken from Luger, K. 
et al., 1997a and Dyer, P.N. et al., 2004 with initial dialysis screens carried out in 
dialysis buttons to determine the optimal DNA:HO ratio.  According to results discussed 
below, small amounts of free DNA are needed during crystallization so the DNA:HO 

Figure 16.  In vitro octamer refolding of human core histones.  (a) Elution profile of dialyzed histone octamer 
from size exclusion chromatography displaying different species of protein oligomers.  Fractions under the octamer 
peak were separated and analyzed for purity by SDS-PAGE (data not shown).  (b) Representative 15% SDS-PAGE 
gel of human histone octamer.  5µg loaded.  H3 and H2B comigrate and appear as a single band.  Lane 1 = 250kDa 
Precision Plus® marker from Bio-Rad®.  Lanes 2 – 4 are histone octamer replicates 1 – 4. 
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ratio is usually adjusted to include slightly more DNA.  Various heat shifting times and 
temperatures were tested until it was determined that incubation for 20 to 30 minutes at 
37°C is sufficient for nearly complete centered nucleosome.  Centrifugation at 4°C and 
maximum speed for 10 minutes helps remove insoluble precipitate from soluble NCP 
before concentrating.  10 kDa concentrators are preferred as they retain NCP well.  
NCP145 concentration was determined by measuring UV absorbance of DNA at 260 
nm and multiplying by a factor of 2.216. 
 
2.3.2 Human NCP145 crystallization 
Protocol for human NCP145 crystallization followed methodology established in Ong, 
M.S. et al., 2007.  In total, more than one hundred forty conditions of varying 
manganese(II) chloride, potassium chloride, and K-cacodylate; pH 6.0 concentrations 
were tested in over two hundred thirty trials of hanging drop vapor diffusion 
equilibration by salting-in.  The entire range of crystallization conditions screened was: 
20 – 150 mM manganese(II) chloride, 10 – 100 mM potassium chloride, and 20 – 40 
mM K-cacodylate; pH 6.0.  Initial screens were performed with 1 µL of NCP at 8 

mg×mL-1, 1 µL of 1X buffer conditions across a wide range of concentrations, and 0.25X 

well conditions.  For small scale screening, mixing of NCP with crystallization buffer 
was done on the cover slide after a final round of centrifugation for 10 minutes at 4°C 
and maximum speed.  For large scale screens, premixing NCP (8 mg∙mL-1) with 
crystallization buffer and incubation on ice for two hours was undertaken before the 
final centrifugation was carried out.  Preparative screens were conducted with narrower 
concentration ranges around 90 mM manganese(II) chloride, 80 mM potassium chloride, 
40 mM (CH3)2AsO2K (pH 6.0).  Drop sizes in these screens totaled 8 µL (4 µL NCP + 
4 µL 1X buffer) to increase crystal size.  Large crystals of diffraction quality size 

normally appeared after »2.5 weeks of equilibration at 18°C.  Harvesting and buffer 

exchange in to long term storage buffer was performed in glass depression dishes by 
washing crystals three times with seven buffers of increasing MDP and trehalose 
concentrations (up to 24% v/v and 2% w/v respectively) and salt concentrations at half 
of the 1X concentration (45 mM manganese(II) chloride, 40 mM potassium chloride, 20 
mM (CH3)2AsO2K (pH 6.0). 
 
2.3.3 Cohesive end NCP reconstitution and crystallization 
Reconstitution and crystallization for cohesive end NCPs followed a protocol similar to 
that used for NCP145, using the same buffer conditions and NCP concentrations.  A 
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factor of 2.2 was used to determine NCP147SK, NCP147XK, and NCP147K 
concentrations by UV-vis spectroscopy.  Specific details on conditions screened and 
parameters tested for each crystal type are covered extensively in the respective section 
for each construct (Section 3.2.1, 3.2.2, and 3.3.1). 

 
2.4 Crystal soaking and data collection and processing 
2.4.1 Human NCP145 crystal soaking 
Prior to soaking human NCP145 crystals with organometallic compounds or peptide, a 
final buffer exchange is necessary to replace manganese(II) with magnesium(II) 
(MgSO4).  For this exchange all other buffer parameters remain constant.  
Organometallic compounds were dissolved in magnesium buffer to the extent that they 
were soluble to their desired concentration (Table 1).  An equivalent volume of 
compound is added to crystal buffer so that the final reagent concentration is 1 mM.  
Data collection was possible only for soluble compounds.  Their analysis is discussed 
in section 3.6. 
 
2.4.2 Data collection and processing 

All adducted human NCP145 data was collected at beam line PXIII of the Swiss Light 
Source (SLS) using a PILATUS 2M-F detector.  For ruthenium based agents the X-ray 
wavelength was tuned to 1.5 Å, 1.072 Å for Pt atoms, and 1.040 Å for gold compounds.  
An entire data set consists of 360 images collected at an oscillation of 0.5º with 1 second 
of exposure. 

Data integration was performed with the iMOSFLM software package version 7.2.1 
(Leslie, A.G., 2006) and data reduction was achieved with SCALA 3.3.22 of the CCP4 
software suite version 7.0.053.  Rigid body and restrained refinements were achieved 
with Refmac 5.8.0222 of the CCP4 software package using the native NCP145 model 
(PDB code: 2NZD).  Anomalous maps were created using the SFall and FFT modules 
found in CCP4.  Visualization and signal analysis were done using Coot 0.8.2 (Emsley, 
P. and Cowtan, K. 2004) and figures were created and structural alignment and 
superposition, unless explicitly stated, were performed with PyMOL 2.0.6 (DeLano, 
W.L., 2002) and Coot. 
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2.5 Compound 3 biochemical assays 

2.5.1 Cross-linking analysis of treated nucleosome core particle 
For the nucleosome cross-linking experiments, 1 µM NCP, in a buffer of 20 mM K-
cacodylate [pH 6.0], was incubated with 2, 5, 10, 25 50 or 75 mM C3 at room 
temperature for 24 hours.  Samples were subsequently analyzed with denaturing PAGE.  
4 µL of Laemmli 4X loading dye (Bio-Rad, Hercules, California), supplemented with 
the addition of 15 mM tris(2-carboxyethyl)phosphine, was added to 10 µL of sample, 
followed by a 1 min incubation at 95°C.  After brief centrifugation, samples were loaded 
onto a 15% SDS-PAGE gel, and the gel was subsequently stained with coomassie 
brilliant blue.   
 
2.5.2 Tyrosine fluorescence spectroscopy 
Nucleosome stability was measured by monitoring the increase in fluorescence, which 
results from a loss in quenching of histone tyrosine residues by proximal DNA bases as 
DNA-histone interactions are disrupted (Oohara, I. and Wada, A. 1987; Luger, K. et al., 
1997b; Chua, E.Y.D.  et al., 2012).  For preparing cross-linked samples, 1 µM NCP, in 

Table 1.  Soaking conditions for all tested drug candidates, organometallic compounds, peptides, and controls. 
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a buffer of 20 mM K-cacodylate [pH 6.0], was incubated with 2 µM or 5 µM C3 at 21° 

C for ≈30 h.  Fluorescence measurements were conducted with a Varian Cary Eclipse 
fluorescence spectrophotometer (Agilent Technologies, Santa Clara, USA) equipped 

with a temperature control unit.   Samples of 0.5 µM NCP were allowed to equilibrate 

at 21° C in a buffer of 20 mM Tris (pH 7.5) and 1 mM EDTA and NaCl ranging in 
concentration from 0 – 2.4 M.  Fluorescence readings were taken at 21° C with samples 
in Teflon stopper cuvettes having 1 cm path length.  Tyrosine fluorescence was 
measured by the emission at 305 nm through excitation at 275 nm. 
 
Fluorescence measurements were carried out in triplicate and values for each data set 
were placed on a relative scale by setting the minimum and maximum values over the 0 
– 2.4 M range to 0 and 1, respectively.  The three normalized data sets for each construct 
type were then merged into one by averaging.  Optimized sigmoidal profiles were fit to 
the merged data sets using OriginPro 8.1 (OriginLab Corp., Northampton, USA), from 
which 50% dissociation points with respect to NaCl concentration were derived. 
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Chapter 3 – Results and Discussion 
 
3.1 Cohesive end 601L cloning and non-palindromic designs 
3.1.1 Cohesive end NCP DNA design 
In-lab cloning efforts to produce a palindromic NCP DNA construct with 3’ overhang 
termini ultimately failed due to bacterial recombination and excision of multiple repeat 

constructs (Fig. 20a - j).  The following results and discussion will present a synopsis of 

the strategy and rationale utilized while attempting to create palindromic overhang DNA 
constructs capable of producing quasi-continuous NCP crystal systems and discuss the 
limitations of these results.  Alternative design strategies and commercial supplies were 
eventually successful in overcoming inherent cloning difficulties, and these designs 
provided sequences that granted high-resolution crystal structures.  The following 
sections will provide analysis on NCP DNA termini conformations in crystal structures 
using three non-palindromic sequences, one with compatible overhangs and two with 
incompatible overhangs. 
 
As of this writing, there are approximately 172 unique nucleosome structures available 
in the RCSB Protein data bank (https://www.rcsb.org).  These structures include 
organismal homologues, small molecule adducted/derivatized NCPs, peptide/protein 
factor-bound nucleosomes, and octamers composed of core histone variants.  Yet 
despite the degree of structural and core histone heterogeneity found in the database, 
there is a disproportionate lack of DNA sequence variety.  Two distinct sequences are 
overwhelmingly represented; the artificially evolved Widom 601 sequence and two 
similar naturally occurring palindromic human α-satellite sequences (Lowary, P.T. and 
Widom, J. 1998; Tyler-Smith, C. and Brown, W.R. 1987).  These DNA sequences also 
serve as progenitors for a handful of derivatives: 601L, α-147/145, 146b, and so on, each 
producing additional structural details though none are asymmetric (Fig. 17 table).  Such 
a dearth of DNA sequence variety emphasizes a troubling deficit in structural 
information at the lowest level of chromatin hierarchy, particularly when considering 
absolute sequence variability across an entire genome.   
 
The conformation of DNA bound to nucleosomes depends directly on its sequence and 
subtle physical differences at the structural-mechanical interface may have profound 
impact on molecular recognition and signal initiation (Chua, E.Y. et al., 2012).  A recent 
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crystal structure of mutant octamer in complex with a natural DNA sequence from 
mouse mammary tumor virus crystallized with magnesium ions reveals numerous DNA 
conformational differences in comparison to palindromic α-satellite DNA (Frouws, T.D. 
et al., 2016).  Encouraged by the experimental evidence of this study, and our initial 
results using sticky-end constructs to solve definitive structures of human nucleosome-
linker-histone-assemblies, we are developing cohesive end NCP DNA constructs as 
tools to manipulate nucleosome crystal structures (Fig. 21).  The principal goal is to 
create a method for employing any DNA sequence interchangeably with the eventual 
capability of controlling hetero-oligomeric array formation.   
 
NCP crystals formed from cohesive end DNA constructs could serve as valuable 
systems for studying factor bound NCP complexes that are difficult to cocrystallize.  
Base pairing constructs could benefit from more controllable crystallization kinetics that 
are able to overcome protein factors inhibiting crystallization or molecules that 
rearrange the lattice or introduce defects.  Furthermore, lowering free energy at crystal 
contact sites through better ordering could help increase lattice stability, which would 
be valuable during damaging metalloreagent soaks.   
 
The rationale for Watson-Crick pairing termini follows from observations of end-to-end 
nucleotide stacking interactions along the a-axis in NCP crystal lattices (Fig. 17 top).  
In blunt end NCP structures, base pair steps at the DNA termini participate in stacking 
interactions to create crystal-packing contacts that help stabilize the entire lattice (Fig. 
17 top).  If the stacking ends of the termini are treated as a base pair step in a continuous 
DNA helix, the average twist between each step from all known native NCP structures 
is calculated as ≈127° (Fig. 17 table).  Based on ideal B-form structure (≈35°/step), this 
value necessitates 3-4 additional base pair steps to join DNA fragments from one 
nucleosome core to the next.  However, the distance between stacked NCP termini is 
roughly equivalent to the average base pair step rise of an ideal helix (≈3.4 Å).  While 
not mechanically coupled, rise and twist parameters were the most important 
determinants to consider when designing base pairing constructs.   
 
A precise degree of twist is necessary for single stranded termini of adjacent core 
particles to be in phase for standard base pairing.  Consequently, we placed greater 
emphasis on achieving agreeable twist parameters, as this has more significance over 
local structure than does rise.  Addition of base pairs to achieve necessary twist 



40 

requirements passively increases rise values, which affect the distance between particles 
along the c-axis.  Increases in rise may therefore yield greater unit cell volume leading 
to less dense packing and a resulting decrease in lattice stability, making the 
determination of optimal rise-twist interplay critical.  For NCP termini, the ideal 
construct would require 143+4 base pairs of twist and rise (143 core base pairs and 4 
nucleotide overhangs), for an effective paired length of 147 base pairs with an over-
twist average of approximately 17°.   
 
The original development goal was to create a library of base pairing NCP DNA 
sampling an entire turn (10 to 12 bps) to optimize the length-twist relationship and 
account for any variability in the crystallization process.  Initial cloning attempts were 
conducted on a 147+4 base pair construct due to ideal calculations and for simplicity as 
this only required incorporation of a PstI site flanking the core sequence without base 
pair addition or deletion (Fig. 17).  However, the failure of in-lab palindromic cloning 
experiments and success of the 147+4 non-palindromic construct made further 
screening unnecessary. 
 
The aim of this project is two-fold.  First, to design NCP DNA constructs capable of 
base pairing at the DNA termini crystal contacts to improve crystallization kinetics, i.e. 
reduce crystallization time and broaden the range of favorable conditions, increase 
lattice stability when perturbed by metal-based reagents, and emulate a fiber-like array 
throughout the crystal.  Second, to use this technology as a tool for acquiring diverse 
nucleosome structures with a focus on heterogeneous sampling of DNA sequences, 
culminating in structures with direct genetic value. 
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3.1.2 Palindromic cohesive end NCP DNA cloning 
The cloning strategy employed to build base pairing NCP DNA constructs was adapted 
from Dyer, P.N. et al., 2004, which exploits the complimentary overhangs resulting 
from BamHI and BglII restriction enzyme digestion (Fig. 19).  For in-lab palindromic 
cloning trials, 71+3 base pair fragments of 601L were used as PCR templates to 
construct A and B half-sites with PstI restriction sites adjoining downstream EcoRV 
sites (Fig. 18).  One forward and two reverse primers were designed that maintain the 
distinct HinfI sites of fragments A and B (dyad: A or T) while adding PstI sites to the 
termini and BamHI, BglII, and HindIII cloning sites and doubling sites (Fig. 18).  Half-
site A was amplified first with Forward A&B and Reverse A to preserve the GAATC 
HinfI site.  Fragment A and pUC19 cloning vector were then digested overnight with 
BamHI/HindIII followed by PCR cleanup and T4 ligase treatment to produce 

Figure 17.  Rotational and translational geometry of base pair step stacking termini in blunt end NCP.  
Along one axis, NCPs align in a planar fashion allowing DNA termini of an adjacent particle to stack (top left).  
Terminal base pairs that stack, represented as base-pair step blocks colored cyan and magenta to delineate different 
core particles, are offset from standard helical twist by an average value of 126.68° (inset).  Parameters were 
calculated for each terminus between two adjacent NCPs in any given native crystal structure.  Base-pair step 
parameters were calculated for all known structures of NCP DNA using the x3dna webserver for analyses, 
reconstruction, and visualization of nucleic-acid structures (bottom table) (http://w3dna.rutgers.edu).   
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pUC19+A.  Next, fragment B was amplified with Forward A&B and Reverse B 
followed by BamHI/HindIII restriction enzyme treatment and PCR cleanup (Fig. 20).  
pUC19+A is then sequentially digested with HindIII and BglII.  BamHI digestion of 
fragment B produces 5’G|GATCC3’ ends while BglII digestion of pUC19+A yields 
linear vector with 5’A|GATCT3’ ends.  These ends are then ligated to form 5’AGATCC3’, 
a site that is not recognized by either enzyme in subsequent rounds of restriction digests 
and ligation.  This step produces pUC19A+B or one tandem cloning repeat.  From this 
point on the prior steps are repeated to double the tandem AB insert with each successive 
pass creating pUC19_2(A+B), then 4(A+B), and finally 8(A+B) (Fig. 20).  
  

 
This strategy successfully produced a two repeat cloning insert (Fig. 20).  Sufficient 
vector and insert purity were obtained with trace amounts of uncut super-coiled (SC), 
nicked conformer, and concatemerized DNA (Fig. 20b - d, & e).  Ligation of 
pUC19_2(A+B) and the 2(A+B) insert gave four repeat clones that appeared very 
unstable when analyzed by gel electrophoresis (Fig. 20f; lanes 2, 3, 4, 5, 8, and 9 blue 
boxes).  Bands appearing below SC DNA (Fig. 20f; lanes 5 & 9) are also cut when 
treated with either BglII (Fig. 20f; lanes 2 & 6), HindIII (Fig. 20f; lanes 3 & 7), or 
BamHI/HindIII (Fig. 20f; lanes 4 & 8).  The presence of these bands suggests they are 
constructs of unknown repeat length possibly created during replication by complex 
nucleic acid secondary structure or recombination through the RecF pathway.  After 

Figure 18.  Primer design for a 147+4 base pair palindromic cohesive end NCP DNA construct based on the 
601L core sequence.  Construction of the final 147+4 base pair fragment follows a protocol similar to the creation 
of 601L.  PstI sites incorporated by the forward A&B primer become NCP DNA termini with a four base pair 3’ 
overhang while BamHI and HindIII restriction sites are used for cloning repeat doubling.  The PstI site in reverse 
B is for downstream purification and processing only. 
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double restriction enzyme treatment, lower bands appear below the desired insert bands.  
For example faint ≈500 and ≈600bp bands below the more intense band at ≈800bp in 
lane 4 correlate with linear constructs running at ≈3200 – 3300bp (Fig. 20f; lanes 2 and 
3).  These bands are additional evidence for some type of recombination/structural 
rearrangement event.   

 
To understand if interfering bands were a product of contamination or cell subtype 
background, the Dyer, P. et al., 2004 cloning protocol was tested on two additional cell 
lines; JM109 and HB101.  Superfluous bands still appeared in all cell types, further 
implying that contamination or cell background are not causes of extraneous band 
appearance.  JM109 cells appear to not alter the desired construct, however insert runs 
at ≈300bp, which is not consistent with two or four repeat lengths (Fig. 20f; lanes 10 - 
13).  This observation, along with linear and SC plasmid DNA running at incorrect sizes 
(≈3000 & 2700bp respectively), suggests that the JM109 cell line may alter unwanted 
plasmid DNA via a different cellular pathway (Fig. 20f; lanes 10 - 13).  Bands appearing 
above SC DNA in lanes 5, 9, and 13 are linear and nicked conformers and concatemers 
that disappear upon restriction enzyme treatment.  Therefore, they most likely do not 
add to the series of lower bands found below intense vector and insert bands (Fig. 20f; 
lanes 2, 3, 6, 7, 10, and 11). 
 
In an effort to completely rule out contamination and/or mitigate unwanted ligation 
products, gel extraction was carried out to purify four repeat insert obtained in figure 

Figure 19.  Digestion and ligation strategy for palindromic NCP DNA constructs.  (a) Overview of steps 
involved in producing a high copy cloning vector carrying tandem non-palindromic repeats of 601L, DNA145α, or 
cohesive-end NCP DNAs.  (b)  The principle of this strategy is based on the compatible overhangs of BamHI and 
BglII, which when ligated, form a site not recognized by either enzyme, making further downstream digestion-
ligation steps possible. 

a b 
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20f lanes 4 and 8, and empty pUC19 with BamHI/HindIII cohesive ends (Fig. 20g; lane 
2, h lane 3).  The purity of the four repeat fragment is acceptable as indicated by the 
absence of additional bands when visualized by ethidium bromide staining on a 1% 
agarose gel (Fig. 20g).  BamHI/HindIII digested pUC19 purity is also satisfactory as 
lower bands observed in figure 20h lane 2 are removed after gel extraction, with a trace 
amount of the nicked DNA conformation running at a higher apparent molecular weight 
(Fig. 20h; lane 3).   
 
Despite these efforts to control for unwanted contaminant introduction, lower bands still 
appeared after ligation.  Transformation into three different cell lines, and restriction 
enzyme analysis, strongly indicate that constructs containing four repeats and above are 
subject to secondary structure rearrangements or recombination events during bacterial 
replication (Fig. 20i; lanes 2, 3, 4, 5, 10, and 13).  Ligation of 4(A+B) and 
pUC19_4(A+B) was attempted with insert from figure 20g and vector from figure 20f 
resulting in constructs and fragments of unanticipated size (Fig. 20j).  In contrast to prior 
ligations shown in figure 20b – i where unexpected lower bands appear, gel 
electrophoresis analysis of 4(A+B) ligated to pUC19_4(A+B) reveal upper bands above 
the most intense insert band at ≈750bp.  The expected insert and construct size are 
≈1600bp and ≈4300bp respectively.  Sequencing the “eight repeat” samples by an off-
site third party (1st BASE www.base-asia.com) confirmed that incorrect product was 
obtained as local base pair alignments were unable to match any part of the expected 
sequence (data not shown).  
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3.1.3 Non-palindromic cohesive end NCP DNA constructs 
Unsuccessful in-lab cloning attempts of palindromic DNA fragments compelled de 
novo design and synthesis of an NCP DNA construct using a modified non-
palindromic 601 sequence.  The Widom 601 construct is an artificially evolved strong 
positioning NCP DNA that has been well studied and characterized (Lowary, P.T. and 
Widom, J.  1998; Vasudevan, D. et al., 2010; Makde, R.D. et al., 2010).  The modified 

Figure 20.  Cloning of a high repeat base pairing NCP DNA construct based on the 601L core is subject to 
random bacterial recombination and/or secondary structure rearrangement.  Representative gels of two 
cloning attempts.  All lanes loaded with ≈250 – 300 ng of DNA.  First cloning trial (a – f) where green arrows 
represent ligation steps and unstable constructs are boxed in blue.  (a) Successful polymerase chain reaction of 
71+3 half-sites from 601L production creating A (lanes 4 & 5; 115bp) and B (lanes 6 & 7; 123bp) fragments.  Lane 
1 = 100bp marker, lane 2 = 71+3 control, lane 3 = 145bp control.  (b & c) Sequential and double digests of 
pUC19(A+B) with HindIII (lane 2b and 3b; ≈2900bp) then BglII (lane 2c and 3c; ≈2900bp) and the 1 repeat 
fragment resulting from BamHI/HindIII double digest (lane 4b; ≈210bp).  Ligation of a 1 repeat fragment onto 
pUC19(A+B) yields pUC19_2(A+B).  Lane 1b & c = 1kb marker, lane 5b = 100bp marker.  (d & e) Sequential 
and double digests of pUC19_2(A+B) with HindIII (lane 2d and 3d; ≈3100bp) then BglII (lane 2e and 3e; ≈3100bp) 
and the 2 repeat fragment resulting from BamHI/HindIII double digest (lane 4b; ≈400bp).  Ligation of a 2 repeat 
fragment onto pUC19_2(A+B) yields pUC19_4(A+B).  (f) Restriction enzyme analysis of ligation and 
transformation products from 2(A+B) and pUC19_2(A+B) ligation in DH5α (lanes 2 – 5), HB101 (lanes 6 – 9), 
and JM109 (lanes 10 – 13) cells.  Lanes 5, 9, and 13 are SC plasmid (≈2700 and ≈2000bp respectively).  BglII 
digestion, linear vector (lanes 2, 6, and 10; ≈3500bp and 3000bp respectively).  HindIII digestion, linear vector 
(lanes 3, 7, and 11; ≈3500bp and ≈3000bp respectively).  BamHI/HindIII digestion, linear plasmid and fragments 
of unknown repeat length (lanes 4, 8, and 12; vector at ≈2700bp; fragments at ≈800bp lanes 4 & 8, and ≈300bp 
lane 12).  Second cloning attempt (g – i) with identical indicators as in a – f.   (g & h) Gel purification of 4 repeat 
insert (lane 2g; ≈800bp) and empty pUC19 digested with BamHI/HindIII (lane 3h).  Lane 1g = 100bp marker, lane 
1h = 1kb marker, lane 2h = unpurified BamHI/HindIII pUC19.  (i) Restriction enzyme analysis of ligation and 
transformation products from 4(A+B) and pUC19-BamHI/HindIII ligation in DH5α (lanes 2 – 5), HB101 (lanes 6 
– 9), and JM109 (lanes 10 – 13) cells.  Lanes 2, 6, and 10 are SC plasmid (≈2500bp; lanes 2 & 10; ≈4000bp; lane 
6).  BglII digestion, linear vector at ≈3500bp (lanes 3, 7, & 11).  HindIII digestion, linear vector at ≈3500 bp (lanes 
4, 8, & 12).  BamHI/HindIII digestion, linear vector at ≈2700bp and fragments ≈800bp in size (5, 9, & 13).  (j) 
Result from ligation of 4(A+B) (f) and pCU19_4(A+B) (f).  Upper bands appear in both SC (lane 4; ≈6000 – 
8000bp) and double digested samples (lanes 2 & 3; ≈1000 – 1500bp).  Lanes 1 & 5, 1kb marker. 
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601 sequence, denoted as 601* and outlined in figure 17, has seventeen base pair 
alterations in its right half and two in its left half.  These alterations are mainly 

substitutions of more rigid CC or GG permutations (−1.82 kcal·mol-1 stacking energy) 

to several more deformable TA steps (−0.57 kcal·mol-1 stacking energy) that allow 

flexibility for DNA wrapping (Table 2).  The reverse applies for substitutions in the 
terminus around SHL +6, where two TA steps are replaced with CC and GG steps, and 
at SHL +3 where a TT step is replaced with a GC step to foster stronger positioning 
(Table 2) (Krueger, A. et al., 2006).   
 

