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ABSTRACT OF THE THESIS

Studying Response Element Specificity in the Transcription Factor p73
by Molecular Dynamics
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p73 is responsible for the regulation of many of the cell’s critical life processes
along with the entire p53-family. Additionally, due to its transcriptional cross-over
present among the p53-family members, great promise is held for p73 to substitute for the

tumor suppression function absent in mutant-p53, which is present in 50 % of all cancers.
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Critically important for the regulation of transcription is the response element (RE)
sequence recognition by the p53-family. Although some is known about how the
response element affects the level of transcription, little is understood, in particular
concerning the mechanism for how transcription is regulated for p53-family genes. In this
work, molecular dynamics (MD) is used to study the recognition of the response element
flanking-site by the p73-DBD dimer. In particular, two response elements sequences are
examined: an apoptotically relevant, guanine-rich RE, and a cell cycle arrest/ DNA repair
relevant, adenine-rich RE. The results highlight a conformational change of the p73-
DBD/RE complex as a result of the guanine-rich sequences, suggesting a distinct
mechanism of transcription regulation compared to RE’s that lack a guanine-rich
flanking-site. In addition, simulations showed conformational states of a partially
unbound p73-DBD/RE complex that serve to propose a model for p73 recognition of

nonspecific DNA and REs.
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CHAPTER 1

INTRODUCTION



A. Significance

The p53-family forms an incredibly important set of transcription factors,
responsible for the regulation of many of the cell’s critical life processes. Individually,
the p53 family proteins regulates genes related to apoptosis, cell cycle repair, senescence,
autophagy, chromosome stability, neurogenesis, inflammation, development,
morphogenesis, and many more (Crum & McKeon, 2010; Kaghad et al., 1997; Mills et
al., 1999; Murray-Zmijewski, Slee, & Lu, 2008; Pozniak et al., 2000; Vousden & Prives,
2009; Yang et al., 1999). And, together, they potentially regulate a collection of
thousands of genes, in a manner that looks as diverse as the number of genes they control
(Smeenk et al., 2008). Since the discovery of p53 in 1979, the p53-family has flooded the
field with over 60,000 publications, which have contributed to the rapid expansion of the
field, despite many publications not withstanding the test of time (Lane & Levine, 2010).
An important contribution to this voluminous and large interest in the p53-family was its
link to cancer. Importantly, a p53 mutation has been found to be present in at least 50%
of all cancers (from the International Agency for Cancer Research TP53 Mutation
Database and the TP53 Website). This, in addition to many other manifestations of p53’s
connection to matters of cell fate, led to p53’s classification as a tumor suppressor, which
subsequently has also been extended to include p73 (Tomasini et al., 2008). Unlike p53,
the p73 mutations in human tumors are relatively rare, representing only 0.5% (Melino,
De Laurenzi, & Vousden, 2002). Interestingly, p73 along with p63 have shown to be able
to activate many p53-dependent genes (Lin et al., 2009). The facts that p73 shows little

evidence of mutation in cancers and that its function also overlaps with the activation of



p53 pathways related to apoptosis show promise for p73 to substitute the tumor
suppressor function of p53 when the functionality of p53 is compromised due to mutation
(Dotsch, Bernassola, Coutandin, Candi, & Melino, 2010; Yoon, Ha, Lee, & Chi, 2014).
Additionally, structural studies of mutant p73 have served to inspire methods of
reactivating p53 (Viadiu, Fronza, & Inga, 2014). The p53-family shows a remarkable
similarity across the family members, evidenced by 63% sequence identity between the
p73 and p53 DNA-binding domains (DBD) (p63 has a similar percentage with p53)
(Dotsch et al., 2010). This similarity consequently explains, in part, p53-family’s ability
to cross-over and activate several of the other family member’s associated genes. In
addition to p73’s hopeful promise of rescuing the tumor suppression function of a p53-
debilitated cell, p73 serves in many respects to expand the understanding of the p53-
family regulation of transcription.

In relation to the work presented here, the subsequent sections of this chapter will
present the regulatory context of the p53-family, specifically the basic transcription
machinery and p53-family’s role in transcription activation (Section B), describe the
TP73 gene (Section C), highlight the known structure characteristics of p73 (Section D),
define the p53-family recognition site (Section E), and lastly, describe the motivation for

this study (Section F).

B. The Role of the p53-Family in Transcription Regulation

The general role of the p53-family, like most transcription factors, is to assist in

the regulation of the gene transcription process. The predominant manner that the p53-



family regulates transcription is by binding to promoter sites or response elements. These
response elements lie predominantly upstream, but