 
More than half of these substitutions are purine-to-purine, or pyrimidine-to-pyrimidine, 
which maintain basic chemical structure (Fig. 21a).  The total effect of these changes 
increases DNA flexibility at key octamer contact points to aid correct positioning (Chua, 
E.Y, et al., 2012).  In fact, 601* does not form offset conformations as 601 and α-satellite 
sequences do and therefore does not require heat shifting (Fig. 21a) Termini truncations 
and additional alterations were necessary depending on the selected restriction site so 
that enzyme activity would not be inhibited by insufficient flanking sequence length or 
rigidity (Fig. 21b).   

Table 2.  Dinucleotide step stacking energies.  Data is taken from Krueger, A. et al., 2006 and arranged in order 
of ascending deformability for individual base steps.  The highest stacking energy GC step is the least deformable 
and the most stable.  Likewise, TA steps are the least stable and offer the highest degree of sequence flexibility. 
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Once the desired sequence was confirmed, intervening protection fragments were added 
to delineate four separate repeats, features assuring high yield, and the construct was 
submitted to a commercial vendor (GenScript, Inc) for synthesis into a pUC19 vector.  
In all, four constructs were designed using the same modified 601* core that varied only 
in their termini orientation or sequence (Fig. 21).  
 
3.1.4 Cohesive end NCP DNA Preparation 
Preparation and purification of NCP DNA with overhang termini follows a similar albeit 
much simpler protocol than palindromic constructs.  This is because non-palindromic 
constructs can be cloned as direct repeats rather than the tandem repeat half sites 
required of palindromic sequences.  Inverted repeats are associated with genetic 
instability due to their propensity to form hairpin and cruciform secondary structure and 
are therefore unclonable (Leach, D.R. 1994; Malagon, F. and Aguilera, A. 1998).  As 

Figure 21.  Design scheme for 601 derived non-palindromic base pairing NCP DNA.  (a) Several base step 
alterations in the right half help with efficient octamer positioning of the DNA during reconstitution.  No heat 
shifting is required as no offset conformation appears as with NCP601 or NCP145.  (b) The core sequence of 601* 
is used for all cohesive end DNA constructs, which differ only in their termini sequences.  Numbers above the 
sequences indicate SHL position. 

1500 
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discussed in section 3.1.3, the core sequence of cohesive end NCP constructs 
(DNA147SK, XK, and K) is a modified version of the Widom 601 core.  Whereas the 
601L core used in palindromic cloning experiments is the left half of 601 inverted about 
the dyad, the 601* core differs in roughly three areas only in the right half (Fig. 21).  
This simple alteration decreases the number of processing and purification steps from 
six to two or three, which greatly reduces the amount of preparation time and allows 
faster screening when going to directly to experimentation. 
 
The three constructs tested here differ only in their termini sequences, and so changes 
in protocol dictate the type of enzymes used during restriction digest (SacI, XhoI, KpnI) 
(Fig. 22a - c).  As well, all three constructs are similarly designed such that their length 
and spacing within the plasmid result in digested fragment sizes that are consistent from 
one construct to the next (Fig. 22a - c).  This allows for the use of a standard salt gradient, 
prep-to-prep discrepancy notwithstanding, during anion exchange chromatography (Fig. 
22a - c).  After pooling fractionated samples devoid of contamination, ethanol 
precipitation concentrates the desired product and the resultant purity is sufficient for 
crystal preparation (Fig. 22a - c).  The only significant sequence specific protocol 
change applied to DNA147XK purification.  Here, the presence of one 5’ overhang 
required an intermediate dephosphorylation step to remove a terminal phosphate group 
that could interfere with end-to-end base pairing.  This step was performed with CIP 
just before separation by anion exchange chromatography.  
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Figure 22.  Restriction enzyme treatment and purification of cohesive end NCP DNA constructs.  (a) SacI-
KpnI double digest of DNA147SK yields a construct with incompatible 3’ overhang termini (left).  Separation of 
plasmid DNA and 18bp protection fragment from the 143+4 fragment by anion exchange chromatography (middle 
& right).  (b) XhoI-KpnI double digest of DNA147XK yields a construct with one 5’ and one 3’ overhang (left).  
Separation of plasmid DNA and 18bp protection fragment from the 143+4 fragment as in a (middle & right).  (c)  
KpnI digestion of DNA147K yields a construct with compatible cohesive end termini (left).  Separation of plasmid 
DNA and 18bp protection fragment from the 143+4 fragment as in a & b (middle & right). 
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3.2 Preliminary models of NCP with incompatible overhang termini 
Details concerning crystallization for each of the three cohesive end constructs are 
described in the following sections.  X-ray diffraction data for each crystal type was 
collected at a wavelength of 1 Å using the SLS synchrotron source (NCP147K) or the 
NISB home source (NCP147SK and XK).  In comparison to native NCP145 crystals, 
NCPs composed of human octamer and cohesive end DNA constructs form crystals with 
several distinct morphologies (Figs. 24, 25, 28, & 30).  Despite these morphological 
discrepancies, we observed no new NCP space groups; all structures presented conform 
to the orthorhombic P212121 space group (Table 3).   
 
As a result, unit cell dimensions are consistent among the three cohesive end structures, 
displaying only small variations in cell volume ranging in difference from 0.1% to 1.4% 
(Table 4).  Unit cell volumes of base pairing NCPs are also comparable to blunt end 
NCPs but diverge more in a single direction.  Cell volume for sequence related NCP601 
(PDB codes 3LZ0) differs by ≈2.6%, which is accounted for by a 8.07 Å increase along 
the c-axis, whereas the volume of NCP147 (PDB code 1KX5) differs by as little as 0.9% 
with similarity along all crystallographic axes.  Helix stretching and deformation do not 
occur in NCP147 to the same extent as in shorter NCP DNAs, and so unit cell 
dimensions are not drastically different. Therefore, the slight unit cell increases of base 
pairing NCPs do not appreciably influence crystal-packing density relative to blunt end 
NCPs.   
 
Atomic displacement parameters (B-factors), however, are starkly different between 
cohesive end NCP structures, particularly for the protein fraction where there is a 
maximum difference of 42.6% between XK and K octamers (Table 4).  This is possibly 
a result of higher histone tail mobility and displacement in the SK and XK octamers 
around the DNA entry/exit sites and areas of maximum superhelix curvature.  B-factors 
between the nucleic acid fractions of cohesive end NCPs deviate by a maximum of 
34.7%, which is likely a direct result of interference caused by incompatible overhangs 
or partially and/or completely base paired termini from those constructs.  Further 
structural and stability comparisons between NCP601 and NCP147K structures are 
presented in section 3.3.2.  
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Table 4.  Cohesive end NCP crystallographic data.  

Table 3.  Data collection of refinement statistics for cohesive 
end NCPs 

Single crystal data sets; values in parentheses are for the 
highest resolution shell. 
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Crystallization of all three cohesive end constructs followed traditional NCP preparation 
and handling protocols under monovalent, divalent, and buffer conditions first outlined 
by Luger, K. et al., 1997a, with slight variations in concentration depending on the 
construct.  As these salt and buffer conditions were tested first, and produced diffraction 
quality crystals, no further screens were attempted.  However, future work involving 
chromatin binding factors or more complex metaloreagent designs may require broader 
crystal screens to account for the presence of bound protein or adduct.  Therefore, future 
work with cohesive end NCPs will focus their robustness of the particles to form under 
a wide range of conditions. 
 
It is worth noting that structures of several NCP:factor complexes have been solved 
under a broad range of conditions (Makde, J.R. et al., 2010; Armache, K.J. et al., 2011; 
Zhou, B.R. et al., 2015) (Table 5).  Procuring these structures required various molecular 
crowding agents and dehydration techniques to produce diffraction quality crystals 
yielding lower resolution structures (Table 5).  Furthermore, none of the three structures 
presented in Table 5 possess crystal contacts at their DNA termini making it unclear 
how unresolved or truncated regions (e.g. linker histone tails) would bind in a more 
natural condensed state or interact with linker DNA.  Therefore, it is anticipated that 
engineered cohesive end crystal contacts, in conjunction with thin slicing data 

Table 5.  Space group, unit cell dimensions, and crystallization conditions of three prominent NCP-factor bound 
crystal structures (Makde, J.R. et al., 2010; Armache, K.J. et al., 2011; Zhou, B.R. et al., 2015). 
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acquisition, will lend a regular and reproducible crystal lattice to nucleosome–protein 
complex crystallization trials.   
 
3.2.1 Preliminary structure of human NCP with non-complimentary 3’ termini 
As discussed, the most dominating NCP crystal contacts are face-to-face electrostatic 
interactions, where basic H4-tails bind the acidic patch of  adjacent particles, and planar end-to-
end stacking interactions formed between DNA blunt ends of neighboring nucleosomes.  
Depending on the DNA sequence used, nucleosomes can form arrays with particles in mixed 
orientation.  NCPs using the non-palindromic Widom 601 sequence are a characteristic example 
of mixed orientations (PDB codes 3LZ0 and 3LZ1).  Like Widom 601, most DNA sequences of 
genetic import are non-palindromic whose NCP crystals would contain particles in one of two 
randomly selected orientations.  However, NCPs possessing palindromes of centromeric α-
satellite DNA suffer from suboptimal binding and positioning mechanics, and solution of an 
asymmetric NCP structure crystallized in magnesium buffer with a natural viral DNA promoter 
relied on an H4-tail H18R substitution to achieve asymmetry (Chua, E.Y. et al., 2012; Frouws, 
T.D. et al., 2016).  These shortcomings highlight the need for a comprehensive method of 
attaining atomic scale structural information of DNA sequences with genetic value i.e. 
promoter/terminator sites, enhancer/silencer sites, etc.  
 
Inspiration for NCP147SK design, and subsequent base pairing NCP constructs, 
originated from two key observations.  First, early nucleosome linker histone assembly 
(NLHAs) structures completed by our lab showed promise for controlling crystal 
packing via DNA engineering.  Structurally, these assemblies consist of nucleosome 
cores with bound human H1 histones that are paired by linker DNA.  Individual NLHA 
components include: a novel DNA construct built from a 601L core sequence with poly 
A linker extensions and PstI restriction site cohesive ends (Appendix 1: CMS169s), 
human histone octamer, and one of eleven human H1 variants.  NLHA repeating units 
were expected to assume an offset orientation, similar to the termini stacking 
interactions of NCP crystals, by Watson-Crick pairing at their cohesive end DNA 
termini (Fig. 23a & b).  Upon crystallization these assemblies presented an unanticipated 
asymmetric unit arrangement where the complete structure is a crisscrossed nucleosome 
pair (Fig. 23c).  The NLHA system’s crisscrossed conformation led us to design NCP 
DNA constructs with non-complimentary overhangs.  This design held the expectation 
that steric and chemical incompatibilities at the DNA termini could direct NCP 
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aggregation and drive particle arrangement in the asymmetric unit thereby imposing 
absolute particle asymmetry throughout the crystal lattice.   
 

 
Secondly, several important nucleoprotein complexes were crystallized with the aid of base 
pairing DNA fragments.  According to Song, T. et al., 2000, three high-resolution multimeric 
protein/DNA structures utilized overlapping complimentary oligonucleotides to generate long, 
nicked DNA fragments for crystallization.  These are the E. coli catabolite gene activator protein 
(CAP–DNA), the γδ-resolvase– 
DNA, and the integration host factor (IHF–DNA) (Schultz, S.C. et al., 1990; Yang, W. and Steitz, 
T. 1995; Rice, P.A. et al., 1996).  Furthermore, a recent low-resolution structure of histone-based 
archaea chromatin observed M. fervidus histone B (HMfB) dimer subunits joined in a superhelix 
wrapped by 90 base pair repeats.  These DNA fragments possess two base pair 5’ overhangs 
produced by NdeI digestion (Mattiroli, F. et al., 2017).  This is the first example of a nucleosome-
like structure crystallized using cohesive end DNA fragments.  Although closer inspection 
reveals termini base pairing in the structure is extremely troubled.  Average local base step 
parameters for the duplex decamer TTCA|TA|TGAG with central NdeI sequence are as follows 
(standard deviations in parenthesis): Shift = 2.6 Å (6.4), Slide = –0.2 Å (1.5), Rise = 2.2 Å (2.1), 
Tilt = –10.9° (52.9), Roll = –10.6° (50.9), Twist = 39.4° (39.3). 
 
NCP147SK is so named because it incorporates SacI and KpnI restriction sites at the 3’ 
and 5’ termini respectively of the 601* sequence (Fig. 24a).  Introduction of these GC 
rich regions required slight modifications to the flanking sequence so that long runs of 
deformation resistant GC base steps would not impede enzyme activity (Fig. 24a).  
Initial crystallization trials were conducted using standard manganese(II) and potassium 

a b c 

Figure 23.  Base step stacking or Watson-Crick pairing orientations along the crystallographic c-axis 
influence nucleosome–nucleosome packing orientation along the a-axis.  (a) Schematic cartoon of base pair step 
stacking interactions at blunt end NCP DNA termini that form NCP “oligomers”.  This type of packing interaction 
is witnessed in all NCP crystals with core particle length DNAs.  (b) Expected oligomeric nucleosome conformation 
based on Watson-Crick pairing at cohesive DNA termini.  The constraints were determined from NCP crystal-
packing interactions applied to a NLHA crystal system.  (c) Observed DNA termini interactions as observed in a 
definitive NLHA structure.  Here, linker DNA with cohesive end termini pair in a crisscrossed manner that closes 
off a duet of nucleosomes while incorporating H1 to form a complete chromatosome. 
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chloride screens.  Under these divalent and monovalent conditions (Luger, K. et al., 
1997a) NCP147SK readily formed crystals (4 – 6 days) while spheroids appeared under 
NLHA crystalizing conditions (Fig. 24a & b column 2). 

 
NCP147SK was demonstrably insoluble in comparison to native NCP145 preparations 
(Fig. 24b).  The solubility limit for NCPs is approximately 60 mM (30 mM) MnCl2 at 
1X (0.5X).  In our lab, native NCP145 preparations yield maximum crystal volume 
around 1X (initial final, I.F.) concentrations of 90 mM MnCl2, 80 mM KCl, and 20 mM 
K-cacodylate, pH 6.0 with a starting NCP concentration of 4 mg∙mL-1.  By contrast, 
coarse crystallization screens of NCP147SK discovered that core particles precipitate in 
manganese buffer concentrations up to 75 mM at 1X (Fig. 24b).  The best NCP147SK 
crystals were attained at I.F. conditions of 120 mM MnCl2, 60 mM KC, and 20 mM K-

GAGCTCCAGCAT.....CTGTCTACCGCGTTTTAACCGCCACTAGAAGCGCTTACTAGTCTCCAGGCACGTGTGAGACCGGCACATCAGGTAC
C 
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Figure 24.  Reconstitution and crystallization of NCP147SK.  (a) (top) Left terminus and complete right half of 
NCP147SK sequence showing restriction sites in red and nucleotide substitutions in turquois highlight.  (bot left) 
Native PAGE gel assesses the quality of NCP147SK and human histone octamer reconstitution.  There is a 
negligible amount of free DNA below the 200bp marker.  (bot right) The range of crystal morphologies observed 
from the screens described in the table below.  The lower left corner shows spheroids grown under NLHA 
conditions.  The lower right panel depicts NCP-like rods while the two upper panels depict diffraction quality 
prisms.  (b) Full range of conditions tested during NCP147SK crystallization trials.  I.F. = initial final (1X). 

b 

a 
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cacodylate, pH 6.0 with a starting NCP concentration of 4 mg∙mL-1 (Fig. 24a & b).  
These conditions reliably produced well diffracting crystals with prism-like morphology 
(Fig. 24a).  Surprisingly, NCP-like rods grew in several wells but diffracted poorly (Fig. 
24a).  Unfortunately, subsequent fine screening was unable to maximize crystal volume 
to a size comparable to NCP145.  The largest prism-like crystals ranged in size from 
approximately 400 – 500 µm in one dimension, or about half the size of standard 
NCP145 crystals. 
 
Diffraction tests, data collection, data processing, molecular replacement, and 
refinement on the largest diameter NCP147SK crystals produced a preliminary structure 
good to 3.35 Å resolution (Table 3).  Molecular replacement with NCP601 (orientation 
1) revealed a modified spatial arrangement of stacking particles along the c-axis.  The 
distance between “stacked” termini of NCP147SK increased by approximately 5.20 Å 
relative to the fitted model, resulting in an overall gap of 8.35 Å between base pair ends 
where positive electron density appears (max signal 5.44 σ)  (Fig. 26b).  Careful 
observation of the difference map suggests that the termini are not stacking but rather 
engaging in alternate forms of base pairing as positive density depicts a hybrid quasi-
helical structure (Fig. 26a & b).  From this data, it is difficult to discern clear base pairing 
modalities making precise nucleotide assignment impossible.  
 
If the interacting termini were to assume ideal helical geometry, the four base pair 
overhangs would require ≈13.4 Å of allowance to adopt a B-form double helix, or about 
5.1 Å more than available in the structure.  To be certain construct length was not a 
mitigating factor for correct termini base pairing, a shorter construct was produced by 
removing two base pairs to recover an additional ≈6.7 Å of helical rise.  This adjustment, 
however, causes under-twist by ≈51°.  The NCP145SK construct was processed, 
purified, reconstituted, and crystallized using parameters gathered from NCP147SK 
preparation and crystallization.  Only microcrystals and amorphous shards appeared 
throughout a wide divalent and monovalent screen (50 – 220 mM Mn2+, 20 – 100 mM 
K+, 20 mM K-cacodylate, pH 6.0), signifying the longer 147SK DNA is better suited to 
NCP DNA base paring (Fig. 25).  Therefore, some magnitude of over-/under-twisting 
inhibits base paring and interferes with crystallization, whereas the lattice is malleable 
enough to absorb surfeits or deficits in length (Fig. 17).  This also illustrates how critical 
stable NCP–NCP termini interactions are for proper crystallization.   
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With the “stacking” distance of the SK structure acting as a physical restraint, positive 
electron density implies the single stranded ends create a flattened helix with A-form 
character (Fig. 26).  The diffuse Fo-Fc map is identical yet inverted around each 
terminus, indicating electron density is mixed and non-canonical base pairing occurs at 
both termini as some percentage of particles are in the “correct” fully paired orientation 
and some are not.  If the single stranded ends interacted as desired, the overall shape of 
a B-form helix, a characteristic of properly paired helices with distinct sequences, would 
be clearly visible in the difference and double difference maps despite low-resolution 
data.  In the observed state, however, the low-resolution data prohibits gaining detailed 
information regarding specific nucleotide interactions.  The pronounced flattening 
suggests individual bases are frequently mispairing due to a random distribution of 
particle orientations throughout the lattice, and that the complimentary helical structure 
of dual 3’ overhangs are sterically insufficient to govern particle orientation during 
crystallization alone, regardless of sequence non-complementarity.   
 
Furthermore, both twist and rise appear to be facilitative and/or prohibitive factors for 
sticky end NCP crystallization.  Twist significantly influences crystal formation to a 
point where single stranded helices that are discordantly over-/under-twisted cannot 
satisfactorily base pair thereby forming lattices with high disorder (Fig. 26; Table 4).  
Whereas any changes in rise that maintain favorable twist relationships are more 
permissive and only affect unit cell volume and inter-particle distance.  Moreover, 
manipulation of either parameter (147SK to 145SK) did not bring about the anticipated 
structural asymmetry.  Guided by this data, we subsequently employed a different design 
to try to control NCP orientation within the crystal lattice. 

Figure 25.  A two base pair reduction in cohesive end NCP DNA length results in suboptimal crystal 
formation.  Only microcrystals and amorphous shards not exceeding 100 μm in length formed in coarse screens of 
NCP145SK. 
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Figure 26.  Preliminary structure of NCP147SK.  (a) Overview of nucleosome–nucleosome interaction showing 
positive density in the Fo-Fc map (red, 3.0σ) in the region between DNA fragment ends.  The black arrow indicates 
dyad position of the main core particle.  A 2Fo-Fc map is shown in grey at a contour level of 1.0σ.  (b) Detailed 
view of nucleosome–nucleosome DNA termini interactions along the c-axis.  Maps represented as above.  Positive 
electron density at either terminus is an inversion of the other suggesting density is mixed resulting from two particle 
orientations in the lattice.  Table values characterize base step parameters between the last base pair of “stacking” 
ends. 
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3.2.2 Structure of the human NCP with incompatible 5’ and 3’ overhangs 
The failure of the NCP147SK crystal system to achieve an asymmetric structure 
prompted modifications in the subsequent construct design.  Although the 3’ cohesive 
ends of 147SK DNA possess non-complimentary base pairing sequences, the single 
stranded ends share structural compatibility in the form of complimentary helical phase 
and are flexible enough to engage in non-canonical interactions.  Therefore, the double 
3’ overhang design did not introduce sufficient constraints to force discrimination 
between particle orientations and control crystallization.  To test this observation, we 
designed NCP DNA with one 5’ and one 3’ overhang to introduce greater steric 
restraints that could lead to better discrimination between particle orientations (Fig. 27).  
147XK DNA replaces the SacI restriction site with an XhoI sequence while keeping 
KpnI, placing both sticky end termini on the same DNA strand.   

3’ 

3’ 

5’ 

5’ 

3’ 

5’ 

3’ 

5’ 

5’ 3’ 

5’ 
3’ 

a b c 

180° 

Figure 27.  Construct specific base pairing modes at overhang NCP DNA termini.  Each overhang originates 
from a separate DNA fragment (e.g. NUC1 = yellow, NUC2 = cyan).  (a) Watson-Crick base pairing in sticky end 
NCP at 3’ overhangs (e.g. SacI-SacI/KpnI-KpnI).  (b) Watson-Crick base pairing in sticky end NCP at 5’ overhangs 
(e.g. XhoI-XhoI).  (c) Interference of two approaching overhangs said to be “out of phase” by 180° as a result of 
restriction enzyme site type (e.g. XhoI|KpnI).  DNA–octamer associations and the dominant face-to-face 
nucleosome interaction of the NCP fixes strand orientation such that it cannot rotate about the helical axis. 
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NCP147XK solubility was more in line with the behavior of blunt end NCP145 but 
demonstrated faster crystallization kinetics.  An initial coarse screen led to 
crystallization under typical NCP buffer conditions where crystals formed after 3 to 4 
days of incubation (Fig. 28c).  Subsequent fine screening optimized crystal size to ≈350 
– 400 μm, slightly smaller than the largest SK crystals.  XK crystals also appeared more 
irregular and less heterogeneous than SK crystals, forming only prism-like morphotypes 
with jagged edges (Fig. 28b). 

 
As with NCP147SK, diffraction tests and data collection using the largest XK crystals 
followed by data processing, molecular replacement, and refinement produced a 
preliminary structure at 3.50 Å resolution (Table 3).  Nearly all measurements of the 
NCP147XK structure are consistent, within error, with those recorded for the SK 
structure.  The “stacking” gap between NCP DNA termini in the XK structure is ~8.7 
Å, an increase of only ~0.35 Å over the SK structure (Fig. 29).  Furthermore, base pair 
step parameter calculations reveal increased tilt between NCP147XK DNA ends relative 
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Figure 28.  Reconstitution and crystallization of NCP147XK.  (a) Left terminus and complete right half of 
NCP147XK sequence showing restriction sites in red nucleotide substitutions highlighted in green.  (b) (left) Native 
PAGE gel assesses the quality of NCP147XK and human histone octamer reconstitution.  There is a negligible 
amount of free DNA below the 200bp marker.  (right) Crystal morphologies observed from the screens described in 
the table below.  XK crystals appear as smaller jagged versions of the prism-like morphology observed for SK 
crystals.  (c) Full range of conditions tested during NCP147XK crystallization trials. 

CTCGAGATATAT.....CTGTCTACCGCGTTTTAACCGCCACTAGAAGCGCTTACTAGTCTCCAGGCACGTGTGAGACCGGCATATATGGTACC 
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to NCP147SK (21.3° vs 12.6°) suggesting a greater occurrence of helical deformation 
from structurally incompatible cohesive ends (Fig. 29).  Signal intensity of the positive 
electron density around the DNA termini is also slightly weaker for the XK structure 
with a maximum signal of 4.86σ.  Finally, the identical inverted Fo-Fc map appearing 
in the gap between interacting NCP superhelices once again suggests mixed density 
arising from two randomly configured particle orientations within the lattice where 
some NCPs will pair fully, some partially, some non-canonically, and some will clash 
at the termini (Fig. 29).  
 
The most noticeable difference between the two models is additional positive density 
located in the solvated area where three nucleosomes converge (Fig. 29).  It is highly 
likely this density portrays displacement of an overhang at one DNA terminus, as it 
appears to follow the distinctive helical pattern of a single stranded phosphate backbone.  
If so, partial strand displacement would explain the minor differences observed between 
XK and SK structures; i.e. the apparent increase in inter-particle distance, exaggerated 
tilt at the DNA termini interface, and a less ordered and less extensive difference map.  
The putative displacement event may occur when the dominant and indiscriminant H4-
tail–acidic patch crystal packing interaction forces two structurally incompatible single 
stranded helices (e.g. 5’ overhang to 3’ overhang, or 3’ overhang to 5’ overhang) to 
interact (Fig. 27).  Weak signal implies displacement may occur intermittently during 
crystallization (maximum signal = 4.06σ), but frequently enough to have a subtle effect 
on the inter-particle structure of NCP147XK.  Unfortunately, the low-resolution data, 
poorly ordered density and weak signal strength make explicit modeling of a single 
nucleotide strand unfruitful.   
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Like NCP147SK, NCP147XK failed to achieve an asymmetric crystal structure.  
Modified with a 3’ to 5’ cohesive end substitution, the XK construct was created as an 

Figure 29.  Preliminary structure of NCP147XK.  (top) Overview of nucleosome–nucleosome interaction 
showing positive density in the Fo-Fc map (red, 3.0σ) in the region between DNA fragment ends.  The black arrow 
indicates dyad position of the main core particle.  A 2Fo-Fc map is shown in grey at a contour level of 1.0σ.  Density 
is mixed as in the SK structure.  (bot) Detailed view of additional electron density appearing in a large solvent 
channel between three adjacent core particles.  Possibly a single stranded overhang shifted into the void due to steric 
interference from an incoming terminal strand with incompatible helical phase. 
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experimental method of restraining particular NCP interactions by allowing steric 
repulsion to guide selection of one particle orientation during nucleosome 
crystallization.  However, even substantial interference at crucial DNA–DNA 
nucleosome contacts could not effectively overcome the energetic contribution of 
electrostatic face-to-face nucleosome interactions to crystal formation.  Consequently, 
it may be impossible to control particle orientation within the lattice by DNA 
engineering alone.  The following section will focus on the crystal structure of a base 
pairing NCP with complimentary cohesive end sequences. 

 
3.3 Crystal structure of human NCP with base pairing termini 
3.3.1 Design, reconstitution, high-resolution and DNA termini structures  
Neither the 147SK nor the 147XK DNA designs could achieve fully asymmetric NCP 
crystal structures.  However, direct experimentation with the prior two constructs 
established greater certainty in correct geometric values for both length and twist.  As 
discussed, twist and rise values are the major determining factors to consider when 
designing base pairing NCP DNA for nucleosome crystallization.  Using the same core 
sequence (601*) and terminal end nucleotide substitutions of 147XK DNA, the 147K 
NCP DNA construct incorporates two fully compatible 3’ cohesive end KpnI sequences 
(Fig. 30a). 
 
Previous trials with SK and XK constructs helped simplify preparation and setup for 
NCP147K crystallization.  Again, an initial broad manganese screen determined 
solubility limits and crystallization time for the 147K nucleosome.  NCP147K was 
noticeably more soluble than either NCP147SK or NCP147XK, forming the largest 
crystals of the three at approximately 600 μm under the lowest divalent concentration 
(Fig. 30b).  Additionally, NCP147K crystal formation occurs the most rapidly out of the 
three constructs tested.  Microcrystals appeared in the lowest divalent conditions within 
an hour of setup and reached terminal size within 1 – 2 days of incubation (Fig. 30b).  
In fact, all three cohesive end NCPs developed crystals faster than blunt end NCP145, 
which requires around 10 days of incubation at slightly higher divalent and monovalent 
concentrations.  Included in the initial screen, optimal NCP145 conditions were found 
to yield NCP147K crystals in approximately half the incubation time (4 – 5 days), 
suggesting the decrease in crystallization time is exclusively due to cohesive end pairing 
(Fig. 30a).  
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Although NCP147K crystallizes under a broad range of divalent and monovalent 
concentrations, ideal conditions for NCP147K were determined as 60 – 80 mM 
manganese(II) chloride, 30 – 60 mM potassium chloride, and 20 mM K-cacodylate, pH 
6.0 (Fig. 30a).  Crystals grew quickly under these conditions and formed either of two 
well diffracting morphologies.  The prism-like morphotype, observed for both SK and 
XK variants, appeared larger and without surface defects in 147K crystals (Fig. 30b; 
left).  The more block-like morphology grew smaller than 147K prisms but had sharper 
edges (Fig. 30b; center & right).  The diffraction data set used to solve the NCP147K 
structure to 2.25 Å was collected from a crystal with prism-like morphology. 

Figure 30.  Reconstitution and crystallization of NCP147K.  (a) (top) Left terminus and complete right half of 
NCP147K sequence showing restriction sites in red with nucleotide substitutions highlighted in green.  (bot left) 
Native PAGE gel assesses the quality of NCP147K and human histone octamer reconstitution.  There is a negligible 
amount of free DNA below the 200bp marker.  (bot right) Range of conditions tested during NCP147K 
crystallization trials.  (b) Crystal morphologies observed from the screens described in the table above.  NCP147K 
crystals appear as larger, more regular, and more voluminous prisms than those attained from SK and XK constructs 
with the largest examples reaching ≈600 μm in length. 
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The same data collection, processing, and refinement workflow used for NCP147SK 
and XK was applied to NCP147K, assaying the largest crystals of either morphology.  
Atomic restrained refinement produced a final structure of high quality at 2.25 Å 
resolution (Table 3; Fig. 31).  Very little is different about the 147K core particle 
structure relative to other NCP models with the noticeable exception of cohesive ends 
projecting from the DNA entry and exit points (Fig. 31).  However, within the crystal, 
cohesive ends organize into B-form helices that connect one particle to the next (Fig. 31 
& 32).  Throughout the entire crystal, these termini interactions join all nucleosomes 
across a single layer into a type of oligomeric crystal structure that mimics a tightly 
associated version of euchromatin dubbed beads-on-a-string (Joti, Y. et al., 2012; 
Grigoryev, S.A. 2018).  Interaction between layers is also similar to states of 
heterochromatin with short nucleosome repeat lengths (NRLs) as in telomeres and, 
potentially, subtelomeric and knob regions (Ichikawa, Y. et al., 2015; Matsuda, A. et 
al., 2015).  As both NCP147K cohesive ends are complimentary but the core sequence 
is non-palindromic, the system cannot distinguish between particle orientations.  
Therefore, the crystal lattice contains two orientations that differ with respect to the 
position of the DNA halves.  

 
 

Figure 31.  Refined crystal structure of NCP147K (orientation 1) to 2.25 Å.  Both the histone octamer and 
DNA phosphate backbone are presented in standard coloring.  DNA sugars and bases appear in gray.  The overall 
structure of NCP147K is consistent with general nucleosome core structure, with the exception of two 3’ overhangs 
protruding from the DNA entry/exit points. 
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Given the high-resolution and overall quality of diffraction data, both the 2Fo-Fc and 
Fo-Fc electron density maps are exceptionally well defined.  B-form secondary structure 
is easily identified from the maps alone, which also allow accurate placement of 
individual nucleotides and their base pair compliment (Fig. 32).  Using compatible 
cohesive ends also relieved the need for utilizing more complex methods of sequence 
identification that are required for asymmetric structures, e.g. identification of specific 
metal binding sites or sequence elements. 

 
Visual evaluation of the NCP147K data readily discloses the major structural feature of 
the NCP147K core particles; however, precise quantitative data is always desirable for 
thorough analysis.  B-form secondary structure and base pairing modes were confirmed 
by calculating base pair and base pair step parameters with the w3dna web server for 
analysis, reconstruction and visualization of nucleic-acid structures 
(http://w3dna.rutgers.edu) (Fig. 33).  NCP147K termini generally form Watson-Crick 
pairs throughout the structure with the exception of a G-C pair at the start and a C-G at 
the end of the KpnI sequence (Fig. 33).  Further analysis presented later shows these 
base pairs do in fact share three hydrogen bonds each, but computational errors occur 

Figure 32.  NCP147K electron density maps indicate B-form helical structure at cohesive end termini.  (left)  
The 2Fo-Fc (gray, 1.0σ) and the Fo-Fc (red, 3.0σ) maps around the NCP147K DNA entry/exit points depict a near 
perfect B-form DNA helix.  (right) Post-refinement electron density at the termini after building additional 
nucleotides of the KpnI restriction site on to the NCP601 model shows a quasi-continuous double helix.  NUC1 
displayed in teal, NUC2 displayed in yellow. 
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due to the w3DNA software’s inability to compensate for breaks in the phosphodiester 
backbone.   

 
Average local base pair step values conclusively establish the B-form secondary 

structure of paired NCP termini.  Rise (±0.17 Å) and twist (±5.6°) values, the two most 

crucial parameters determined during cohesive end NCP development, deviate from 
ideal B-form structure by only 0% and 3.8% respectively (Fig. 33).  The magnitude of 
difference across all other parameters is also equally minimal (Fig. 33).  The paired 
termini alter the inter-particle distance, as does the partial or incomplete pairing of 
NCP147SK and NCP147XK’s non-complimentary cohesive ends.  Here remnants of 
the KpnI restriction site create a four-base step GTAC sequence that lends ≈13.4 Å of 
rise to the NCP147K structure.  This distance is an increase of 5.1 and 5.4 Å over the 
“gaps” in the SK and XK structures respectively.  The stable W-C pairing and base 
stacking of NCP147K termini likely contribute to the overall stability of the crystal 
lattice as evinced by markedly lower temperature factors for NCP147K’s DNA 
component relative to NCP147SK and NCP147XK (Table 4).  A detailed treatment of 
this topic is presented further along in the text.   
 

Figure 33.  Local base pair and base pair step parameters reveal near ideal B-form geometry of paired 
NCP147K cohesive ends.  (left)  3-D structure of a ten base pair double helix formed by the cohesive ends of two 
unique core particles (yellow and teal).  The KpnI sequence appears to the left of the helix.  Arrows indicate break 
points in the phosphate backbone where free 5’ phosphates are attached to the overhang recess.  (top right) Local 
base pair parameters designate Watson-Crick base pairing modes for all but the two base pairs where the 
phosphodiester backbone is incomplete.  (bot right)  Local base pair step parameters designate near ideal B-form 
helical structure for the paired terminal end helix.  Average values for each parameter are within statistical error of 
ideal B-form DNA.  The B-form values presented are standard coordinates generated from the ‘Dickerson 
Dodecamer’ (PDB code 1BNA).  https://www.liverpool.ac.uk/~bates/B-DNAframe.html 
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The following sections will emphasize crystallographic data when comparing the DNA 
structures of NCP147K (orientation 1) and NCP601 (orientation 1) across geometric and 
stability criteria.  Analysis of the key differences between each structure will be 
presented and discussion will focus on the nucleic acid structure of the novel 147K NCP.  
Thermodynamic, topological, and metal-binding features unique to the NCP147K 
macromolecular structure will also be discussed. 
 
3.3.2 NCP147K DNA structure, core particle stability, and oligomeric structure 
As outlined, the core 147K DNA sequence is a minimally modified version of the strong 
positing Widom 601 sequence with nucleotide substitutions selected to accommodate 
protruding overhangs (Fig. 21).  The primary structural difference between each 
sequence is an increase in length from the 145 base pair 601 molecule to a 147 base 
paired length 147K molecule.  This apparent addition of two base pairs could alter the 
superhelical path around the octamer by affecting positioning power or through 
stretching and over-twisting defects made necessary to maintain the fidelity of the 
histone-DNA register.  Mechanisms for these phenomena are well established in α-
satellite and 601 bearing NCPs (Ong, M.S. et al., 2007; Wu, B. et al., 2010; Vasudevan, 
D. et al., 2010; Davey, G.E. et al., 2010).  Overall, both NCP147K and NCP601 DNA 
structures are highly similar, particularly throughout the left half with and RMSD of 
1.003 Å vs a right half RMSD of 1.062 Å where the majority of nucleotide substitutions 
are located.  Such similarity results in identical stretching around SHL ±5 in both 
structures.  For clarification, the left half of the NCP DNA construct contacts prime 
histones while the right half is in contact with nonprime histones. 
 
601 nucleotide substitutions mapped on the NCP147K right half DNA structure help 
visualize where sequence changes might evolve structural deviations, however, 
structural alignment of the 601 and NCP147K DNA molecules reveals near identical 
agreement between NCP DNA cores (Fig. 34a).  There is slight deviation near the 601 
terminus from stretching at the +5 SHL with the possibility of some degree of dynamic 
fluctuations arising from the flexible TATAT run at SHL ±6 (Fig. 34a).   
 
Crystal structures of the 145 base pair NCP601 have demonstrated that stretching in 

both DNA halves around SHL ±5 maintains an effective 147 base pair length and 

conserves positioning with respect to the histone-DNA register (Vasudevan, D. et al., 
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2010).  NCP147K DNA local base pair step parameters were calculated utilizing the 
w3DNA server to perform comparative analysis with the parent 601 structure.  As 
discussed in section 3.1.3, nucleotide substitutions in the right half of NCP147K either 
promote greater flexibility at minor groove dinucleotide steps associated with kinking 
(SHL +1.5, +2.5 and +3.5), or stabilize flexible elements that disrupt nucleosome 
positioning (SHL +3 and 6).  Three TA substitutions at SHL +1.5, +2.5, and +3.5 (CC, 
GG, CC in 601) decrease the energetic penalty associated with minor groove bending.  
This flexibility helps the superhelix assume major and minor groove facing 
conformations that are conducive to strong interaction with DNA binding histone 
motifs. 
 
The AG=CT step at SHL ±4.5 in NCP601 coincides with the location of extreme minor 
groove kinking leading to terminal stretching and is present in both NCP147K halves 

(Fig. 34b).  Maximal negative roll values for NCP601 (-38±8°) and NCP147K (-20.0°) 

occur at the dinucleotide step between position 46 and 47.  Because the 147K DNA is 
two nucleotides longer when paired, the severe kinking observed in the 601 core particle 
may be modulated in the NCP147K nucleosome.  This is evident from the disparate 
negative roll values and suggests that the forces driving the terminal base pairing 
interactions may influence the conformation of neighboring and even more distant DNA 
elements (Fig. 34b).  As both constructs assume an effective 147 length, all parameters 
dictating nucleosomal DNA conformation are nearly identical with both DNAs 
positioned strongly around the octamer surface (Fig. 34b).  
 
Overall, the two NCP DNA structures are highly similar to the point where energetic 
penalties or benefits incurred by nucleotide substitutions, or their associated mechanical 
effects, have negligible impact on global and local structural parameters.  However, 
these substitutions, along with the individually paired termini, do influence 
thermodynamic characteristics of the NCP147K crystal structure. 
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The core sequence of 147K DNA is 143 base pairs long excluding the four nucleotide 
overhangs.  However, these extra base pairs are a key determinant of unique NCP147K 
thermodynamic properties.  Temperature factors determined by crystallographic data 
suggest NCP147K nucleosomes are more stable than 601 nucleosomes in a crystalline 
state, leading to a better ordered, higher resolution structure.  Per residue atomic 
displacement data indicate paired termini as a prime contribution to NCP147K’s greater 
relative stability within the lattice.  Calculated DNA temperature factors for each chain 

Figure 34.  Global structure and comparison of right half base pair step parameters between NCP601 
orientation 1 and NCP147K DNA.  (a)  (top) Comparison of the right half of 601 and 147K DNA.  Bolded red 
nucleotides are those that differ between sequences.  (left)  Right half SHLs where NCP601 and NCP147K sequences 
differ mapped in blue onto the NCP147K right half. (right) Structural alignment of NCP601 (translucent green) and 
NCP147K (pink) superhelices shows full agreement of superhelix register between structures despite incongruent 
sequence lengths.  (b) Rotational (left) and translational (right) base pair step parameters for NCP147K (thick lines) 
and NCP601 orientation 1 (thin lines).  With very few exceptions, both sequences have highly similar nucleosome 
bound structures. 

a 

b 



71 

(I and J) of the NCP601 and NCP147K crystal structures show a considerable decrease 
in thermal motion from blunt end to cohesive end particles (139.0 Å2 vs 102.1 Å2).  
Watson-Crick base pairing of the NCP147K overhangs stabilize termini B-factor values 
in a tight range (≈70 – 90 Å2) relative to those observed in 601 blunt end termini (≈130 
– 170 Å2) (Fig. 35a). 

 
Energetic disparities between base pairing and stacking versus base stacking alone at 
the terminus contribute differentially to overall NCP stability.  A single NCP601 blunt 
end junction forms AA and TT dinucleotide steps, or one AA=TT base pair step.  In a 
standard B-form helix these dinucleotide steps are energetically equivalent and provide 
-1.49 kcal∙mol-1 to duplex stability (Fig. 33).  Computed from NCP601 structures, the 
twist value for terminal AA=TT base pair steps is 113.1°, meaning blunt ends are ≈77.5° 
over-twisted from the ideal (35.6°).  The copious over-twist leads to minimal base 

Figure 35.  Atomic displacement factors indicate NCP147K is more stable than NCP601.  (a) Plots of average 
B-factor per nucleotide residue for both DNA strands from NCP601 (black traces) and NCP147K (red traces).  
Paired NCP147K termini regions are remarkably ‘quieter’ than 601 termini which experience greater thermal 
motion.  (b) Visualization of the data in (a) mapped onto NCP601 (left) and NCP147K (right) DNA structures.  
Warmer colors indicate greater atomic displacement. 
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stacking at the blunt end interface thereby straining pi interactions between nucleotide 
rings.  This means the stacking energy between the blunt ends is likely even less 
favorable than -1.49 kcal/mol.  Hydrophobic, electrostatic, and dispersive forces are also 
negatively affected, resulting in weakly positioned NCP DNA ends (SHLs ±5.5 to ±7) 
which in turn display high B-factors (Fig. 35b).   
 
The B-form duplex of an NCP147K terminus creates base pairing and stacking 
interactions between two distinct nucleosome particles.  Experimental evidence put 
forth by Yakovchuk, P. et al., 2006 determined the extent of base stacking as the primary 
contribution to DNA duplex stability.  Thermodynamically, the central A-T/T-A base 
pairs of the KpnI sequence are moderately stabilizing, while the surrounding G-C/C-G 
base pairs provide more pronounced stability (Yakovchuk, P. et al., 2006).  The 
uniformity of paired termini in the NCP147K structure result in closer to ideal twist 
values for both GG dinucleotide steps (as GG=CC and CC=GG base pair steps), thus 
maximizing their stacking interface (Figs. 33 & 36).  The net effect of paired terminus 
stacking interactions create favorable and stabilizing conditions that resemble nicked 
duplex DNA, as opposed to the double stranded break likeness of blunt end NCPs.  
Therefore, the calculated values presented in figure 33 are affected by local base pair 
and base pair step conformations that maintain or decrease the NCP termini’s 
contribution to overall stability. 

 
Cohesive end pairing is the most conspicuous stabilizing feature of NCP147K; however, 
SHLs 0 – +3.5 also experiences a large decrease in thermal motion.  Here, the L1/L2 
loops of histones H3 and H4, as well as their A1 helices, contact nucleotide numbers 0 
– 36 or 37 (Fig. 37a).  As discussed, TA dinucleotide steps substitute CC and GG steps 
where these SHL minor groove blocks are located, and their flexibility relieves 
mechanical stress accumulated by minor groove kinking, potentially resulting in lower 
overall displacement factors by diminishing dynamic sampling of alternate 
conformational states. 

Figure 36.  Ideal inter-particle stabilization energies at blunt end (601) and cohesive end (KnpI) NCP termini.  
Data taken from Yakovchuk, P. et al., 2006.  See figure 33 for further detail. 
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Stabilizing effects of NCP147K’s DNA are transferred to the octamer as well, 
particularly along binding and positioning surface areas in contact with the DNA right 
half (Fig. 37b).  Again, these are locations of nucleotide substitution between 601 and 
601*.  The right half H3 N-terminal helix and tail, which bind the DNA terminus around 
SHLs +6 to +7, also exhibit a noticeable reduction of atomic displacement in what is 
likely an additive stabilizing mechanism between the DNA binding histone motif and 
base paired superhelix terminus.  Temperature factors in the left half of the NCP147K 
octamer appear to increase marginally compared to NCP601’s octamer, suggesting 
paired cohesive end termini and right half nucleotide substitutions elicit redistribution 
of base level mechanical stress originating from DNA superhelix deformation during 
wrapping.  Finally, there is greater thermal motion at the very extremities of NCP147K 
histone tails.  The higher resolution NCP147K structure allowed for more extensive 
modelling tail peptides where there is greater disorder.  And it is unclear to what extent 
specific sequence differences, almost entirely occurring in the tails, account for these 
increases. 
 

Figure 37.  Base pairing NCP DNA stabilizes histone octamer domains in core particle crystals.  R and L 
designated which DNA half contacts the histone octamer.  Warmer colors indicate greater atomic displacement.   (a)  
The NCP601 octamer with discernable core histones labeled.  The ‘mechanically challenged’ region contacting the 
DNA right half exhibits greater atomic displacement than the region contacting the left half or all of NCP147K’s 
octamer.  (b)  The NCP147K octamer displays lower overall B-factor values with the exception of the histone labeled 
portion of the octamer in contact with the DNA left half.    

a b 
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Nucleosome interactions with metal cations are critical to chromatin condensation and 
NCP crystallization where they act as counterions to neutralize negative charge and 
mediate essential nucleosome–nucleosome contacts (Luger, K. et al., 1997a; Hansen, 
J.C. 2002; Wu, B. et al., 2010).  More specifically, calcium and magnesium cations are 
responsible for any DNA charge neutralization not accounted for by octamer association 
(Wu, B. and Davey, C.A. 2010).  Despite physiological relevance, buffer preparations 
for most NCP crystal applications contain manganese(II) as the prevailing divalent 
cation. This is because magnesium is difficult to dehydrate and binds NCPs with lower 
affinity due to its smaller ionic radius and higher charge density. 
 
In the majority of NCP crystal structures, hexaaquamanganese(II) complexes 
preferentially recognize certain histone and minor groove structural motifs, while 
coordination of major groove GG and GC dinucleotides is governed by the local 
electrostatic environment (Wu, B. and Davey, C.A. 2010).  NCP601’s lone cation 
mediated crystal contact occurs at a histone interface where the H2B α1 helix C-terminal 
carbonyl oxygen coordinates a metal cation.  Acidic residues of H3’/H4’ and H2A/H2B 
on facing nucleosomes provide a favorable electronegative environment to attract and 
stabilize the positive charge.  
 
In addition to the W-C pairing of symmetry related core particles, NCP147K termini 
participate in metal mediated crystal contacts between offset facing nucleosomes (Fig. 
38a).  Electrostatics may also guide a cluster of manganese cations to a region between 
nucleosomes where SHL -6.5 and -7 and opposite facing SHL +2.5 and +3 interdigitate 
(Fig. 38a).  A 5’ phosphate group on the recessed side of NCP147K’s cohesive end 
appears to coordinate a pair of manganese(II) cations that may be involved in bridging 
a DNA–DNA nucleosome crystal contact (Fig. 38b).  Moderate to strong signal in both 
difference and anomalous difference maps define the cations’ locations.  For both 
manganese atoms, anomalous difference signal is slightly weaker (Mn3 = 4.7 σ, Mn10 
= 5.7 σ) than signal observed in the Fo-Fc map (Mn3 = 7.6 σ, Mn10 = 8.0 σ).  Therefore, 
metal atoms were placed at the difference peak center of mass before atomic refinement.  
Post refinement fractional occupancies calculated from electron density residuals for 
both Mn2+ sites are ~0.75.  Such high occupancy, along with intermediate atomic 
displacement factors, likely foster well-ordered diffraction data for implicit NCP termini 
modelling where manganese cation binding may also contribute to overall crystal lattice 
stability (Table 4). 
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The best coordination geometries for the two manganese cations were calculated with 
UCSF Chimera v1.10.2 (Table 6).  Distances listed (Dist. Å) in table 6 are not Mn–O/N 
bond distances, merely distances between the metal and potential ligand atoms.  
Likewise, root mean square values (RMSD Å) represent the best-fit deviation between 
atoms in the structure and idealized atoms positions of the predicted coordination 
geometry (Table 6).  Applying these metrics, Mn3 coordinates two phosphate oxygen 

atoms at positions −70A and −71C of NUC1 with near ideal tetrahedral geometry 

(RMSD = 0.037 Å), with square pyramidal and trigonal bipyramidal geometries as close 
possibilities (RMSDs = 0.090 Å) (Fig. 39b; Table 6).  Consequently, a water molecule 
bridging Mn3 and the -70A N7 would require strict octahedral geometry (Fig. 39).  
However, the presence of four additional coordinating water molecules that achieve this 
geometry are not observed due to disordered data and insufficient electron density 
 

 
 
 

Figure 38.  A 5’ phosphate at the KpnI site recess participates in ancillary cation mediated crystal contacts.  
The NUC1 octamer is colored teal and the NUC2 octamer is yellow.  (a) A secondary face-to-face nucleosome 
crystal contact (green box) involves interdigitating DNA major/minor groove by neutralizing negative charge 
repulsion with positive cations.  A trio of manganese atoms (purple spheres) accomplishes charge neutralization in 
the NCP147K structure by coordinating DNA and histone atoms.  (b) Enlarged view of the green boxed inset shown 
in (a).  The 5’ phosphate of -71 C coordinates two manganese cations Mn3 and Mn10 that form bridging interactions 
between nucleosomes.  Mn17 appears to coordinate D81 of the H3 L2 motif and exists only to neutralize negative 
phosphate charge. 
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Moderate difference and anomalous difference signal, and high fractional occupancy, 
delineate Mn10’s proximity to the 5’ terminal phosphate of NUC1 (−71C).  At this 
location, Mn10 binds the N7 atom of 27G (NUC2) at a distance of 2.24 Å and with 
approximate tetrahedral geometry (Fig. 39a; Table 6).  The atomic distance calculated 
from the structure correlates well with experimental values for Mn–N bond distances 
(Avg. ≈2.24; Å Oki, A.R. et al., 1997).   However, the uncertain coordination geometry 
calculated by the UCSF Chimera software package means a bridging metal-aqua bond 
between Mn10 and the 26A phosphate group is possible with canonical octahedral 
coordination (Fig. 39b).   
 

Strong Mn3 positioning places the phosphate oxygen atom of NUC1 −71C in line with 

NUC2 27G bound Mn10 where a predominantly electrostatic interaction bridges the 
DNA of two nucleosomes (Fig. 39b).  Bond angles and a short distance between the two 
atoms results in high ligand set RMSD, and makes achieving a tetrahedral configuration 

Figure 39.  Structural evidence for a novel cation mediated nucleosome–nucleosome crystal contact.  NUC1 is 
colored teal and NUC2 is yellow.  (a)  Difference (red cages, 3.0 σ contour) and anomalous difference (green cages, 
3.0 σ contour) maps delineate the presence of two Mn2+ cations interacting with the 5’ cohesive end phosphate and 
involved in a nucleosome–nucleosome crystal contact.  (b) Approximate coordination geometry of the cations 
presented in (a) as determined by UCSF Chimera.  The 5’ phosphate of -71 C coordinates two manganese cations 
with approximate trigonal prismatic, square face-bicapped (Mn3) and tetrahedral (Mn10) geometries.  Direct 
coordinate and aqua–metal bonds between -70 A and Mn3 help position the mobile 5’ phosphate of -71 C for bridging 
Mn10 to NUC2 27G.  Potential aqua–metal bonds are colored cyan and possible coordinate bonds are shown in pink. 

-71C 

-70A 

27G 

26A 

4.7 Å 

2.3 Å 

2.4 Å 

1.6 Å 

2.2 Å 

5.0 Å 

Mn3 

Mn10 

a 

b 



77 

improbable (Table 6).  Experimentally derived Mn–O bond lengths averaging ≈2.32 Å 
confirm this difficulty as well (Oki, A.R. et al., 1997).  Both anomalous signal and 
positive electron density clearly place the cation at the position observed in the structure, 
while the calculated ligand set RMSD value indicates an overcrowded geometry.  Taken 
together, these parameters still place this interaction within acceptable electrostatic bond 
range.  However, the given Mn–O/N bond lengths are taken from inorganic structures, 
and shorter Mn–O bonds of ≈1.68 Å have been observed in biological complexes like 
photosystem II (Gupta, R. et al., 2014). 

 
The in crystallo distance between offset cohesive end nucleosomes is greatest in the 
NCP147K structure along the c-axis (Fig. 40).  Both the SK and XK structures, and all 
blunt end crystals, are more compact through this dimension for reasons outlined in prior 
sections.  The ≈13.4 Å of rise added by base paired termini increases the gap between 
particles around SHLs ±0.5 – ±1.5, which are near to DNA entry exit points (SHLs ±7) 
(Fig. 40a).  The additional helical rise converts to a maximum inter-particle distance of 
≈12.1 Å at the nearest regions of the nucleosomes in the c direction without a 
proportional increase along the same unit cell axis (Fig. 40b; Table 3). 
 
The dominant face-to-face crystal contacts of blunt end NCPs force DNA in close 
proximity where charge-charge repulsion can accrue if divalent metal occupancy is low.  
Such negative charge repulsion may partially account for the high atomic displacement 
factors observed for 601 DNA throughout SHLs ±5 – ±7 (Fig. 35a).  A larger distance 
in the multimeric NCP147K structure ameliorates this situation to help yield a better 
ordered lattice.  More importantly, the greater inter-particle distance is responsible for a 
defining topological feature of the NCP147K crystal structure. 

Table 6.  Crystallographic and geometric data for manganese cations at the SHL -6.5–SHL +3 nucleosome–
nucleosome interface. 
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NCP147K’s base pairing termini ultimately create a near continuous layer of NCPs 
through the a lattice axis.  NCPs organize across this layer in a manner resembling a 
tightly associated version of the 11 nm fiber structure, the primary level of chromatin 
compaction (Hansen, J.C. 2002; Sajan, S.A. and Hawkins, R.D. 2012) (Fig. 41).  First 
observed by Oudet, P. et al., 1975, and referred to as beads-on-a-string, this extended 
fiber structure arises when many histone octamers associate with a single DNA molecule 
under physiological salt conditions in the absence of histone H1 (Kornberg, R.D. 1974) 
(Fig. 41).  The key structural difference between 11nm fiber and the multimeric crystal 
structure is shorter connecting DNA and a fixed repeat length between nucleosomes 
(Figs. 41 & 42).  In the cell, linker DNA length is variable in a range governed by 
nucleosome repeat length (NRL) and H1 occupancy (Luque, A. et al., 2016).  
Conversely, the NCP147K ‘linker’ adds no additional DNA length beyond the NCP147 
structure and exhibits NRLs at a constant interval. 
 
 
 
 
 
 
 

Figure 40.  Comparison of inter-particle distance between base paired and stacked NCPs.  NCP601 DNA 
appears in green and NCP147K DNA is colored pink.  (a) Linear distances between the closest inter-particle region 
of a nucleosome pair along the c unit cell axis in NCP601and NCP147K.  This inter-particle region is the major 
groove at SHL1/SHL -1’.  The minimum distance between NCP601 particles is 4.2 Å.  The minimum distance 
between NCP147K particles is 12.1 Å.  (b) The gap between core particles is visibly greater in the NCP147K 
structure.  Minimum and maximum values calculated in (a) are displayed to show scale. 
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In future applications of the NCP147K crystal system, the expanded gap between 
particles may serve as a stable binding location for chromatin factors that have been 
difficult to crystallize (Fig. 42).  NCP147K could also potentially serve as a model 
system for structural studies of DNA repair due to the double nicked DNA helix present 
between every core particle (Fig. 42).  Finally, improved crystallization kinetics, overall 
lattice stability, and better ordering of flexible protein and DNA motifs could help 
achieve increasingly higher resolution NCP–adduct structures, where near atomic level 
information is invaluable for drug development. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 41.  Electron micrograph of the 11nm nucleosome fiber.  Individual nucleosomes appears as bold black 
dots connected by thin strands of linker DNA.  This structure represents the first level of chromatin organization, 
occurring under physiological ionic conditions and in the absence of histone H1.  Figure adapted from (Palladino, 
M.A. and Lobo, D. 2012 ). 
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Figure 42.  The NCP147K oligomeric structure forms a near continuous layer of nucleosomes approximating 
a tightly packed, H1 depleted, beads-on-a-string chromatin fiber-like structure.  (top) Nucleosomes shown in 
molecular surface representation with DNA colored dark gray and octamer in light gray.  The blue circle highlights 
the larger inter-particle gap looking down the b-axis.  The DNA effectively wraps around octamers as one nucleic 
acid molecule.  (inset) Watson-Crick base pairing of NCP147K’s 3’ overhangs forms a double nicked B-from helix.  
Despite these breaks in the phosphate backbone, the gray boundary exhibits a continuous molecular surface.  Bold 
numbers indicate average hydrogen bond length between each cohesive end base pair. 
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3.4 Human NCP145 preparation and crystallization 
3.4.1 Human NCP145 reconstitution 
Human NCP145 is reconstituted in accordance with protocol adapted from Luger, K. et 
al., 1997a and Dyer, P.N. et al., 2004.  Large scale reconstitutions are first validated via 
small scale dialysis trials to establish DNA:HO ratios that will maximize NCP quantities 
with minimal free DNA contaminant.  Small scale reconstitutions determined that 
DNA:HO ratios between 0.91 – 0.95:1 consistently provided the highest NCP yield with 
acceptably low amounts of free DNA (Fig. 43a).  Gradually lowering potassium chloride 
concentrations from 2 M to 0 M during dialysis controls association of the negatively 
charged DNA and the positively charged octamer surface while causing little to no 
octamer dissociation at low salt concentrations. 
 
Dialysis of 145 α-satellite DNA with pure human histone octamer results in two stable 
nucleosome conformations.  The centered conformation is predominate.  Here the 
pseudo-twofold axis runs through the central base pair and nucleosome dyad satisfying 
all histone–DNA interactions.  The off-centered conformation occurs when interactions 
between a DNA terminus and H3’s N-terminal tail are absent, causing the unbound 
terminus to behave as linker DNA (Luger, K. 2003).  Heat shifting off-centered NCP 
facilitates repositioning of DNA around the octamer so that the thermodynamically 
favored centered conformation prevails (Fig. 43a).  Off-centered conformations were 
not witnessed when reconstituting human octamer–H2A.Z and the strong positioning 
601L DNA.  Note that although the band in lane 4 appears to run higher, the free DNA 
is shifted by the same amount, indicating non-uniformities within the gel (Fig. 43b).   
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3.4.2 Human NCP145 crystallization 
Crystallization of human NCP145 by salting in progressed only after extreme difficulty 
obtaining the correct crystal morphology and diffraction quality size.  Initial screening 
efforts on fully human NCP145 resulted in fast-nucleating needle-like crystals that are 
not suitable for crystallographic studies.  Needle-like crystals appeared despite any 
adjustment of crystallization conditions or parameters (Fig. 44).  Prior studies define 
optimal 0.5X  condition concentrations for X. laevis/human α-satellite NCP146 at 35 – 
37.5 mM manganese(II) chloride, 25 mM potassium chloride, , and 10 mM potassium 
cacodylate at NCP concentrations of 4 mg∙mL-1 (Luger, K. et al., 1997a).  These 
conditions, as well as broader ranges of salt concentrations, led to undesirable 
morphology regardless of drop size tested (Fig. 44).  Needle-like crystals appeared 
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Figure 43.  Native PAGE analyses of small- and large-scale reconstitutions of human NCPs.  (a) (left) Small 
scale reconstitution of human NCP145 is carried out first with variable DNA:HO ratios to determine the best ratio 
when scaling up (middle and right).  Un-shifted (US) samples containing off-centered NCP (red arrow) are treated 
at 37 – 50°C for 20 – 60min to obtain fully centered NCP (blue arrow) shifted (S) nonconcentrated (UC) sample.  
NCP samples are then concentrated (C) and analyzed for aggregate formation by PAGE (middle and right).  (b) 
The exact same protocol is applied to NCP601L-H2A.Z except that samples do not require heat shifting.  
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within 48 hours and continued to form for up to ~2.5 weeks.  In certain cases, single 
larger crystals appeared after longer equilibration times (>3 weeks) suggesting that 
initial salt concentrations were too high to enable slower nucleation but initial NCP 
concentrations (4 mg∙mL-1) were sufficient for correct morphology.  However, this 
observation is counter to empirical data specifying that NCP is more soluble in higher 
salt concentrations that cause slower nucleation where drop conditions equilibrate with 
well conditions giving rise to robust crystals (Luger, K. et al., 1997a).   

 
To determine what effect divalent ion concentration has on nucleation rates, and to what 
degree divalent cations control crystal morphology, a larger range of salt concentrations 
were tested to define NCP solubility in standard crystallization buffer.  NCP solubility 
limit was tested via a low divalent screen outlined in table 7.  NCP145 was determined 
to be soluble in 1X manganese(II) chloride concentrations as low as 50 mM (Table 7). 

Figure 44.  Initial crystal screens of NCP145 produce overwhelming quantities of needle-like morphology.  
Needles appeared in 100% of wells across condition ranges from 60 – 110 mM MnCl2, 60 – 90 mM KCl, and 20 – 
40 mM (CH3)2AsO2K (pH 6.0), different drop sizes: 2 – 8 µL, heat shift temperatures during reconstitution: 37 - 
50°C, NCP drop concentrations: 3 – 4 mg/mL, and various liquid handling parameters.  Native PAGE analysis of 
corresponding NCP reconstitutions are displayed in figure 43. 
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The effect of monovalent ion concentration on crystal morphology, outlined in table 8, 
was also tested to isolate ideal parameters for correct morphology within the optimal 
divalent range.  Here, increasing potassium chloride concentrations to certain range 
appeared to spur formation of proper morphology.  It should be noted however, that 
observations were reversed in prior screens where higher potassium chloride 
concentrations caused thinner crystals to appear, although these screens started from a 
minimum of 60 mM potassium chloride.  
 

 

 
 
 
 
 
 
 
 
 

Buffer: 40mM (CH3)2AsO2K; pH 6.0 

Table 7.  A low divalent ion (MnCl2) screen determines the lower limit of NCP solubility.  Small crystals of 
correct rod-shaped morphology witnessed in well D5 after ~1.5 weeks of equilibration against 25mM MnCl2, 
35mM KCl, 20mM (CH3)2AsO2K; pH 6.0 at 18°C (figure 45). 

A 

B 

C 

D 

1                   2                   3                   4                   5                   6 

Figure 45. Correct rod-like NCP morphology from the low divalent screen outlined in table 7. 
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Testing 1X conditions ranging from 20 – 150 mM MnCl2, 10 – 100 mM KCl, and 20 – 
40 mM (CH3)2AsO2K (pH 6.0) could not conclusively identify the correct ionic strength 
for controlling crystal growth and optimizing morphology.  Likewise, changing any 
other parameter during reconstitution or handling did not positively affect crystal 
morphology or mitigate the appearance of the fast nucleating needles.  Tested 
crystallization parameters include: premixing NCP with crystallization buffer for 
equilibration at 4°C, in situ mixing at room temperature before sealing, the order of 
reagent addition (NCP to buffer vs buffer to NCP), heat shifting at 37 °C for twenty 
minutes vs 50 °C for one hour, different drop sizes (2 µL, 6 µL, 8 µL), and filtered vs 
unfiltered reagents.   
 
Finally, magnesium(II) chloride  precipitation experiment was conducted in an attempt 
to remove aggregates suspected of affecting NCP crystallization that appear during 
reconstitution.  This was performed by diluting the NCP concentration from 8 mg∙mL-1 
to 0.2 mg∙mL-1 in 3 mM magnesium(II) chloride and incubating the solution at room 
temperature before centrifugation at maximum speed.  Resuspended pellet and 

Buffer: 40mM (CH3)2AsO2K; pH 6.0 
 
Table 8.  A low monovalent ion (KCl) screen determines the limit for ideal crystal morphology.  Small crystals 
of correct rod-shaped morphology witnessed in wells B5 & 6 and C5 after ~1.5 weeks of equilibration against 
0.5X conditions (figure 46). 
 

A 

B 

C 

D 

1                   2                   3                   4                   5                   6 

Figure 46.  Correct rod-like NCP morphology from a low monovalent screen outlined in table 8. 
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supernatant were analyzed by UV spectroscopy and no significant NCP was found in 
either fraction (data not shown).  This was confirmed by PAGE analyses which found 
no detectable NCP (data not shown).  The above criteria account for all aspects of our 
laboratory’s established protocol for crystallizing NCP. 
 
One noticeable discrepancy that emerged during reconstitution was the amount of free 
DNA found in each preparation, where it appeared that the presence of free DNA 
affected crystal morphology (Fig. 47a).  As mentioned, reconstitutions shown in figure 
43a (middle and right) gave predominantly needle-like crystals with fewer larger 
crystals.  Direct observation by PAGE analyses show these reconstitutions contain little 
to no free DNA (Fig. 43a).  Throughout multiple trials, reconstitutions lacking free DNA 
offered only needle-like crystals despite any parameter alterations discussed above 
(Figs. 44 & 47b).  However, when reconstitutions contained visible free DNA, NCP 
crystals grew slower and larger.  Drops from these ‘contaminated’ reconstitutions 
ultimately provided several crystals each, but required ≈3.5 weeks of incubation before 
any diffraction size crystals appeared (Fig 47a).  Under these circumstances 1X salt 
concentrations were 90 mM manganese(II) chloride, 80 mM potassium chloride, and 40 
mM K-cacodylate; pH 6.0. 
 
When these conditions were replicated in a narrow test screen of a reconstitution without 
discernible free DNA, needles appeared in every well within 48 hours (Fig. 47b).  
Therefore, in order to isolate the effect of free DNA on crystal growth, a reconstitution 
lacking free DNA was split in half and pure NCP145 DNA was added to one aliquot.  
The amount of free DNA added to the “+Free DNA” sample was based on the NCP 
concentration measured as DNA, quantified by UV spectroscopy, and calculated from 
the difference in NCP yield and the amount of NCP145 DNA originally added to the 
reconstitution.  This amount was divided by two as sample was split into equal volume 
aliquots for a final free DNA quantity of 2 µg.  Results from 10% native PAGE analyses 
and crystallization are depicted in figure 47c.  These results suggest that the presence of 
free DNA in concentrated NCP samples plays some part in crystallization kinetics by 
controlling the rate of nucleation, which determines crystal size and morphology.  If this 
observation is correct, the mechanism is not readily apparent, but may be due to free 
DNA mitigating non-specific contacts between core particles or serving as a sink for 
excess H2A-H2B dimer present in the reconstitutions.  In NCP crystal structures, 
packing contacts between particles form in a manner similar to nucleosome 
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condensation in chromatin.  One prominent interaction where the highly basic H4-tail 
makes an extensive electrostatic contact with the surface of H2A-H2B’s acidic patch on 
an adjacent nucleosome is essential for stability.  Any free DNA present during 
formation of these interactions may help shift equilibrium towards slow nucleating 
kinetics. 

 
3.5 High-resolution structure of human NCP145 
3.5.1 Comparison of human NCP145 and X. laevis NCP145 
Human NCP145 (hNCP145) consists of a 145 base pair α-satellite sequence derived 
from human centromeres and an octamer composed of entirely human core histones.  
Crystallization was carried out as outlined in section 2.3 of the methods.  Under optimal 
divalent conditions, hNCP145 crystals will grow to maximal size (≈1 mm) in 
approximately 10 to 14 days by hanging drop vapor diffusion (Fig.  47a).  Crystal quality 
is highly reproducible with the highest resolution diffraction ranging between 2.20 – 
1.99 Å using a synchrotron X-ray source.  For comparison, hNCP145 crystals grown 
several years prior still provide high quality diffraction data (Fig. 48a; Table 9). 
 
 
 

Figure 47.  Free DNA during nucleosome reconstitution is necessary for diffraction quality NCP crystals.  (a) 
Results from a narrow crystal screen (60 – 110 mM MnCl2, 60 – 90 mM KCl, 40 mM (CH3)2AsO2K; pH 6.0) and 8 
µL drop size setup presenting robust crystal formation.  The 10% PAGE gel (top) is demarcated as in figure 43 and 
shows a moderate amount of free DNA (145 bp).  (b) A narrow screen of an NCP reconstitution lacking free DNA 
around optimal salt conditions determined in (a) (60 – 110 mM MnCl2, 60 – 90 mM KCl, 40 mM (CH3)2AsO2K; pH 
6.0) using a 8 µL drop size produced only fast nucleating crystals with needle-like morphology.  (c) Addition of 
~4µg of NCP145 DNA to a reconstitution lacking free DNA and set up at 8 µL drops sizes with the optimal 
determined salt concentrations (90 mM MnCl2, 80 mM KCl, 40 mM (CH3)2AsO2K; pH 6.0) shows robust crystal 
formation in samples with added DNA and needles in samples without free DNA. 



88 

 
 
  

Table 9.  Data collection and refinement 
statistics for human NCP145 

Single crystal data set; values in 
parentheses are the highest resolution shell 
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To our knowledge, this is the first, and highest resolution, structure of an entirely human 
NCP with 145 base pair α-satellite DNA (Fig. 48b).  As with NCP147K, the overall 
structure is extremely similar to other NCPs.  However, detailed analysis exposes subtle 
changes in histone-DNA register relative to X. laevis NCP145 (xNCP145).  In fact, 
despite a single base pair extension, the 145 DNA structure of hNCP145 is more similar 
to human NCP146 (PDB code 2CV5), suggesting minor species specific sequence 
differences can have a substantial impact on nucleosome DNA conformation and 
octamer positioning. 

 
Despite identical DNA length and sequence, structural alignment and superpositioning 
of hNCP145 and xNCP145 reveals a shift in DNA register in the particles’ positive 
halves (the DNA half which contacts nonprime histones).  An RMSD of 0.253 Å after 
octamer backbone alignment is negligible (Fig. 49a).  For DNA sugar-phosphate 
backbone and nucleotide bases however, average RMSD is ≈0.99 Å with a 0.814 Å and 
1.182 Å variation between negative halves (the DNA half contacting prime histones), 
both backbone and base pair step positions are essentially identical.  In the positive half, 

a b 

Figure 48.  X-Ray crystal structure of hNCP145 at 1.99 Å resolution.  (a) Representative crystals of hNCP145 
at 1X – 2X magnification.  Using the ocular scale at this power crystal size is measured to the nearest µm giving a 
long axis of approximately 1mm for the displayed crystals.  The large size mitigates proliferation where all available 
NCP material in the drop is used in a slow single nucleation event controlled by the divalent concentration.  Crystals 
shown in (a) were grown approximately two years apart (top: 4/11/17; bottom: 8/8/15) demonstrating high 
reproducibility for achieving the best diffracting size crystals.  (b) Cartoon schematic of the hNCP145 crystal 
structure at 1.99 Å resolution.  Core histones are shown in standard coloring: blue, green, yellow, and red for H3, 
H4, H2A, and H2B respectively.  DNA phosphate backbones are colored orange and cyan to differentiate each strand 
with ribose sugars and nitrogenous bases depicted as gray rings. 
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backbone deviation is significantly more noticeable between SHLs +3.5 and +5 with 
sizeable jumps in base pair step agreement (Fig. 49b). 
 

 
Maximum DNA RMSD between X. laevis and human core particles reaches ≈3.66 Å 
and occurs around SHL +1.5 – +2, signifying the beginning of xNCP145 stretching.  
Deviation values return closer to average between SHLs +3 and +4 before increasing 
again to ≈3.55 Å around SHL +4.5 – +5, signifying a return to agreement in DNA 
register between hHCP145 and xNCP145 (Fig. 50).  

Figure 49.  Structural superposition of hNCP145 and xNCP145.  (a) Structural alignment of hNCP145 (blue) 
and xNCP145 (magenta) showing the (left to right) face, top, and bottom views of the nucleosome particles.  The 
CCP4 Superpose task was used for fitting in which core histone tails and both DNA strands were excluded.  This 
treatment results in an RMSD of 0.253 Å.  (b) Schematic representation of the structural superposition in (a) of 
hNCP145 (cyan) and xNCP145 (magenta) of the positive half DNA structures.  Bold numbers represent SHLs that 
differ significantly between each molecule.  Phosphate backbones are represented as ribbons and their positions vary 
between hNCP145 and xNCP145 from SHL +2 to SHL +5.  Minor groove kinking in xNCP145 occurs at SHL +1.5 
and causes stretching through SHL +5.  (c) Schematic representation of the structural superposition in a of the 
hNCP145(blue) and xNCP145 (light pink) of the negative half DNA structures.  The phosphate backbones and base 
pair steps are closely aligned indicating no difference in DNA register for the negative half. 
 

a b 

c 
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3.5.2 DNA conformational changes in hNCP145 lead to change in register. 
Human NCP145 and X. laevis NCP145 sequences are approximately 97% similar 
possessing identical palindromic DNA fragments while differing only in the core 
histone sequences, where most amino acid substitutions occur in tail regions.  The large 
shift in DNA register witnessed in the positive hNCP half persists from SHL +2 to SHL 
+5.   
 

Full analysis of hNCP145 and xNCP145 rotational and translational base pair step 
parameters show the structures are highly similar with two noticeable discrepancies 
(Fig. 51).  X. laevis NCP145 maintains proper histone-DNA register through super helix 
deformation.  A minor groove kink at SHL +1.5 of xNCP145 leads to stretching around 
SHL +2 and gives the NCP an effective 147 base pair length.  Structurally, the kink 
manifests as a large negative roll value between the fourteenth and fifteenth base pairs 
(GG=CC) (Fig. 51 top).  This does not occur in the hNCP145 structure.  As a result of 
xNCP145’s kink at SHL +1.5, rise values between the two DNA structures become 
staggered starting around SHL +2 and lasting until SHL +5 (Fig. 51 bottom). 
 
Roll and slide parameters between each structure are fairly consistent with the exception 
of moderate negative roll values found at three base pair steps, one in the hNCP145 

negative half and two in the positive half (Fig. 51 top).  At hNCP145 SHL −1.5 

nucleotide –14G experiences approximately –27.6° degrees of roll whereas xNCP145 
experiences only –1.3°.  Similarly, 47G and 57G of hNCP145 experience –22.9° and –
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Figure 50.  The average RMSD between hNCP145 and xNCP145 DNA.  Quantification of the visual 
representations in figure 49 shows a sharp increase in average deviation starting at SHL +1.5.  Average RMSD for 
the entire DNA molecule is ≈0.99 Å. 
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23.4° of negative roll respectively.  In comparison, xNCP145 experiences only –6.9° 
and –13.7° of negative roll at the equivalent locations.  These two locations coincide 
with ‘pressure points’; minor groove-inward regions with respect to the octamer surface 
where there is maximal mechanical strain and deformation (Chua, E.Y. et al., 2012).  
Smaller negative roll vales, associated with helical bending around the octamer, are 
distributed throughout hNCP145 DNA, particularly in regions of xNCP145 stretching, 
which may help alleviate mechanical strain without the energetic penalty of severe 
minor groove kinking.   
 
The hNCP145 GG=CC base pair step analogous to the xNCP145 step that undergoes 
minor grove kinking has a negative roll value of –14.6°, while the xNCP145 step is 
deformed by approximately –53.9°.  It is likely that some mechanical strain is 
transferred across these two base pair steps since they exist at a ‘hinge’ where bound 
single stranded DNA regions allow conformational variation between nucleic acid 
sequences (Chua, E.Y. et al., 2012).  The much smaller negative roll at this hinge is 
indicative of the conformational freedom DNA possesses in a nucleosome bound 
context.  However, what is surprising in this study is the fact that both hNCP145 and 
xNCP145 include the exact same DNA molecule.  This could be an indication of the 
energetic degeneracy within a set of alternate conformations and registers accessible to 
the nucleosomal double helix.  Presumably this attribute has in any case evolved into 
the system to foster repositioning and dynamics characteristics necessary for genomic 
function. 
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Aside from structural variations that regulate disagreement between hNCP145 and 
xNCP145 DNA conformation, the lone chemical differences between X. laevis and 
human NCP145 exist in the histone octamer.  Several sequence changes between amino 

Figure 51.  Rotational and translational base pair step parameters for hNCP145 and xNCP DNA.  (upper) 
Rotational base pair step values plotted after the first A-T base pair.  The xNCP145 plots are displayed as thin lines 
and hNCP145 are thick.  Bold numbers above the 145 α-satellite sequence designate super helix location.  Minor 
groove blocks are shaded in gray.  Large negative roll indicates minor groove kinking at SHL +1.5 in xNCP 
occurring at a CG=GC step.  (lower) Translational base pair step plots were prepared exactly as above.  Large 
positive rise at SHL +1.5 in xNCP indicates minor groove kinking.  Such a magnitude in rise does not occur at this 
location in hNCP DNA.  After this point, rise values between hNCP and xNCP are staggered from SHL +2 to +5. 
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acids in core histone-tail domains may influence DNA conformation and positioning in 
ways that make hNCP145 unique (Appendix 4).  In a human nucleosome structure 
comprising human core histones and 146 base pair α-satellite DNA, bulky amino acid 
substitutions in the H2B N-terminal tail clash with the DNA backbone at SHL –2, –5, 

and +5 to alter the nucleosomal DNA path such that stretching is observed at SHLs ±5 

(Tsunaka, Y. et al., 2005).  Human NCP146 is asymmetric with respect to its DNA 
halves.  Excluding the dyad, the negative half includes 72 base pairs while the positive 
half retains 73.  The extra nucleotide shifts the sequence ahead one base pair relative to 
hNCP145, but the numbering remains constant such that both particles possess the same 
histone-DNA register in the positive half (Fig. 52a).  This suggests that human H2B-
tail substitutions similarly effect the positive DNA half of both human core particles.   
 
The relevant H2B-tail changes from X. laevis to human include triplet residues R27, 
K28, T29 to K27, R28, S29.  These substitutions swap steric bulk at position 28 (Lys 
to Arg) and 29 (Thr to Ser).  In human NCP146, an R28 omega nitrogen forms a 
hydrogen bond with the S29 gamma oxygen locking the arginine’s aliphatic side chain 
in a position that clashes with the DNA phosphate backbone resulting in its shift 
towards the octamer surface (Fig. 52b).  In the hNCP145 structure, this clash occurs 
only at SHL +5 to shift the hNCP145 DNA backbone, relative to xNCP145, by the 
same mechanism observed in human NCP146.  However, the bulky R28 of hNCP145 
does not interact with the smaller S29, therefore the side chain clash with DNA 
backbone is less prevalent (Fig. 52c). Stretching due to energetic degeneracy in 
hNCP145 and xNCP145 around SHL –2 moves the phosphate backbone away from 
H2B’ R28 and alleviates potential steric clash resulting in matching negative-half 
registers.  
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3.6 Adduct structures of the human nucleosome core particle 
After rectifying crystallization issues, NCP crystals were prepared for data collection 
by buffer exchange to substitute MnCl2 with MgSO4 and introduce MDP as a 
cryoprotectant.  Crystals were soaked with the specified concentrations of relevant 
reagents for the indicated lengths of time, or until diffraction quality deteriorated.  Most 
of the dinuclear compounds presented in figure 53 and Appendix 5 proved insoluble in 
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Figure 52.  The structural determinants of hNCP145 DNA conformation are similar to human NCP146.  (a) 
Superposition of the positive half of xNCP145 (magenta), hNCP145 (cyan), and human NCP146 (translucent 
yellow; PDB code 2CV5) in block representation shows SHL +2 through SHL +5 (black numbers).  Enumerated 
nucleotide pairs indicate where base pair steps agree (doublet), where they begin to disagree (singlet), and where 
they return to agreement.  Text color matches block color.  The helical paths are traced as thick lines and 
correspond with block color.  (b) Structural alignment and superpositioning of hNCP145, xNCP145, and human 
NCP146 octamer cores.  Amino acid changes between X. laevis and human histone sequences in the H2B-tail 
introduce a bulky arginine (R28) that clashes with the DNA backbone around SHL +5 in both hNCP145 and 
human NCP146.  The DNA backbone shifts as a result where hNCP145 backbone is intermediate between the 
extent of human NCP146 and no shift in xNCP145 (black arrow).  (c) R28 and S29 interactions with the DNA 
phosphate backbone in hNCP145.  Potential hydrogen bonds and electrostatic interactions appear as blue dashes 
and potential clashes are depicted as red dashes. 



 

96 

24% MDP stabilization buffer, except for the compounds discussed in the following 
sections.  Compounds soluble under standard buffer treatment, or compounds 
solubilized with adjusted crystal treatment, bound the NCP sufficiently for structure 
solution and analysis.  In cases where a small molecule adduct structure could not be 
built, or the interpretation of electron density was problematic, difference and 
anomalous difference maps were created and adequate signal intensity (≥3.5 σ) was 
used to deduce adduct binding modes and locations.  Several insoluble compounds 
(Lucie-R33/R49/R50, EP10-069, and EP11-104) showed no appreciable signal in the 
difference or anomalous difference maps even after lengthy soaks, increased soaking 
buffer MPD concentrations, diffraction data collection, rigid body refinement, and 
preliminary map generation (Appendix 5).  We recorded these negative observations as 
no adduct binding. 
 
In metal–based drug development research, both rare (Ir, Os, Rh) and biologically 
significant (Cu, Fe) metals have gained favor as therapeutic possibilities.  Despite these 
considerations, the primary metal candidates used as reactive groups remain platinum, 
as derivatives of cisplatin, ruthenium, particularly the RAPTA series, and more recently 
gold with interest in repurposing the anti-rheumatic drug auranofin.  As successful 
mononuclear organometallic drugs, these compounds are excellent precursors for 
multinuclear derivatization.  Creating homo- and hetero-multinuclear derivatives of 
well-established mononuclear drugs is an effective way to redesign their structure for 
extensible function.  With additional metal centers, new binding modes become 
available through various types of cross-linking, increased polar and electrostatic 
interactions, intercalation, topological recognition, altered ligand exchange kinetics, 
and so on.  The following sections will discuss these concepts in the framework of 
nucleosome targeting, emphasizing hetero-dinuclear designs and protein–protein cross-
links on the octamer surface. 
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3.6.1 JN128-2_KP2425 Pt(IV)–Ru(II) hetero-dinuclear NCP145 structure 
Our first foray into hetero-dinuclear chromatin targeting reagents began with crystal 
soaking tests of platinum–ruthenium reagents (JN series; Appendix 5).  These 
compounds were designed to build on the success of previous studies involving 
mononuclear cisplatin and the RAPTA family of anticancer drugs by introducing a 
DNA–protein cross-linking mode of action to chromatin targets (Rosenberg, B. et al., 

a b 

c 

d 

Figure 53.  Chemical structures of multinuclear reagents and precursors used in chromatin targeting studies.  
(a) JN128-2_KP2425 contains a Pt(IV) center with  a bidentate diamine ligand and two Cl- leaving groups and an 
Ru(II) center in complex with two imidazole groups, a cymene ligand, and a single Cl- leaving group.  The two metal 
centers are bridged by two alkyl linkers culminating in an amide-ethyl-carboxyl chain connected to the platinum 
center for a distance of ~25 Å based on C-C bond lengths (~154pm).  (b) EP11-019 is an AUF derivative possessing 
an Au(I) reactive center with the same sugar-thiol leaving group.  Two phenyl groups and a benzoic acid replace the 
phosphine ligand of AUF.  (c) Chemical structure designs for “Compound III” and Tri-nuclear “Compound III” 
capitalize on AUF+RAPTA-T synergy by joining RAPTA and AUF/EP11-019 derivatives with a PEG linker.  (d) 
PEG linkers also connect acidic patch targeting viral peptide-metalloreagent conjugates GAG (top) and LANA M6O 
(bot) to AUF/EP11-019 derivatives.  A methionine to ornithine mutation at position six increases LANA’s positive 
charge at pH 6.0 which may help improve its  affinity toward acidic patch residues. 

H 
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1969; Allardyce, C.S. et al., 2001; Houten, B.V. et al., 1993).  JN128-2_KP2425 is a 
novel hetero-dinuclear compound, designed by our collaborator Dr. Alexey Nazarov, 
possessing ruthenium(II) and platinum(IV) reactive groups (Fig. 54) connected by alkyl 
linkers that adopt the imidazole carrier ligand features of established NAMI-A and 
KP1019 Ru(III) anti-cancer drugs (Hartinger, C.G et al., 2008; Sava, G et al., 2002).   
 

 
Previous efforts with hetero-dinuclear platinum–ruthenium compounds focused on a 
ruthenium(III)–platinum(II) complex (Herman A. et al., 2008), a complex with 

reversible or irreversible oxidation states (RuII ⇌ RuIII, PtII → PtIV; Higgins S.L. et al., 

2011), or a ruthenium(II)–platinum(II) compound (Houten, B.V. et al., 1993; Prussin, 
A.J. et al., 2009).   However, the structures of these molecules all include aromatic or 
polyaromatic bridging ligands.  JN128-2_KP2425’s monofunctional ruthenium(II), 
with adorning cymene, targets core histone residues on the nucleosome surface at the 
acidic patch, and the bifunctional Pt(IV), with a bidentate ethylene diamine ligand, is 
predicted to coordinate the DNA component of NCPs (Wu, B. et al., 2011; Pinato, O. 
et al., 2013).  The alkyl linkers afford the molecule a degree flexibility between reactive 
centers, a design that capitalizes on the two modes of targeting to enhance site 
specificity for DNA and influence the thermodynamics of adduct formation. 

Figure 54.  The chemical structure of JN128-2_KP2425 is shown with approximate linear linker length represented 
in angstroms and based on experimental values for C-C (154pm), C-N (147pm), C=N (135pm), C-O (143pm), Ru-
N (210pm) (Wishart, J.F. et al., 1986) bond lengths.  Chloride leaving groups are highlighted in red. 
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Crystals soaked with 1 mM JN128-2_KP2425 exhibited zero (24hr) or low (47hr) 
occupancy at the tested soaking times as determined by zero or low anomalous signal 
for both platinum(IV) and ruthenium(II) atoms at 1.5 Å and 1.072 Å (Pt edge) 
wavelengths.  Thus, difference and anomalous signals appearing at the longer time 
point required us to use the 47hr data sets for analysis (Table 10).  Anomalous signal 
for the ruthenium atom is not detectable above background in either the 1.5 Å or 1.072 
Å data sets and so is recorded as zero.  Therefore, the moderate positive electron density 
(max signal 5.51 σ at 1.5 Å) located around E61 and E64 of H2A, likely corresponding 
to the cymene and imidazole ligands, is taken as evidence of ruthenium coordination at 
one of the glutamine residues of the canonical ruthenium(II) binding site RU1 (Table 
10; Fig 54).  JN128-2_KP2425’s ruthenium(II) center possesses a cymene ligand that 
imparts upon it a hydrophobic surface similar to RAPTA-C’s from which this part of 
the reagent is derived.  Presumably, as with RAPTA-C the cymene group aids in 
molecular recognition of the RU1 binding site by facilitating hydrophobic contacts with 
non-ruthenium(II) coordinating histone protein side chains.  Wu, B. et al., 2011 were 
the first to observe this mode of core histone targeting. 

Table 10.  Data collection statistics for JN128-2_KP2425 treated human 
NCP145 crystals. 

 

Column headings indicate data collection X-ray wavelength. 
Single crystal data sets; values in parentheses are for highest resolution shell. 
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The identification of platinum atom locations was more difficult for several reasons 
discussed below.  Whereas the reactive platinum center of cisplatin is in a Pt2+ oxidation 
state with square planar coordination geometry, JN128-2_KP2425’s platinum center is 
in the more chemically inert Pt4+ state with accompanying octahedral geometry 
(Luzyanin, K.V. et al., 2005).  These chemical and structural features, combined with 
a linker of inadequate length for intra-particle DNA binding, likely alter the platinum 
group’s preferred reactivity towards GG or GXG motifs and makes placement of the 
Pt(IV) atoms at empirical sites ambiguous.  Nonetheless, a weak anomalous signal, 
although sufficiently above background, in the platinum edge data set appears near the 
phosphate backbones of adjacent core particles (Fig. 55; Table 11).  These sites are 
designated PT1 (a CT=AG step) and PT2 (a GG=CC step) with PT2 exhibiting slightly 
stronger signal over PT1 (Fig. 55; Table 11).   
 
The platinum(IV) center’s distance from the N-heterocyclic bases of DNA along with 
its proximity to the negative phosphate groups imply the metal – DNA interaction is 
characteristically electrostatic where the Pt(IV) center is not biologically reduced to a 
platinum(II) prodrug (Shi, Y. et al., 2012).  Such binding modes are also observed in a 
trinuclear copper(II) complex that cleaves DNA upon electrostatic interaction, and 
noncovalently interacting trinuclear platinum compounds where cationic Pt(II) centers 
can interact with backbone phosphates to produce cytotoxic effects (Harris, L.A. et al., 
2005; Komeda, S. et al., 2006; Chen, J.W. et al., 2007). 
 
Finally, the additional elongated density emerging from the difference peak’s center of 
mass around RU1 and extending towards sites PT1 and PT2 designates the presence of 
the aliphatic linker (Fig. 55).  Density extending towards PT2, appearing as two tendrils, 
may be indicative of the two linkers connecting each metal center while the density 

Table 11.  Ruthenium(II) and platinum(IV) binding sites in human NCP145 
treated with JN128-2_KP2425. 

 

Sites correspond to coordination of the ruthenium carrier group (RU1) or 
platinum atom locations (PT1/2).  Values correspond to difference (Fo–
Fc; RU1 only) or anomalous difference electron density map peak 
magnitudes.  
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extending towards PT1 is less distinguishable as linker and may instead be parts of the 
cymene group (Fig. 55).  The positive electron density extending towards PT1 seems 
to breach a narrow pocket of aliphatic carbons formed by histone side chains to create 
potential hydrophobic contacts in the manner of RAPTA-C’s cymene.  

 
Metal atoms placed at the centers of the strongest difference or anomalous peaks 
determine the approximate distances between reactive groups (Fig. 56a & b).  The 
distances measured between heavy atoms coincide approximately with the length of 
JN128-2_KP2425’s linker as determined by its chemical structure; further supporting 
that, despite weak signal due to low occupancy, the observed peaks are in fact platinum 
and ruthenium (Figs. 54 & 56b). 
 
 
 
 
 

E64 

E61 

PT2 

PT1 

G -64 G -63 
NUC2 

NUC1 

T -21 

C -20 
RU1 

Figure 55.  Preliminary anomalous and Fo – Fc maps of the JN128-2_KP2425 adducted human NCP145.  The 
anomalous signal shown in green, contoured at 3.0 σ, specifies the position of two Pt(IV) atoms.  Platinum atoms 
appear to be interacting with the DNA phosphate backbone of neighboring NCP molecules (NUC1 – PT1: C -20 & 
T -21 ; NUC2 – PT2: G -63 & G -64).  The Fo – Fc map, shown in red and contoured at 3.0 σ, displays moderate 
positive electron density around E61 and E64 of core histone H2A, signifying the presence of the Ru(II) atom, 
cymene, and imidazole moieties, with evidence of the linkers extending towards sites PT1 and PT2.  H2A E61 and 
E64 are acidic patch residues and a known Ru(II) binding site (Wu, B. et al., 2011; Adhireksan, Z. et al., 2014). 
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JN128-2_KP2425 is a promising addition to the JN series of platinum – ruthenium 
hetero-dinuclear chromatin targeting compounds (Appendix 5).  However, subsequent 
optimization is needed to adjust linker length and platinum center reactivity and 
coordination geometry so that intra- and inter-particle NCP DNA binding is possible.  
Once achieved, JN128-2_KP2425 may be a viable drug candidate for in vivo assays 
and efficacy experiments against cancer cells. 
 
3.6.2 EP11-019, an auranofin derivative and hetero-dinuclear precursor. 
EP11-019 is a metalorganic compound, synthesized in the lab of Prof. P.J. Dyson by 
Ms. L. Batchelor, whose design is derived, both structurally and chemically, from the 
disease-modifying antirheumatic drug auranofin (AUF) (Batchelor, L.K. et al., 2017).  
Like AUF, EP11-019 bears a gold(I) reactive center but departs from its parent structure 
by replacing the triethylphosphine group with a 4-(diphenylphosphanyl)benzoic acid 
ligand.  The leaving group chemistry between both compounds is the same where each 
prodrug possesses a ß-D-thioglucosetetraacetate ligand (Figs. 10 & 53).  Based on 
earlier studies performed in our lab, AUF reactivity towards a pair of H3/H3’ histidine 
residues near the nucleosome dyad was recognized as a function of allosteric synergism 
with preceding RAPTA-T binding at RU1 and RU2 of the acidic patch (Adhireksan, Z. 
et al., 2017).  These findings advance prior research establishing gold–organometallic 
and metalorganic reactivity towards imidazole nitrogen atoms, whether through 
covalent bonding to imidazole ligands (Bovio, B., et al., 1984; Berners-Price, S.J. et 
al., 1985) or by targeting histidine residues when forming protein adducts (Zou, J. et 
al., 2000; Messori, L. et al., 2013). 

a 
RU1 

PT2 

PT1 

E64 

17.6 Å 
17.1 Å 

b 

Figure 56.  Binding site and locations of JN128-2_KP2425 heavy atoms in the adducted human NCP145.  This 
structure is based on X-ray data collected at 1.072Å (Pt L-III edge).    (a) NCP is colored as in figure 2 with Pt(IV) 
atoms appearing as gray spheres (rw = 1.75 Å) and the blue-green Ru(II) center (rw = 2.05 Å) of JN128-2_KP2425 
displayed near H2A E64 of the acidic patch.  The position of the strongest anomalous signals and positive electron 
density are taken as the position of the corresponding metal atoms.  (b) Detailed structure of Pt(IV) and Ru(II) atoms 
with measured distances between metal centers that correlate well with JN128-2_KP2425’s approximate linker 
length  The representation here is rotated 180° about the vertical axis from the representation in (a) such that PT1 
and PT2 appear in the opposite orientation. 
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EP11-019 is a mononuclear precursor to a series of homobimetallic gold compounds, 
where monofunctional gold(I) moieties are connected by variable length PEG spacers 
(Appendix 5; EP10-069) (Batchelor, L.K. et al., 2017).  The dinuclear gold series was 
created with the intent to improve the potency and efficacy of gold(I) metalorganic 
drugs by building on the multinuclear concept of introducing new modes of action to 
surmount drug resistance in chemoresistant cancers (Hartinger, C.G. et al., 2011).  In a 
chromatin targeting context, we are interested in dinuclear gold designs aimed at cross-
linking H113 of H3 and H3’.  This targeting mode could reduce the required dose while 
achieving the same therapeutic response.  However, structures of homo-dinuclear gold–
NCP adducts were unobtainable due to pervasive insolubility regardless of PEG linker 
length.      
 
Exploiting structural changes arising from the RAPTA-T–AUF allosteric mechanism 
also aids EP11-019 nucleosome targeting.  RAPTA-T adducts at RU1 and RU2 cause 
systematic changes in nucleosome octamer conformation leading to greater 
hydrophobic contact potential around H3–H113 (Adhireksan, Z. et al., 2017).  The new 
phenyl–benzoic acid ligand design tests if site occupancy improves when further 
increasing hydrophobic contacts in the AU1/AU1’ binding channels and adjusting this 
design to be more lipophilic could help improve current cytotoxic limitations 
(Mendoza–Ferri, M.G. et al., 2008; Barreiro, E. et al., 2014).  Cytotoxicity assays 
applying a series of novel gold(I) reagents against an ovarian carcinoma cell line, 
cisplatin resistant cells, and nontumoral HEK-293 cells found that dinuclear versions 
of EP11-019 are significantly more cytotoxic than AUF by approximately one order of 
magnitude.  Mononuclear EP11-019, however, is nearly as effective against A2780 
cells as AUF and about 6 to 8 fold less effective in HEK-293 and cisplatin resistant 
cells respectively (Batchelor, L.K. et al., 2017). 
   
Initial diffraction tests of human NCP145 crystals soaked with 1 mM EP11-019 for ~24 
hours in the absence of RAPTA-T exhibited no detectable adduct formation as per lack 
of visible impact on the crystals, consistent diffraction patterns during the course of 
treatment, and zero signal at H3/H3’ H113/H113’ in the anomalous map.  Indeed, 
crystal diffraction quality as a function of resolution remains nearly constant even up 
to 70 hours of continued reagent exposure (Table 11).  As stated, diffraction quality and 
the overall resolution limit are indicators of nucleosome adduct formation where 
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reagent solubility in soaking buffer generally dictates the extent of uptake by NCP 
crystals.  Diffraction data sets were collected at three time points at λ = 1.0402 Å after 
the introduction of 0.5 mM RAPTA-T (Table 12).  Crystals soaked with the EP11-019 
– RAPTA-T combination experienced physical degradation with a concomitant loss in 
resolution, largely from sudden RAPTA-T uptake where occupancy at RU1 approaches 
one (Fig. 57b; Table 13).  EP11-019 adducts began forming at the anticipated histidine 
residues as determined by moderate peaks in the anomalous map, and RAPTA-T 
binding is determined by electron density corresponding to PTA and arene ligands 
present in the Fo–Fc map at RU1 but not RU2 (Fig. 57b; Table 13).  The best 
combination of resolution and signal was present in the 46-hour data set including 
RAPTA-T, which was used for structure refinement and solution.   

Table 12.  Data collection and refinement statistics for EP11-019, EP11-019 + KCl*, and EP11-019 + RAPTA-T 
treated human NCP145 crystals. 

 

Single crystal data sets; values in parentheses are for highest resolution shell.  Inset: comparison of auranofin 
(top) and EP11-019 (bottom) chemical structures. 

 

H 
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EP11-019–NCP structural data reveal that the allosteric mechanism by which AUF 
coordinates buried histidine residues is identical for EP11-019.  However, with EP11-
019 the minimal conditions for nucleosome binding suggest that preceding RAPTA-T 
adduct formation at RU1 alone is sufficient for gold coordination at AU1/AU1’ (Fig. 
57a & b), as was predicted from the AUF-RAPTA-T study (Adhireksan et al., 2017).  
Unfortunately, as with JN128-2_KP2425, occupancy remained low owing to persistent 
insolubility and peak anomalous signals do not approach those of AUF (Adhireksan, Z. 
et al., 2017).   

 

 
Based on HSAB theory, leaving group chemistries for RAPTA-T and EP11-019 are 
decidedly different.  Gold–thiol bonds require greater aquation time whereas gold – 
chloride bonds are more labile and will aquate swiftly (Pearson, R.G. 1963; Ayers, P.W. 
et al., 2006).  Due to this principle, RAPTA-T chloride ligands released into soaking 
buffer may exchange with EP11-019’s thioglucosetetraacetate ligand subsequently 
creating the reactive species.  If so, this would potentially lead to gold(I) activation and 
histone binding without allosteric conformational changes induced by RAPTA-T 
binding at RU1.  To determine whether rapidly liberated RAPTA-T chlorides could 
cleave EP11-019 thioglucosetetraacetate groups, a control using crystal samples soaked 
only with EP11-019 for up to 70 hours were supplemented with 4 mM potassium 
chloride and incubated for an additional 19 hours.   These results determined that even 
in excess quantities, with soaking times of up to 19 hours beyond maximum reagent 
exposure, free chloride anions alone do not promote EP11-019 binding to the 
nucleosome (Table 12). 

 

Table 13.  Ruthenium(II) and gold(I) binding sites in human NCP145 
treated with EP11-019 + RAPTA-T 

 

Sites correspond to coordination of RAPTA-T (RU1/2) or EP11-019 
(AU1/1’.  Values correspond to difference (Fo–Fc; RU1/2) or 
anomalous difference electron density map peak magnitudes. 
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The site specificity of EP11-019 for H113 is essentially indistinguishable, and possibly 
enhanced, relative to AUF.  This occurs despite a significant change to its chemical 
structure as EP11-019 and AUF binding locations on the nucleosome surface are 
identical (Fig. 58a).  The principal difference between AUF and EP11-019 is the 
replacement of ethyl groups with bulkier phenyl and benzoate ligands.  The increase in 
size prompted concerns over EP11-019’s ability to coordinate at the AU1/AU1’ binding 
channel due to anticipated steric hindrance between the phenyl–benzoate ligand and 
histone residues around H113 (Figs. 58b & 53b).  However, this was not an obstacle as 
evidenced by the clear presence of heavy atoms at AU1/AU1’ in the 1.040Å data set 
anomalous map (Fig. 57a).   
 
In fact, EP11-019 appears to benefit from the 4-(diphenylphosphanyl)benzoic acid’s 
increased hydrophobic surface area over AUF’s triethylphosphine as the bulkier ligand 
makes more extensive hydrophobic contacts with aliphatic side chain carbons in the 
AU1/AU1’ binding channel (Fig. 58c).  Furthermore, RU1, RU2, AU1, and AU1’ 
binding site conformations are conserved, with only slight deviations present in core 
histone backbones likely attributed to H. sapiens – X. laevis sequence differences and 
RAPTA-T binding only at RU1 (Fig. 58d).  Indeed, hydrogen bonding between H113 
residues and carboxylate groups at AU1/AU1’ in the EP11-019–RAPTA-T is no 
different when compared to the AUF–RAPTA-T structure (Fig. 58b).  This confirms 
low occupancy is primarily due to solubility issues and not steric clash between the 

a b 

E64 
H2A 

E61 
H2A RU1 AU1 H113 

H3 

H113 
H3’ 

AU1’ 

Figure 57.  Fo – Fc omit and anomalous maps of EP11-019 and RAPTA-T adducted human NCP145.  Maps 
are colored as in figure 26.  (a) Moderate anomalous signal, contoured to 3.0 σ, observed around a pair of symmetry 
related histidine residues on core histones H3 and H3’ indicate the presence of Au(I) heavy atoms for two EP11-
019 adducts.  The Fo-Fc omit map, contoured at 3.0 σ, also supports the location of the Au(I) centers and indicates 
some additional density for EP11-019’s phenyl or benzoate ligands.  (b) The Fo – Fc omit map, contoured at 3.0 σ, 
shows moderate positive electron density around E61 and E64 of H2A which correlates with RAPTA-T binding at 
the RU1 site. 
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phenyl-benzoic acid ligand and histone residues or a drastically altered octamer 
conformation. 

 
Consistent with prior studies of AUF–protein adducts, EP11-019’s gold(I) atom 
covalently coordinates imidazole nitrogen atoms with approximate linear geometry 
(Figs. 57a, 58b, & 59; top) (Zou, J. et al., 2000; Messori, L. et al., 2013; Adhireksan Z. 
et al., 2017).  The bond lengths and angles of adducted EP11-019 are also congruent 
with un-adducted AUF and compound 9c, where EP11-019 and compound 9c share the 
4-(diphenylphosphanyl)benzoic acid ligand but possess different leaving groups 
(Batchelor, L.K. et al., 2017).  Moreover, a sample of existing structural parameters for 
gold(I)–protein adducts shows there is good agreement between experimentally derived 
bond geometries and those of EP11-019–NCP (Fig. 59; bot).  

AU1 RU1 

RU2 

AU1 

AU1’ 

RU1 

AU1 

AU1’ 

K115 
K122 

Q125 
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R134 

L109 

I112 
Q112 

A113 
V114 

d c 

a b 

Figure 58.  X-ray crystal structure of EP11-019 and RAPTA-T adducted NCP at 2.75Å resolution.  (a-d) 
Structures of EP11-019 and RAPTA-T adduct sites.  H2A, H2B, H3, and H4 histone protein backbones are colored 
yellow, red, blue, and green respectively.  (a) Overview of EP11-019 and RAPTA-T binding to NCP, depicting the 
˃30 Å distance between each adduct site.  (b) Structure of histone adducts formed between H3/H3’ H113 and EP11-
019.  Dashes represent bifurcated hydrogen bonding between imidazole epsilon nitrogen atoms, carboxylate delta 
oxygen groups, and main chain cysteine oxygen atoms.  (c) The van der Waals environment of an EP11-019 adduct 
shown in space-filling representation.  The primary hydrophobic interactions exist between EP11-019 phenyl 
ligands and aliphatic side chain carbons of the binding channel.  (d) Structural alignment of the EP11-019-RAPTA-
T adducted nucleosome and the AUF-RAPTA-T adducted nucleosome (PDB code 5DNN) with and RMSD of 0.244 
Å.  Subtle structural changes arising from slight rearrangements in core histone backbone conformation due to 
species related sequence differences and exclusive RU1 occupancy do not alter the conformation of the RU1 site or 
the AU1/AU1’ binding channel. 
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On its own EP11-019 is not effective against ovarian cancer cells in cytotoxicity assays 
due to insufficient lipophilicity (Batchelor, L.K. et al., 2017), and difficulties with 
solubility make high resolution NCP adduct structures difficult to attain.  Nevertheless, 
with data presented here the reagent offers a useful base structure for a more 
sophisticated compound design discussed in the next section. 
 
3.6.3 A hetero-dinuclear Ru(II)–Au(I) agent targets distinct nucleosome sites 
Building on concepts introduced in the prior two sections: multi–site targeting, 
allosteric cross-talk, drug-drug synergy, hetero/multinuclearity (Manzotti, C. et al., 
2000; Mendoza–Ferri, M.G. et al., 2009; Hartinger, C.G. et al., 2011), HSAB theory, 
and druggable site recognition, we tested a hetero-bimetallic compound, synthesized in 
the lab of Prof. P.J. Dyson by Ms. L. Batchelor, designed to cross-link nucleosome 
tetramer with dimer by targeting and coordinating discrete histone sites. 
 
Human NCP145 crystals were treated with a novel gold(I)–ruthenium(II) hetero-
dinuclear agent to determine if the reactive centers would simultaneously coordinate 
distinct histone sites.  Adduct formation was characterized by X-ray crystallography in 
which data collected at the gold edge (L-III, 11.9187 keV, 1.0402 Å) was used for 
structure solution and analysis.  “Compound III” (C3) consists of a RAPTA-like moiety 
with a ruthenium(II) reactive center joined by a ~38 Å PEG linker to a gold(I) 
containing AUF/EP11-019 derivative (Fig. 60).  The reactive center of the AUF 
derivative is more similar to EP11-019 with a 4-(diphenylphosphanyl)benzoic acid 

Figure 59.  Distances (Å) and angles (°) around gold(I) centers for AUF (Hill, D. T. and Sutton, B. M. 1980) and 
9c (Batchelor, L.K. et al., 2017) (top) and metallodrug–protein adducts: AUF–cyclophilin (Zou, J. et al., 2000), Cl–
Au(I)–lysozyme (Messori, L. et al., 2013), AUF–NCP (Adhireksan, Z. et al., 20170, and EP11-019–NCP (bot).  
*Angle stated is for Cl–Au–N.  Average values of three Au(I)–His15 lysozyme adducts.  Two gold(III) prodrugs, 
Auoxo6 and Au2phen, and gold(I) prodrug AuSac2.  **Average values for adducts formed at histidine residues of 
AU1 and AU1’. 
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ligand where the thioglucosetetraacetate leaving group is replaced with a chloride (Figs. 
53b & 60).   
      
Based on preceding data we anticipated the ruthenium(II) center of C3’s RAPTA-like 
moiety would bifunctionally coordinate to the nucleosome acidic patch (Wu, B. et al., 
2011; Meier, S.M. et al., 2013; Adhireksan, Z. et al., 2014; Davey, C.A., 2015; 
Palermo, G. et al., 2016).  As discussed, RAPTA compounds are known to form adducts 
at the carboxylate groups of E61 and E64 of H2A (RU1) and the imidazole and 
carboxylate groups of H106 and E106 of H2B (RU2) through substitution of its chloride 
leaving groups (Wu, B. et al., 2011; Adhireksan, Z. et al., 2014; Adhireksan, Z. et al., 
2017).  In the present study the RAPTA-like component of C3 binds at RU1 as indicated 
by strong signal in the Fo – Fc difference map around H2A E61 and E64 (Fig. 63a; 
Table 15).  RU2 however remains empty (no signal) at all tested soaking durations, 
where it lacks any globular density characteristic of cymene or PTA ligands (Fig. 63a; 
Table 15).  This is likely due to steric interference from the flexible PEG linker at RU1 
blocking access to RU2 and entropic effects governing binding order. 
 
The prior study cited in section 3.6.2 discovered an allosteric cross-talk mechanism in 
which RAPTA-T binding to RU1 and RU2 causes systematic changes in the inter-
helical orientations of the H2A and H3/H3’ α-helices.  Repositioning of these helices 
generates subtle rearrangements in the H3–H4 tetramer near the nucleosome dyad.  
These structural changes result in AU1/AU1’ binding channel compaction which in 
turn promotes adduct formation at a pair of symmetry related histidine residues on 
H3/H3’.  Here the gold(I) center of antirheumatic agent AUF monofunctionally 
coordinates the H113/H113’ imidazole delta nitrogen atoms of the tetramer 
(Adhireksan, Z. et al., 2017).  Functionally, this allosteric cross-talk increases RAPTA-
T and AUF efficacy and leads to cytotoxic drug-drug synergism whereby viability of 
an ovarian cancer cell line significantly decreases when cells are concurrently treated 
with both drugs. 
 
 
 
 
 
 Figure 60.  The ideal chemical structure of C3 includes a PEG linker approximately 38.4 Å in length.  Distance 
measurement performed in PyMOL (DeLano, W.L., 2002). 
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The preceding section establishes EP11-019–NCP adduct formation as nearly identical 
to NCP adducts formed by its parent structure AUF.  This is based on difference and 
anomalous difference peaks observed at AU1/AU1’ indicating site recognition and 
reactivity are conserved despite structural changes (Fig. 63; Table 14).  However, since 
the metal centers of C3 are tethered as a single molecule and because RAPTA-T adducts 
must form prior to AUF and EP11-019 binding, we were uncertain if gold accumulation 
would occur at AU1/AU1’ during C3 treatment.   
 
Evidence for both RAPTA and gold group binding to RU1 and AU1/AU1’ appears at 
the earliest time point (Fig. 63a; Table 14).  Metal occupancies at these sites increase 

Single crystal data sets; values in parentheses are for highest 
resolution shell. 

 

Table 14.  Data collection and refinement statistics for Compound III 
treated human NCP145 crystals. 

 C3 
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as reagent exposure continued, culminating in a 2.25 Å data set at 120 hours of total 
treatment.   At this time point strong difference and anomalous difference peaks 
permitted modeling and refinement of C3’s AUF/EP11-019-like and RAPTA moieties 
(Fig. 63; Table 15).  As with EP11-019, the coordination of C3’s gold atom to the 
imidazole delta nitrogen atom of H3 H113 is similar to AUF, and consistent with other 
gold–protein adducts with a coordination number of 2 and nearly linear geometry (Au–
P = 2.26 Å; Au–N = 2.11 Å; P–Au–N = 171.7°; Fig. 59).    
 
Anomalous difference peak height is approximately 60% higher at AU1 relative to 
AU1’ at the longest time point, where AU1 is on the same face of the octamer as 
RU1/RU2 (Fig. 63b).  Also, AU1’ shows a decrease in anomalous peak height at the 
longest soak time while AU1 peak height steadily increases throughout treatment 
(Table 15).  Symmetry related ruthenium(II) site RU1’ is obscured by NCP crystal 
packing contacts between acidic patches and H4-tails of adjacent core particles.  This 
NCP–NCP packing interaction restricts appreciable ruthenium(II) coordination and in 
doing so likely limits gold(I) binding to AU1’.  However, in the EP11-019–NCP 
structure AU1/AU1’ difference and anomalous difference peak heights are roughly 
equivalent suggesting most adducts form when a single C3 molecule coordinates the 
RU1 and AU1 sites (Fig. 63; Table 15). 

 
As noted, RAPTA-T binding at RU1 induces global nucleosome conformational 
changes that augment hydrophobic surface area around the AU1/AU1’ binding channel.  
Extensive hydrophobic interactions between AUF’s triethylphosphine ligand, or EP11-
019’s diphenylphosphanyl-benzoic acid ligand, and residues surrounding H3 
H113/H113’ provide ligand recognition that allows metal cation access to the partially 
buried histidine ring.  By this mechanism, AUF and EP11-019 are highly specific for 
their target site (Fig. 63c; Adhireksan, Z. et al., 2017).  Likewise, the aromatic rings of 
C3’s AUF/EP11-019-like moiety increase the group’s hydrophobic surface area to help 

Table 15.  Ruthenium(II) and gold(I) binding sites in human NCP145 treated with C3 

 

Sites correspond to coordination of RAPTA (RU1) or the gold group (all other locations).  Values correspond to 
difference (Fo–Fc; RU1/2) or anomalous difference electron density map peak magnitudes.  “G” sites refer to 
guanine nucleotide sites near the nucleosome center (−21/J) and 29 or 51 base pairs distant (29I/51I). 
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maximize van der Waals contacts between the reagent and aliphatic side chain carbons 
in the AU1/AU1’ binding channel.  This is precisely the targeting and interaction 
witnessed in the EP11-019–NCP structure (Fig. 63c). 
 
Finally, residual electron density corresponding to PEG linker extends from the RU1 
adduct site towards AU1, further suggesting that a single C3 molecule spans the 
octamer surface to crosslink dimer with tetramer (Fig. 64).  Unfortunately, linker 
flexibility hinders detection of continuous and well-defined electron density, which 
rules out clear positions for linker atoms and prohibits explicit modelling.  Our 
collaborators, Prof. U. Röthlisberger and Mr. T. von Erlach, conducted molecular 
dynamics simulations on the system, which showed that the PEG linker is completely 
disordered and tends to even avoid interacting with the octamer surface.  This is 
unsurprising considering the large intramolecular distance the linker must traverse in 
order to cross-link sites (~36.7 Å; H3 H113 ND1 – H2A E64 OE2).  Even in structures 
of nucleosomes adducted with short linker bimetallic ruthenium compounds, where 
metal adducts at RU1 and RU2 cross-link dimeric H2A and H2B, long flexible linkers 
are not visible (Davey, G.E. et al., 2017).   

 
Biochemical data asserts the existence of H3-H2A crosslinks, but does not distinguish 
which H3 site is cross-linked with H2A.  However, this is sufficient evidence that the 
linker does not breakdown upon adduct formation. Incubating native NCP145 with a 
range of C3 concentrations shows the disappearance of H2A and H3 bands and the 

Figure 61.  Histone-histone cross-linking analysis of NCP treated with C3.  SDS-PAGE analysis shows cross-
linked histone protein species arising from compound treatment.  Samples include molecular weight protein marker 
(m), untreated control (NCP) and NCP treated with six different concentrations of C3.  Note that the H3 and H2B 
histones co-migrate on the gel. 
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presence of dimeric and multimeric species upon SDS-PAGE analysis (Fig. 61).  Bands 
demarcated as dimeric migrate at H3 (15.3 kDa) + H2A’s (14.0 kDa) approximate 
molecular weight (≈29.3 kDa).  Human H3 and H2B comigrate on a 15% acrylamide 
gel, however, H3 exists at the upper portion of the merged band and its intensity is 
reduced with increasing treatment of C3 (Fig. 61). 
 
Histone octamer dissociates from DNA by initial and successive loss of the H2A-H2B 
dimers, ultimately followed by the release of the H3-H4 tetramer (Burton, D.R. et al., 
1978).  This biochemical property of NCP allowed us to test the impact of C3 on 
nucleosome stability (Fig. 62).  Tyrosine fluorescence spectroscopic analysis shows 
that NCP treated with C3 displays significantly higher salt stability relative to native 
NCP (Fig. 62).  The salt-induced dissociation midpoint for native NCP is 0.95 M NaCl, 
versus 1.05 M and 1.06 M for NCP treated with 2:1 and 5:1 molar stoichiometry of C3, 
respectively.  Thus tethering the H2A-H2B dimers to the H3-H4 tetramer, C3 ross-
linking of the nucleosome inhibits dissociation of the histone octamer from the DNA. 

 
Despite lack of clear structural data, studies involving homo-dinuclear ruthenium and 
gold agents show that compounds with flexible bridging linkers possess greater 
cytotoxicity than homo-bunuclear ruthenium and gold compounds with rigid linkers 
(Murray, B.S. et al., 2014; Pettinari, R. et al., 2015; Batchelor, L.K. et al., 2017).  
Furthermore, lipophilicity related to linker length is also a cytotoxicity factor (Mulyana, 
Y. et al., 2011).  Alkyl-linked dinuclear gold compounds displayed higher cytotoxicity 
with increasing lipophilicity in B16 melanoma cells, and alkyl-linked dinuclear 
polypyridyl ruthenium complexes and PEG-linked dinuclear ruthenium RAPTA 
derivatives showed cytotoxicity increases are correlated to longer linker length 
(Mirabelli, C.K. et al., 1987; Pisani, M.J. et al., 2010; Batchelor, L.K. et al., 2017).  

Figure 62.  Crosslinking by C3 increases nucleosome stability.  Salt-induced DNA-histone dissociation profiles 
were measured by tyrosine fluorescence spectroscopy.  Values given in molarity correspond to dissociation 
midpoints.  Samples include untreated NCP (native) and NCP treated with 2:1 and 5:1 molar stoichiometry of C3.  
R-squared parameters correspond to adjusted values. 
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These conditions are favorable in a therapeutic context where C3’s long flexible 
lipophilic linker could be an asset in cytotoxicity assays.  C3 cellular cytotoxicity assays 
were carried out in the lab of our collaborator, P.J. Dyson.  C3 cytotoxicity was assessed 
against cisplatin sensitive and cisplatin resistant human ovarian carcinoma (A2780 and 
A2780cisR) and non-tumoral human embryonic kidney (HEK-293) cell lines using the 
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay.  The 
cytotoxicity of C3 is in the low micromolar range with an IC50 of 6.9 ± 1.3 μM recorded 
against the A2780 cells.  A two-fold selectivity was observed towards the A2780 cells 
with an IC50 of 13.6 ± 1.5 μM observed against non-tumoral HEK-293 cells.  

Figure 63.  C3 reactive group binding locations on the nucleosome core.  (a) Detail of adduct coordination for 
each reactive group.  (Left)  Gold(I) attacks H113 of AU1.  The green cage represents signal in the anomalous map 
contoured at 3.0 σ.  (Right)  Positive electron density (red cages) contoured at 3.0 σ in the Fo-Fc map designates 
ruthenium(II) group coordination at E61 and E64 of RU1.  Density distal to the ruthenium(II) metal, and trailing 
off towards AU1, suggests the presence of PEG linker joining both reactive moieties.  Black chevrons indicate the 
atoms from which the PEG linker emerges.  (b) Relative locations of each metal center on the nucleosome.  The 
distance between the gold atom at H113 and the ruthenium atom at E61–E64 is ≈35 Å, approximately the length of 
the PEG linker based on C3’s chemical structure. 
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In addition to AU1/AU1’ sites, gold adducts formed at several previously unwitnessed 
histidine residues and guanine nucleotides.  Gold cations have a predilection for solvent 
exposed imidazole nitrogen atoms, such as those found in core histone tails.  (Bovio, 
B., et al., 1984; Berners-Price, S.J. et al., 1985; Zou, J. et al., 2000; Messori, L. et al., 
2013) (Table 15).  Replacing AUF/EP11-019’s thiolate leaving group with a chloride 
allows C3 to form gold adducts more readily.  This is possible since bonds between 
hard chloride anions and soft gold cations are more ionic and labile in nature than soft-
soft (Au–S) acids and bases which have a propensity for covalent bonding and therefore 
greater stability.  Such a chemical change allows for faster metal aquation and 
subsequently faster coordination to the intermediate imidazole nitrogen (Pearson, R.G. 
1963; Ayers, P.W. et al., 2006).   
 
X-ray data sets of C3 adducted NCP, collected at 1.042 Å, show anomalous difference 
peaks at several previously unobserved histidine residues (Fig. 65a).  The most notable 
of which are the exposed H39 residues of H3/H3’ where a maximum peak height at 
H39 H3’ surpasses peak heights at C3–AU1 and AUF–AU1’ (Table 15; Adhireksan, Z. 
et al., 2017).  H39 is located in the N-terminal H3 tail that is involved in DNA binding.  
In a core particle context, these locations are at superhelix termini where NCP DNA 
experiences its greatest thermal motion (Blossey, R. and Schiessel, H. 2011).  Such 

Figure 64.  Residual electron density as evidence for cross-linking at C3 metal adducts sites.  Residual electron 
density around AU1 and RU1 binding sites is depicted as cyan cages contoured at 3.0 σ.  Black arrows indicate the 
direction of the dyad and chevrons illustrate PEG linker locations.  (a) Post refinement areas of positive electron 
density at the AU1 binding channel suggest the presence of ordered PEG linker sections that are constrained by 
binding at AU1 or extending beyond H113 to contact guanine nucleotides near the dyad.  (b)  PEG linker originating 
at RU1 travels in multiple directions towards any one of the gold binding locations designated in Table 14, most 
noticeably H46 of H2B.  Density around the RAPTA carbon, which is the connection point for linker, is positioned 
towards AU1 and sterically blocks RU2.  There is no evidence of ruthenium coordination at RU2 as no difference 
peak develops after refinement once again asserting that C3 adducts are formed by a single molecule. 
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action could further expose the histidine residue leading to greater metal occupancy 
over time.  Another solvent exposed histidine site adjacent to RU1 also shows evidence 
of gold binding.  After initial treatment H46 of H2B’ develops adducts to a moderate 
degree, likely the result of its proximity to ruthenium binding sites where the nearest 
gold cation will be from a C3 molecule bound at RU1 (Fig. 65a; Table 15).  By 
comparison, X-ray data sets of EP11-019 adducted NCP exhibit gold anomalous peaks 
only at AU1/AU1’ that appear only in the presence of RAPTA-T (Table 15).  This 
observation is consistent with NCP adducts formed by AUF, albeit with weaker signal.  
Moreover, at the longest soaking time gold–DNA adducts begin to appear at several 
guanine sites (Fig. 65a; Table 15).  Two adducts at guanine nucleotides near the 
nucleosome dyad suggest DNA-octamer crosslinks may also form, although to a far 
lesser degree than histone–histone adducts (Fig. 65a).  Again, gold cations have the 
propensity to coordinate imidazole nitrogen atoms but here adducts form at N7 of 
guanine nucleotide rings (Table 15).   
 
New adduct sites, both protein and DNA, may be the result of better targeting from 
ligand structural changes in conjunction with more labile leaving group chemistry, or 
entropic advantages or penalties arising from PEG linker flexibility and order of adduct 
formation (Chung, S. et al., 2009).  Where the RAPTA group coordinates histone first, 
the degrees of freedom the gold(I) group can sample will be restricted due to rotational 
and translational entropy losses (Chung, S. et al., 2009).  Gold sites H46 H2B, 29G(I), 
and 29G(I) may be the result of this phenomenon (Fig. 65a; Table 15).  If occupancy at 
RU1 approaches 1 and RAPTA adducts do not form at other nucleosome sites, free C3 
with aquated reactive gold cations may bind more promiscuously to NCP.  Such 
capacity is apparent at longer soak times when new gold binding sites H39 H3, H39 

H3’, −2G(I), and −2G(J) appear and anomalous peaks increase (Table 15).  Although, 

with the exception of H3 H39’, these sites may also be cross-linked to RU1 as the 
approximate linear distance between C3 metal centers is 53.1 Å (Table 16).  This may 
explain why the anomalous difference peak at maximum soaking time is 58% stronger 
at H39’ than at H39 as doubly adducted C3 molecules may form less readily (Table 
15). 

Table 16.  Linear distances between the ruthenium metal center at RU1 and gold atoms at the indicated site.  
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Figure 65.  Site selectivity and adduct structure of C3–NCP at 2.25 Å.  (a) X-ray structure of C3–NCP with the 
helical axis perpendicular and the pseudo-twofold axis parallel (arrow) to the viewing plane.  Histones and DNA 
are in standard coloring.  Sticks represent the C3 adduct that links sites RU1 and AU1.  Red cages denote the 
anomalous difference electron density map contoured at 3.0 σ and specify gold(I) binding locations.  (b) The AU1 
binding channel, shown in space filling representation, forms a shallow hydrophobic cavity that makes extensive 
contacts with C3’s diphenylphosphanyl-benzoic acid gold carrying group (sticks).  Histone side chains contributing 
to the hydrophobic environment are labeled.  Gold(I) ion rw = 1.66 Å. 
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However, because the distance between C3’s metal centers exceeds the distance 
necessary to cross-link residues at RU1 and AU1, early cross-linking between RU1 and 

H3 H39 is probable, with RU1–DNA cross-links at −2 positions forming later.  The 

same conformational changes that give rise to allosteric cross-talk between H2A and 
H3 may also destabilize the nucleosome sufficiently to induce high mobility in DNA 
termini allowing greater access to the H3 N-terminal tail.  Therefore the large 
anomalous peaks at H3/H3’ H39 may result from a combination of the two binding 
modes previously described, where some C3 molecules are RU1–H39 cross-linked 
adducts and some where the activated gold group of C3 coordinates H39 alone.   
 
The excessive distance between RU1 and H39 H3’ makes C3 cross-linking problematic 
and the nearly 40σ anomalous peak cannot be accounted for by non-cross-linked gold 
adducts alone;  the later point being particularly significant when considering dense 
packing in NCP crystals block access to the H3’ bound DNA terminus by three adjacent 
particles.  Face-to-face NCP crystal packing involves electrostatic interaction between 
the acidic patch of one nucleosome and positively charged H4-tail of an adjacent 
particle.  This strong interaction normally disallows adduct accumulation at the 
symmetry related RU1’ and RU2’ sites.  Yet in the C3–NCP adduct structure, evidence 
exists for RAPTA group binding on the opposite face of the nucleosome in a way that 
is modified by interference from the H4 N-terminal tail of an interacting core particle 
(Fig. 66; Table 17).        
 

 
Positive electron density that is nearly equivalent to difference peak heights at RU1 and 
anomalous signal, which RU1 lacks, are present at RU2’ and in the vicinity of RU1’ 
(Fig. 66a & b; Table 17).  N-terminal residues of the adjacent nucleosome’s H4-tail 
obstruct RU1’ and prevent ruthenium binding at typical H2A residues E61 and E64 
(Fig. 66c).  This NCP crystal packing interaction introduces a histidine ring between 
RU1’ residues H2A E61 and E64 in an area where there is both extra electron density 
and anomalous signal (Fig. 66a, b, & c).  Negatively charged residues E61, D90, E91, 

Table 17.  Difference and anomalous difference peak heights at RU1’’ and RU2’ 
and linear distances between ruthenium atoms at these sites and gold atoms at AU1’ 
and H3’ H39. 
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and E92 encircle this area, along with H18 H4’ of the adjacent NCP, offering a potential 
coordination sphere for a RAPTA ruthenium atom.  The H4-tail may direct adduct 
formation to these new residues, which include half of the established RU1 site (E61), 
and may promote adduct formation by presenting a new ligand not available at 
symmetry related RU2.  This new reputed site is therefore referred to as RU1’’. 
 
Ruthenium atoms are placed at the difference peak center of mass (RU1’’) or maximum 
anomalous peak height at a distance corresponding to empirical metal–coordinating 
atom bond lengths (RU2’).  Gold atoms placed at maximum anomalous peak height, at 
a distance of 2.05 Å from the H39’ and H113’ delta nitrogen atoms, serve as reference 
points for distance measurements (Figs. 66d & 59).  RU1’’ and RU2’ are roughly the 
same distances to AU1’ and H39’ as symmetry related RU1 is to AU1 and H39 (Fig. 
67; Table 17).  A strong difference peak of 22.7σ at H39’ shows election density 
pointing through the DNA strands towards a clear path to RU1’’/RU2’ (Fig. 66d).  
Therefore, with the exception of weak gold–DNA adducts at the dyad, all adducts 
forming on the opposite face are likely RU1’’/RU2’–H39’ or RU1’’/RU2’–AU1’.  
AU1’ occupancy begins to decrease at the latest time point suggesting more gold 
adducts accumulate at H39’, where increases in absolute peak height are the largest for 
any peripheral gold site, culminating in the highest signal observed at these sites.  
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Figure 66.  Evidence for cross-linking between H39 H3’ and RU1’’/RU2’.  Histones and DNA are shown in 
standard coloring with adjacent nucleosome in dark red and ruthenium and gold atoms in blue-green and yellow 
respectively.  (a).  Putative binding location for C3 RAPTA groups on the NCP face occluded by nucleosome–
nucleosome packing interactions and opposite the symmetry related adduct sites.  Red cages denote the Fo-Fc 
difference map contoured at 3.0 σ where the center of mass specifies ruthenium(II) binding locations.  (b) 
Anomalous difference peaks, represented as green cages contoured at 3.0 σ, help position C3 ruthenium(II) metal 
centers at or near putative coordinating residues.  (c) RU1’, RU1’’, and RU2’ in detail showing the neighboring 
nucleosome’s H4-tail obfuscating canonical ruthenium binding site RU1’ (E61 & E64).  H18 H4’ may also 
coordinate a C3 heavy atom, along with D90 and E92.  RU2’ is typical of RAPTA–NCP adducts with E102 and 
H106 H2B participating in ruthenium coordination.  (d) H39 H3’ gold binding site in detail.  A gold atom was 
placed at maximum anomalous peak height 2.05 Å away from the H39 delta nitrogen atom.  Red cages contoured 
at 3.0 σ denote positive electron density around the coordination site.  The orientation of the image shows ample 
clearance for the gold moiety between DNA strands and depicts a clear path for the PEG linker to sites RU1’’ and 
RU2’. 
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C3 simultaneously coordinates distinct histones sites on nucleosomes by exploiting an 
allosteric pathway relating histones H2A–H2B of the octamer dimer and H3/H3’ of the 
tetramer.  To our knowledge, this is the first example of the nucleosome tetramer cross-
linked to its dimer.  The following section presents preliminary data on a trinuclear 
derivative of C3 and offers supporting evidence for the newly identified nucleosome 
gold binding sites and modes of adduct cross-linking. 
 
3.6.4 A trinuclear derivative of Compound III forms similar NCP adducts 
A trinuclear version of C3 possessing two bifunctional ruthenium(II) RAPTA groups 
opposite a monofunctional gold(I) AUF/EP11-019 group was also tested on human 
NCP145 crystals to observe reactivity towards chromatin substrate (Fig. 68; Table 18).  
The design of trinuclear C3 (tnC3) is intended to advance the dinuclear structure of C3 
so that it can form simultaneous adducts at all previously established nucleosome 
histone sites (RU1, RU2, AU1, AU1’), and build upon nucleosome cross-linking 
methods our lab has used to cross-link octamer dimer (Davey, G.E. et al., 2017).  The 
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Figure 67.  Intra-particle distances between RU1’’/RU2’ and H39’ and allosterically related AU1’.  Histones 
and DNA are shown in standard coloring and ruthenium and gold atoms in blue-green and yellow respectively.  
The putative binding location for a C3 RAPTA group on the NCP face occluded by nucleosome–nucleosome 
packing interactions is denoted RU1’’.  Canonical symmetry related ruthenium site RU2’ coordinates a metal atom 
at E102 and H106 of histone H2B.  Gold atoms are shown at H3’ H39 and AU1’ with Au–N bond lengths of 2.05 
Å.  RU1’’– H39’ = 45.5 Å; RU2’–H39’ = 53.0 Å; RU1’’–AU1’ = 30.6 Å; RU2’–AU1’ = 34.8 Å. 
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previous section presented structural data on a gold–ruthenium dinuclear compound 
that cross-links a heterogeneity of nucleosome sites.  The following section will offer 
more support for C3 binding modes by exploring the reactivity of the tnC3 analogue 
and attempt to strictly rationalize the gold(I)–H3’ H39 interaction.  
 

 
Aside from adding a RAPTA group, tnC3 trades C3’s ~38 Å base PEG linker for a 
branched one that extends an extra ~28 Å (Fig. 68).  All targeting modes and leaving 
group chemistries present in C3 are retained by tnC3, and adduct formation on the 
nucleosome surface is generally similar (Figs. 68; 62).  As with C3, the best data set, 
collected at 1.0402 Å, combining high resolution with strong difference and anomalous 
difference peak heights was available after 120 hours of compound treatment and used 
to generate 2Fo – Fc, Fo – Fc, and anomalous difference maps for analysis (Tables 18 
& 19).  Possibly due to the additional arene ring and extended PEG chain, tnC3 was 
markedly less soluble than C3 in standard stabilization buffer.  Dissolution of tnC3 
required resuspension in stabilization buffer at a final MPD concentration of 47% w/v 
and prolonged vortexing.  NCP crystals tolerated the higher MPD concentration well 
with no losses in diffraction quality or resolution limit even after 5 days of continuous 
soaking (Table 18). 

Figure 68.  Measured linear distances of tnC3’s PEG linkers based on an ideal structure and quantified by PyMOL 
(Delano, W.L. 2002). 
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In our studies the H2A–H2B acidic patch is the most consistently active location for 
RAPTA analogue binding.  Trinuclear C3’s RAPTA groups predictably coordinate 
known glutamate and histidine residues as demonstrated by a large area of positive 
electron density around RU1 and RU2 (Fig. 69a).  Here difference peak heights remain 
constant throughout the treatment suggesting site occupancy quickly and stably nears 
100% (Table 19).  X-ray diffraction data collected at 1.0402 Å does not reliably expose 
anomalous scattering from ruthenium atoms, yet faint peaks in the anomalous 
difference map between RU1 H2A–E61/E64 and RU2 H2B–E102/H106 residues 
allowed the placement of heavy atoms for further analysis (RU1 = 4.1 σ and RU2 = 3.9 
σ at 120 hours) (Fig. 69b).  Anomalous signals at AU1/AU1’ did not exceed background 
levels making tnC3 gold activity difficult to evaluate (Table 19).  Even with identical 
ligands and leaving groups, gold binding at AU1/AU1’ is remarkably low relative to 
C3 data (~15% vs ~60%).  Poor gold coordination at this site is likely a consequence 
of the overall insolubility of the compound.   
 
 
 
 
 
 

Table 18.  Data collection and refinement* statistics for trinuclear compound III treated human NCP145 
crystals. 

Single crystal data sets; values in parentheses are for highest resolution shell. 
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In a recent study of PEG linked dinuclear ruthenium compounds, the authors noticed 
increasing linker length and corresponding hydrophobicity is associated with greater 
antiproliferative activity towards human ovarian cancer and cisplatin resistant cells 
lines (Batchelor, L.K. et al., 2017).  For tnC3, the increase in hydrophobicity imparted 
by its branched PEG linker may lead to better performance in cytotoxicity assays and 
thereby raise its potential for therapeutic application.  However, because the linker is 
excessively long and contains an additional arene group, solubilization in partial 
organic solvent is necessary, and this possibly affects the phenyl-benzoic acid ligand’s 
capacity to target buried histidine residues at AU1/AU1’ by diminishing the 
hydrophobic effect.  Still, bulk solvent dehydration does not explain the gold group’s 
ability to target solvent exposed histidine residues or histidine and guanine residues in 
high charge density environments.  At these types of residues, dehydration from the 
organic solvent would decrease the dielectric constant, which would enhance 
electrostatic interactions and mitigate hydrophobic interactions. 
 
Similar to C3’s mode of action, tnC3 gold attack at H2B H46 is likely the result of the 
side chain’s proximity to RU1/RU2.  But unlike C3, the excessive linker length causes 
unstable binding as demonstrated by fluctuating peak signal over the complete 
compound soaking time course (Table 19).  For peripheral gold sites H3/3’ H39 and 

−2G(I/J), gold adduct formation may rely on the targeting specificity of C3’s phenyl-

benzoate ligand.  Although bulky and hydrophobic, its ringed structure possesses 
multiple delocalized pi systems that could theoretically participate in DNA base 
stacking interactions that help stabilize adduct formation.  Therefore, in order to model 
structural results, positive electron density with approximate shape and geometry of 
phenyl rings and Au–P–Phe bond angles is used to identify the presence of tnC3’s AUF-
like moiety around AU1/AU1’ (Table 19; Fig. 69c).  At peripheral gold sites, 
anomalous peak height alone was sufficient for further analysis (Table 19). 

Table 19.  Ruthenium(II) and gold(I) binding sites in human NCP145 treated with trinuclear compound 
3 

Sites correspond to coordination of RAPTA (RU1/2) or the gold group (all other locations).  Values correspond 
to difference (Fo–Fc; RU1/2 and AU1/1’) or anomalous difference electron density map peak magnitudes.  “G” 
sites refer to guanine nucleotide sites near the nucleosome center. 
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Not surprisingly, several of the stronger gold adducts first identified in C3 data also 
appear in tnC3 anomalous maps, albeit with lower anomalous signal (Fig. 70; Table 
19).  Average relative change in anomalous peak height between peripheral gold–
histidine sites in trC3–NCP and C3–NCP is −0.7, and approximately −0.3 at gold–
guanine sites (Fig. 70).  Relative change is calculated as the actual change in anomalous 
signal between data sets (tnC3 – C3) divided by a reference anomalous signal, here 
chosen to be C3 anomalous signal at the corresponding time point.  The difference in 
peak height magnitude at gold peripheral sites and reduced binding at AU1/1’ may be 
due to some negative effect from the reagent’s structure or linker hydrophobicity since 
the chemistry of tnC3/C3 reactive groups is the same.  It is more likely that tnC3 cross-
linking adducts do not readily form because of the greater degree of dehydration from 
increased MDP in the soaking buffer that is necessary to solubilize the reagent.  This 

Figure 69.  Overview of tnC3 interaction with human NCP145 at observed C3 sites.  (a) A large swath of 
positive electron density, contoured at 3.0 σ, signifies the presence of the two RAPTA-C analouges and bifurcated 
PEG linker around RU1 and RU2 coorindating residues.  (b) Anomalous signal, contoured at 3.0 σ, shows Ru(II) 
heavy atoms centers at cannonical NCP ruthenium binding sites RU1 and RU2 with appropriate coordinating 
residues (RU1 = 4.10 σ; RU2 = 3.90 σ).  (c) Minimal positive electron density with approximate diphenyl ligand 
shape and weak anomalous singal around gold(I) coordinating sites of the AU1 and AU1’ binding channels indicates 
the presence of Trinuc C3’s AUF/EP11-019 group.  (d) Relative locations on the NCP surface of tnC3’s three heavy 
atoms placed at correspodning difference and anomlous difference peak heights illustrate the nucleosome 
intraparticle distances between AU1 and RU1 (35.0 Å) and AU1 and RU2 (34.4 Å) (Au rw = 1.66 Å) (Ru rw = 2.05 
Å).  The black arrow points to the central base pair with core histones in standard coloring. 
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may affect targeting to AU1/AU1’ where the C3/tnC3 gold moiety relies on 
hydrophobic interactions with binding channel residues.  But this is not a factor for 

adducts at H3/H3’ H39, H2B H46, and −2G(I/J), where imidazole rings are solvent 

exposed or surrounded by a charged environment, making compound insolubility the 
prime factor for reduced binding at these sites.  For the RU1/RU2 sites, solubility may 
also be an issue in adduct formation, however, double the number of ruthenium atoms 
per reagent molecule may lead an increase in probability of metal binding at these sites 
that gives the appearance of greater coordination relative to the gold moiety. 

 
Surprisingly, tnC3 RAPTA adducts appear to form on the positive face of the 
nucleosome where the strongest electron density and anomalous signals are found at 
RU1’’ and RU2’ (Fig. 71a & b).  In fact, based on absolute peak height, these sites seem 
to develop adducts to a greater extent than unobstructed symmetry related nucleosome 
sites RU1/RU2.  Ruthenium atoms were placed in the tnC3 structure at maximum 
anomalous peak height between RU1’’ and RU2’ coordinating residues and link 
records were created with experimentally derived bond lengths for Ru(II)–O, Ru(II)–
N, and Au(I)–N before atomic refinement and visual bond representation (Fig. 71: 
Table 19).  The putative H4 H18 interaction deduced in the C3–NCP adduct structure 
is more clearly defined in the tnC3–NCP structure where the histidine side chain moves 
into range of metal atom and coordinating residues (Fig. 71c).  Here the imidazole delta 

Figure 70.  Trinuclear C3 gold(I) adduct locations on NCP145 and their comparative peak magnitude to C3.  
(left) Several gold(I) adducts identified in the C3–NCP adduct structure are also found in tnC3–NCP data.  
Anomalous difference peaks at each gold binding site is shown as red cages contoured at 3.0 σ with the exception 
of AU1/AU1’ where the Fo-Fc map is shown as red cages of equal contour level.  (right)  All tnC3 gold adduct 
sites are lower occupancy, expressed as significantly weaker peak heights, compared to C3 data.  Relative change 
(R.C.) for late appearing guanine adducts is less significant since they have had insufficient time to form to the same 
extent as histone adducts.  Adducts at sites 29G(I) and 51G(I) do not form even after 120 hours of continuous 
exposure to reagent. 
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nitrogen of H4’ H18 is within 3.0 Å of the RU1’’ ruthenium atom bound to the delta 
oxygen of H2A D90, and its epsilon nitrogen is 2.6 Å from the epsilon oxygen of H2A 
E61 (Fig. 71c).  The refined double difference map around the H4-tail of an adjacent 
nucleosome places H18’s side chain in a favorable position to interact with the E61 
bound ruthenium atom via the imidazole delta nitrogen (Fig. 71c).  The 3.0 Å distance 
is too long to represent a dative covalent bond, but is within both electrostatic and dipole 
range.  Were the metal center to lose one of its ligands, these additional modes of 
interaction could become available. 
 
In the native 1.99 Å resolution human NCP145 structure, H4 H18 is part of the H4-tail–
H2A-H2B acidic patch crystal packing interaction and is in proximity to H2A E61 
where, depending on the ionization state of the imidazole, salt bridge formation with 
the glutamate side chain is feasible.  Structural alignment of three crystal structures, 
C3–NCP, tnC3–NCP, and native NCP145, shows H4 H18 moving away from both 
RU1’ and RU1’’.  This side chain repositioning is clear evidence for C3’s RAPTA 
group coordination that leads to RU1’’–H39’ cross-linking.  From the six molecule 
superposition H18 exclusion from RU1’/RU1’’ can easily be observed across structures 
and is likely occurring due to steric influence from PEG linker bulk (Fig. 71d). 
 
For the intermediate case of tnC3–NCP, anomalous scattering may be the result of 
aqua–ruthenium complexes where one or more carrier ligands have been cleaved (the 
arene ligands are likely first), allowing them to interact more readily with the H18 side 
chain.  This would in part explain why the extensive area of electron density witnessed 
at RU1/RU2 is not present at RU1’/RU1’’/RU2’ where positive density is localized 
only to coordinating residues.  The loss of arene and PEG chain would substantially 
reduce the degree of X-ray scattering at these sites, but possibly also reduce thermal 
motion enough to allow strongly positioned ruthenium atoms to contribute greater 
anomalous scattering at a 1.0402 Å wavelength.  The exact opposite could be true for 
C3, where the presence of the highly disordered arene and PEG linker attenuate X-ray 
scattering resulting in weaker peak heights in both difference and anomalous difference 
data (Fig. 66).  However, if the bridging linker is retained, the apparently obstructed 
site would become partially unobstructed via H4’ H18 clash with a much longer 
branched PEG molecule.  Additionally, better difference and anomalous signal may be 
attributed to less disorder in the region, and not necessarily greater metal binding. 
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Trinuclear C3 is a novel organometallic reagent that binds to chromatin substrate.  Its 
inception builds upon C3’s novel hetero-multinuclear design but requires further 
development concerning linker length and arrangement of metal groups.  It is made 
clear from C3/tnC3–NCP adduct structures that both the chemistry and size of the 
bridging linker exert critical influence on the kinetic, stoichiometric, and 
thermodynamic interplay of adduct formation in chromatin.  Therefore, another 
effective design could be to utilize a shorter unbranched PEG linker to join the 
AUF/EP11-019 derivative to dinuclear ruthenium compounds that are proven to cross-
link H2A and H2B (Davey, G.E. et al., 2017). 
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Figure 71.  Symmetry related ruthernium sites RU1’’ and RU2’ show increaed RAPTA coorindation relative 
to C3 RU1’’ and RU2’ and tnC3 RU1 and RU2.  (a) The Fo-Fc omit map, as red cages contoured to 3.0 σ, shows 
a focused area of positive electron density around RU1’’ and RU2’.  (b) Anomalous peaks (green cages at 3.0 σ 
contour) are also strongest at RU1’’ and RU2’.  (c) A refined double difference map around the H4-tail of an 
adjecent nucleosome (blue cages contoured at 1.0 σ) shows H18 interacting with a ruthenium atom coordinated by 
D90 of H2A at a distance of 3.0 Å and E61 of H2A at a distance of 2.6 Å (black dashes).  (d)  Structural superposition 
of the coordinating environment around RU1’, RU1’’, and RU2’ of C3 (cyan), tnC3 (magenta), and native NCP145 
(yellow); Cα RMSD = 0.144 Å.   
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Moreover, RU1/2–AU1/1’ allosterism may largely depend on the presence of a 
complete RAPTA group at ruthenium binding sites, while RAPTA analogues are 
insufficient.  Compounds I (C1) and IV (C4) substitute the PTA ligand with a 
diphenylphosphanyl benzoic acid group that connects directly to the PEG linker 
(Appendix 5).  Crystallographic data from small molecule soaking experiments of C1 
and C4 on human NCP145 show strong binding of RU1/RU2 and RU2’ sites with no 
gold binding site activation (Table 20).  Furthermore, RAED-C–AUF crystal soaking 
experiments elicit only a low level of allosteric impact at AU1 after 121 hours of 
treatment with difference and anomalous difference peaks of 5.39 σ and 6.20 σ 
respectively.  This is in contrast to AUF and C3 AU1 binding where anomalous signal 
is approximately 5-fold greater. 
 

 
Although linker length for C1 is too short to reach AU1/1’ (≈20.6 Å), C4 linker length 
is sufficient at approximately 31.4 Å indicating the potential for RU1/2–AU1 cross-
linking.  These observations suggests two outcomes.  First, when ruthenium(II) 
coordinates RU1/RU2, a PTA ligand is required at these sites to evoke the RU1/2–
AU1/1’ allosteric pathway as C1 and C4 form no AU1/1’ gold adducts and no C4 cross-
linking is witnessed.  Second, the fact that no peripheral gold adducts are present, even 
at the longest soaking duration, suggests no extraneous C1 or C4 molecules bind the 
nucleosome.  This supports single molecule cross-link formation in the C3 and tnC3 
data sets.  
 
 
 

Table 20.  Ruthenium(II) and gold(I) binding sites in human NCP145 treated with compound 
I and compound IV 

 

Sites correspond to coordination of ruthenium(II) carrier group (RU1/2/1’/2’) or the gold 
group (AU1/1’).  Values correspond to difference (Fo–Fc) or anomalous difference (in 
parentheses) electron density map peak magnitudes. 

C4 
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3.6.5 Preliminary data of Au(I)–viral peptide conjugates in complex with NCP 
In our studies of organometallic nucleosome adducts, the H2A–H2B acidic patch is the 
primary target for ruthenium-based RAPTA adduct formation.  Here negatively 
charged acidic residue side chains act as hard bases and offer lone pair electrons to Ru2+ 
atoms thus forming dative covalent bonds.  By HSAB theory and experimental 
determination, ruthenium(II) acts as a hard acid in this context (Hoggard, P.E. and 
Porter, G.B. 1981).   
 
The acidic patch is a unique motif that plays a major role in the structural and biological 
regulation of chromatin and its association with H4-tails of neighboring nucleosomes 
plays a crucial role in condensation (Chodaparambil, J.V. et al., 2007).  Furthermore, 
with its abundance of negatively charged residues, the acidic patch can act as a scaffold 
for numerous structurally disparate architectural proteins and remodeling factors that 
are unrelated in function but retain conserved nucleosome binding motifs 
(Kalashnikova, A.A. et al., 2013).  In addition to chromatin regulating proteins, several 
viral peptides compete with H4-tail binding to access the acidic patch, a fundamental 
mechanism for their survival and replication.  The following study will focus on the 
Kaposi’s sarcoma herpes virus (KSHV) latency-associated nuclear antigen (LANA) 
and the chromatin-binding sequence (CBS) of a prototype foamy virus (PFV) structural 
protein termed group-specific antigen (GAG).   
 
LANA is an N-terminal peptide fragment of the KSHV that tethers the viral episome to 
mitotic chromosomes (Ballestas, M.E. et al., 1999).  The first twenty two residues of 
LANA comprise the chromosome association domain, a highly charged peptide 
essential for viral persistence (Barbera, A.J. et al., 2006a).  Residues 5 – 16 are required 
for peptide–nucleosome interaction and contain R9, an anchor motif common among 
proteins that vie for exclusive binding to the acidic patch (Piolot, T. et al., 2001; Barber, 
A. et al., 2004; Lesbats, P. et al., 2017).  The PFV GAG CBS is a necessary component 
of spumavirus retroviral genome integration into host chromosomes (Lesbats, P. et al., 
2016).  GAG CBS is located in a glycine/arginine rich box of the viral protein’s C-
terminal region.  Found within this region, R540 acts as the conserved anchor motif to 
tether GAG protein to host chromatin in a gene-independent manner (Lesbats, P. et al., 
2017).  Although both peptides utilize the same motif to recognize the acidic patch, 
they originate from vastly different viral protein structures and attendant mechanisms.  
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Whereas LANA adopts a hairpin conformation when associated with nucleosomes, 
GAG CBS extends across the entire octamer surface (Fig. 72). 

 
To exploit the affinity of LANA and GAG CBS for the acidic patch, our collaborators 
(Prof. P.J. Dyson and Ms. L. Batchelor) fashioned viral peptide–metalloreagent 
conjugates by attaching AUF derivative reactive groups to the peptide’s N-terminus via 
an unbranched PEG linker (Fig. 73).  These peptide–metalloreagent conjugates are 
referred to as Au-LANA and Au-GAG.  With this quasi-biopharmaceutical design we 
will attempt to capitalize on a naturally evolved pathogenic mechanism by using it as a 
delivery method for organometallic therapeutics.  If successful, these designs could 
potentially bridge the gap between traditional biologic and small molecule 
organometallic anticancer therapeutics.   
 
Depicted in figure 73 are the full chemical structures for Au-LANA and Au-GAG.  The 
reactive gold(I) groups for both peptide–metalloreagent conjugates are identical to the 
one found in C3 and tnC3.  Joining the metal center to the peptide’s N-terminus is a 
PEG linker of approximately 70 Å in linear length.  
 
 
 
 
 
 

Figure 72.  Overview of LANA and GAG CBS peptide binding to the nucleosome acidic patch.  (a) Close up 
detail of LANA (magenta) and GAG CBS (cyan) arginine anchors interacting with the same negatively charged 
residues of the acidic patch (red).  (b) The nucleosome acidic patch acts as a binding scaffold for an assortment of 
chromatin factors while providing access to a large surface area capable of acommodating various structures.  
LANA (magenta) folds into a tight hairpin while GAG CBS (cyan) runs along the entirety of the octamer face.  
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M6 and L8 of native LANA are buried in a hydrophobic region of the acidic patch 
(49VYLAAVLEYL58) where they form hydrophobic contacts with V54, Y50, and Y57 
of H2A (Barbera, A.J. et al., 2006a).  Specifically, the M6 terminal methyl is situated 
in a narrow groove between H2A L23, A53, and Y57.  Here the methionine rotamer 
observed in the LANA–NCP crystal structure places the epsilon carbon approximately 
2.9 Å away from E110 of H2B.  This is an ideal distance for salt bridge formation 
between the negatively charged carboxylate acceptor group of E110 and a positively 
charged donor group in place of methionine’s terminal methyl.  LANA M6O substitutes 
an ornithine for methionine at position six in a truncated version of LANA.  This 
mutation, introduced to eliminate nucleophilic sulfur groups from the system, maintains 
the peptide’s relative net charge at pH 7.0 while conserving the side chain’s general 
structure (Fig. 74).   
 
 
 
 
 
 
 

Figure 73.  Full chemcial structures with key features of gold(I)–viral peptide conjugates.  As a result of the 
purification process, the C-terminus of both peptides have been modified with an amine group.  Green boxes indicate 
the sequence position of the arginine anchor motif.  The N-terminus of each peptide is conjugated to a ~70 Å PEG 
linker ending with a reactive AUF/EP11-019 derviative.  (top) Residues 2 – 22 of the LANA peptide with a Met to 
Ornithine substitution at position six (red box).  (bottom) CBS residues 535 – 551 of the GAG peptide conjugated 
to PEG linker–organometallic complex. 
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Derivatization of human NCP145 with viral peptides and viral peptide–metalloreagent 
conjugates was carried out according to soaking conditions stipulated in Barbera, A.J. 
et al., 2006a and Lesbats, P. et al., 2017.  The seemingly minimal length, 14 amino 
acid, peptide (LANA-M), based on visualized (ordered) amino acids in the LANA-NCP 
structure, and this ‘minimal’ peptide with a M6O substitution (LANA M6O) served as 
controls for the LANA–metalloreagent conjugates, which are all composed of a near 
full-length (21 amino acid) LANA peptide with the M6O substitution.  Upon soaking, 
detrimental physical impact to NCP crystals occurred in both the LANA (full-length 
peptide) and the LANA-M data sets.  Here, peptide binding rapidly compromised 
diffraction quality (Fig. 75).  In the LANA M6O data set, a discernible physical impact 
occurred but diffraction quality remained high (Fig. 75; Table 21).   
 

 
The LANA M6O structure was solved to 2.50 Å resolution and used as a model to 
analyze Au-LANA–NCP X-ray data.  At the earliest time point (15 hrs), both full length 

LANA – full-length 
 

LANA-M 
 

LANA M6O 
 

Figure 75.  Representative diffraction patters for full length LANA peptide and engineered controls.  
Introduction of peptide to soaking buffer damaged crystals and affected diffraction quality in both LANA – full 
length and LANA-M data sets.  The diffraction patterns for these two data sets show poor resolution limits, 
anisotropy, and high mosaic spread.  Conversly, the LANA M6O data set demonstrates good resolution with a 
regular diffraction pattern.  

Figure 74.  An ornithine to methionine substitution at position six of LANA alters peptide chemistry.  (left) 
Comparative chemical structures of methionine (top) and ornithine (bot) showing aproximate side chain length and 
the transition from a sulfide to a primary amine at the terminal atom position.  (right) Biochemical and biophysical 
parameters of acidic patch binding peptides (Chodaparambil, J.V. et al. 2007).  Despite the loss of 9 amino acids, 
that include a proline and an arginine, LANA M6O maintains the same pI and net charge as full length LANA. 
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Orn 
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and LANA-M badly damaged NCP crystals suggesting that the peptide displaces H4-
tail–acidic patch crystal contacts just as it outcompetes H4-tail governed face-to-face 
nucleosome packing in chromatin during a critical step in KSHV’s chromosomal 
integration mechanism (Barbera, A.J. et al., 2006b; Chodaparambil, J.V. et al., 2007).  
This damaging effect of LANA M6O on human NCP145 crystals is not surprising 
considering LANA M6O interactions with human NCP145 particles is highly similar 
to full length LANA interactions with X. laevis NCP146 (Figs. 76 & 77b).   
 

 
LANA M6O binds to the nucleosome surface in the same location as native viral 
peptide as designated by positive electron density in the Fo-Fc difference map around 
acidic patch residues (Fig. 77a).  Specific interactions and the overall hairpin fold of 
the M6O peptide are similar to the native peptide despite being seven amino acids 
shorter with a drastic change in side chain chemistry at position six (Fig. 77b).  This 
change in side chain chemistry allows for the formation of a salt bridge between LANA 
O6 and H2B E110 (Fig. 77c).  In terms of free energy contribution to binding 
stabilization, the addition of a salt bridge could compensate for the loss of hydrophobic 
and van der Waals interactions between LANA M6’s terminal methyl and H2A residues 
L23, A53, and Y57.  However, quantifying the stability of an individual intermolecular 
salt bridge is difficult, and more complex in this case, as the side chains involved are 
not adequately solvated due to the local hydrophobic environment.  The energetic 
penalty accrued for burying a charge (O6) where relative permittivity is high (L23, A53, 
Y57) may offset any stabilizing free energy contribution from salt bridge formation, 
and this effect could be significant on a small peptide.  Nevertheless, the 2Fo-Fc map 

Intermolecular Intramolecular 

Figure 76.  Summary of inter- and intramolecular interactions for full length LANA and LANA M6O 
peptides.  (left)  Peptide side chain and mainchain (mc) interactions between X. laevis NCP146 histone sides chains 
and full length LANA peptide, and human NCP145 histone side chains and engineered LANA M6O.  (right) 
Intramolecular interactions between peptide residue side chain and main chain atoms for full length LANA and 
LANA M6O that help fold the peptide into the correct hairpin conformation. 
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confirms the correct orientation of H2B E110 and LANA O6 side chains for interaction 
where the distance between E110 carboxylate oxygen atoms and ornithine’s epsilon 
nitrogen is 2.6 Å. (Fig. 77c). 
 
It is worth noting that the LANA O6–E110 H2B interaction replaces an existing salt 
bridge between the main chain amide of LANA R7 and H2B E110.  In all, LANA M6O 
loses one intermolecular interaction with H2B, Q44–G15, and shifts a salt bridge 
between the K113 of H2B and the main chain carboxyl oxygen of G5 one residue over 
to the main chain carboxyl oxygen of P4 (Figs. 76 & 77b).  In this region the engineered 
peptide is more compact due to a general rearrangement of intramolecular interactions 
and the exclusion of a positive charge by hydrophobic contacts as a result of the M6O 
substitution.   
 
Intramolecular interactions involved in folding LANA M6O into its hairpin 
conformation are also altered relative to the native peptide.  The main chain amine of 
G11 now forms a bifurcated h-bond with the S10 side chain and L8 main chain oxygen, 
the G11 main chain oxygen forms a salt bridge with the R7 side chain, and both 
interactions between M6 and T14 of native LANA are lost in addition to an S10 to R12 
H-bond (Figs. 76 & 77b).  How these changes effect LANA M6O binding affinity to 
the nucleosome acidic patch require further investigation and quantitative biochemical 
and biophysical characterization. 
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NCP145 crystals survived Au-LANA treatment for 3.5 days and maintained good 
diffraction with high-resolution limits after a reduction in peptide-metalloreagent 
conjugate concentration from 2 mM to 0.5 mM (Table 21).  Crystals appeared to melt 
in the presence of reagent even after the 75% reduction in reagent concentration.  This 
effect was not observed with unconjugated peptide, mononuclear EP11-019, or any 
PEG- or alkyl-linked multinuclear compounds.  Therefore, crystal melting is likely 
attributed to the concurrence of specific nucleosome site targeting by the peptide and 
the duration of reagent soaking where the longer exposure results in higher peptide 
occupancy at the acidic patch to increasingly interfere with nucleosome–nucleosome 
interactions thus damaging crystals.   

Figure 77.  Overview of LANA M6O binding and interaction with human NCP145.  Core histones appear in 
standard coloring.  (a) (left) The binding location of LANA M6O on the nucleosome surface is identical to full 
length LANA in the X. laevis NCP146 structure (PDB code 1ZLA).  (right)  The Fo-Fc omit map shows positive 
electron density as red cages contoured at 3.0 σ with LANA M6O represented as blacks sticks and the strongly 
positioned R9 arginine anchor fitting in well-defined density and interacting with acidic patch residues.  (b) Black 
dashes represent polar and electrostatic interactions between LANA M6O and residues of the H2A–H2B acidic 
patch while red dashes represent the peptide’s intramolecular interactions.  (c) (left) Detail of ornithine’s interaction 
with E110 of H2B in the LANA M6O structure and its comparison to the analogous location in 1ZLA by structural 
superposition.  LANA M6O is shown as black sticks with the corresponding E110 H2B residue in red.  The distance 
between ornithine’s epsilon nitrogen atom and E110’s carboxylate oxygen atom is approximately 2.6 Å.  LANA 
from 1ZLA is shown as translucent blue sticks with the corresponding E110 H2B residue in gray.  (right) The 2Fo-
Fc difference map contoured at 1.0 σ shows X-ray data supports the O6–E110 interaction.  
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Despite this troubling observation, Au-LANA treated crystals consistently diffracted to 
high resolution throughout the treatment time course.  At the gold edge, the 84-hour 
time point produced a 2.10 Å diffraction data set that was used to generate a primitive 
structure and difference and anomalous difference maps (Fig. 78a; Table 21).  Although 
resolution remained high while NCP crystals sustained deleterious physical damage, 
Au-LANA did not seem to bind nucleosome as well as the M6O control.  The difference 
peak height at R9 for LANA M6O is 12.2 σ in the refined omit map versus 6.9 σ for 
Au-LANA suggesting lower occupancy of the peptide–metalloreagent conjugate.

A Fo-Fc map, displayed in figure 78a contoured at 3.0 σ, on the nucleosome surface 
depicts the peptide binding location of Au-LANA.  Positive electron density also 

Single crystal data sets; values in parentheses are for the highest resolution shell.  “*” indicates data set used for 
map generation and analysis.  The highlighted fields in the Au-GAG data sets indicate a doubled b-axis length.   

Table 21.  Data collection for LANA M6O, Au-LANA M6O, and Au-GAG and refinement statistics for LANA M6O 
treated human NCP145 crystals 
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indicates that the conjugated peptide assumes the native/engineered peptide 
conformation and maintains most of the former’s interaction profile.  Superposition of 
the LANA M6O peptide structure onto the Au-LANA nucleosome structure with Fo-
Fc map places the R9 anchor motif in clearly defined density surrounded by H2A E61, 
D90, and E92 (Fig. 78b). 
 
Evidence for PEG linker emerging from the location indicated by black arrows (P4) 
extends towards the AU1 gold site (Fig. 78a & b).  However, there is no anomalous 
peak associated with gold(I) adduct formation at H113 of H3.  In fact, the entire data 
set does not register anomalous signal above the 3.5 σ background cutoff.  The Au-
LANA peptide adopts a native fold which naturally orients PEG linker, attached to the 
N-terminal APP sequence, away from AU1 and the majority of peripheral gold sites.  
This fold also places LANA P4 and H3 H133 about 50 Å apart.  PEG linker is 
sufficiently long and flexible enough to accommodate this site at this distance.  
Therefore, lack of reactivity is more likely the cause of the peptide’s inability to elicit 
the RAPTA–AUF allosteric effect.  Furthermore, the PEG linker may also be 
influenced by attractive/repulsive interactions between peptide and octamer surface.   
 
 
 
  



 

140 

 
  

Figure 78.  Au-LANA binds to the nucleosome surface.  (a) Au-LANA binding location on the nucleosome 
surface as depicted by positive electron density in the Fo-Fc map contoured at 3.0 σ, with evidence for linker 
extending towards AU1 (black arrow).  Core histones in standard coloring.  (b) Detail of the Au-LANA peptide’s 
putative interaction with H2A–H2B residues based on the superimposed LANA M6O structure.  P4 and P17 are 
terminal LANA M6O residues.  In Au-LANA, the PEG–AUF/EP11-019 group is attached to an N-terminal 
alanine-proline sequence that precedes P4.  Beyond P17, the Au-LANA C-terminal sequence concludes with 
LTRGS-NH3+. 
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Au-GAG data was processed exactly as Au-LANA data in order to generate maps and 
preliminary structures.  With Au-GAG however, longer incubation times badly 
damaged NCP crystals leading to a precipitous drop in resolution between the 29- and 
54-hour data sets.  In fact, the b-axis appeared to double in the 54-, 83-, and 118-hour 
data sets when processed with go.com.  Therefore, an alternative method of data 
processing was employed using iMOSFLM and the CCP4 scala routine, which accounts 
for higher upper resolution limits observed in the later time point data sets (Table 121.  
Difference maps were generated for all time points, but only the 29-hour data set 
presented peptide binding as extensive electron density extending across the octamer 
surface (Fig. 79). Consequently, the 29-hour data set, where difference peak height is 
≈9.2 σ around R540, was used to create a preliminary structure at 2.17 Å resolution and 
Fo-Fc maps for initial analysis.  
 
Linker electron density is not detectable in Au-GAG difference maps as density related 
to the peptide stretches across the entire face of the nucleosome (Fig. 79a).  A 
superposition of the PVF GAG CBS structure (PDB code 5MLU) with the Au-GAG 
nucleosome structure and difference map shows excellent agreement between peptide–
metalloreagent conjugate X-ray data and published viral peptide coordinates (Fig. 79b).  
As with Au-LANA data, there is no indication of gold adduct formation at AU1. It 
appears that GAG CBS residue Y549 in any case blocks access to H3 H113 (Fig. 79b).  
And once again, there is no anomalous signal above the 3.5 σ cutoff in the Au-GAG 
data set, serving as further evidence negating the notion of free gold atoms forming 
adducts at AU1 or peripheral gold sites.  
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Figure 79.  Au-GAG binds to the nucleosome surface.  (a) Au-GAG binding location on the nucleosome surface 
as depicted by positive electron density in the Fo-Fc map contoured at 3.0 σ.  Core histones in standard coloring.  
The black arrow indicates the point of PEG linker attachment (b) Detail of the Au-GAG peptide’s putative 
interaction with H2A, H2B, and H3 residues based on the superimposed spumavirus PFV GAG CBS structure (PDB 
code 5MLU).  The PEG–AUF/EP11-019 group is attached to the N-terminal G535 residue of CBS GAG. 
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Moreover, it is unclear if viral peptide binding to the nucleosome acidic patch elicits 
the allosteric cross-talk pathway observed between RAPTA-T and AUF.  Peptide 
backbone alignments of LANA-NCP (1ZLA) and GAG-NCP (5MLU) with AUF-NCP 
(5DNN) and LANA-NCP and GAG-NCP with X. laevis NCP145 (2NZD) reveal 
similar subtle main chain conformational changes between organometallic adducted 
and peptide bound nucleosomes (Fig. 80a).  Conformational variation occurs to a 
slightly higher degree in backbone alignments between native and peptide bound NCP 
(Fig. 80b).  This is surprising considering the arginine anchors of LANA and GAG CBS 
recognize and bind noncovalently to different acidic patch residues than those 
coordinated by ruthenium(II) atoms of RAPTA family compounds.  The peptides also 
contact larger surface areas on the nucleosome than small molecule reagents, which 
introduce a number of steric effects and changes in chemistry that may not elicit 
RU1/2–AU1/1’ allosterism.   

 
Viral peptide–metalloreagent conjugates are a novel entry to the array of organometallic 
compounds our lab has studied.  As focus shifts from mononuclear reagents to drug-
drug combinations and multinuclear designs, any feature that can leverage experimental 
knowledge and biomimicry towards better therapeutic outcomes is a feasible candidate 
for research inquiry.  The substituted LANA M6O is interesting because it presents a 
way of tuning chromatin targeting and association for drug delivery purposes.  The 
GAG CBS peptide is also promising as it binds rapidly and tightly to nucleosome based 
on well-defined electron density and its accelerated impact on crystal stability.  

Figure 80.  Allosteric cross-talk between dimer and tetramer persists in peptide–metalloreagent conjugate 
treated NCP crystals.  (a)  Superposition of core histone octamers (tails excluded) between AUF-NCP (yellow) 
and LANA-NCP (magenta), or GAG-NCP (cyan) show slight rearrangements in backbone conformation with more 
pronounced changes in side chain positions.  RMSD values are 0.262 and 0.340 Å respectively.  (b) Peptide bound 
histone octamer conformations deviate slightly more relative to native (empty) NCP.  RMSD values are 0.280 Å 
for LANA to xNCP145 and 0.346 Å for GAG to xNCP145.    
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However, both peptide–metalloreagent conjugates need further development 
concerning metal center reactivity as it relates to optimal linker design. 

 

3.7 Concluding remarks and projected outcomes 
Preliminary and final results presented in the above text, from crystallization 
experiments and structural adduct studies, exemplify promising opportunities in the 
development of novel NCP crystal systems and their application.  These systems can 
be applied to chromatin-targeting metal-based anticancer drug discovery and 
development, NCP-factor bound structure crystallization and analysis, and elucidation 
of higher-order chromatin structures. 
 
Recent studies have demonstrated, for the first time, crystallization of a nucleosome 
with a natural DNA sequence (Frouws, T.D. et al., 2016).  In the context of chromatin, 
this finding carries significance as it more closely represents a native in vivo 
nucleosome structure.  Our intention moving forward is to expand on this result by 
continuing with the development of cohesive end NCP crystals as a blunt end 
replacement.  By engineering DNA fragments designed to increase crystal integrity 
while more closely mimicking endogenous human sequences, we hope to crystallize 
increasingly heterogeneous nucleosome arrangements that will lead to greater 
understanding of the structural requirements for nucleosome positioning and expand 
our knowledge of overall chromatin structure, particularly as it pertains to in vivo states.   
 
NCP147K stabilizes crystal contact points which improves lattice order.  Moving 
forward, this could yield more detailed structural information at higher resolution which 
could help elucidate the biomolecular interactions of factor bound NCP complexes.  
Finally, by adding DNA sequence heterogeneity to the NCP147K crystal system we 
will be able to explore a larger pharmacological space, in terms of DNA targeting, with 
greater emphasis on the in vivo relevance of chromatin-targeting drug discovery.  
Intramolecular cross-linking of nucleosome dimer with tetramer by C3 increases the 
particle’s stability in terms of DNA binding.  This raises the potential to use small 
molecule organometallics as a tool for revealing further biologically active allosteric 
signaling mechanisms within chromatin and develop molecular tools for chromatin 
research.
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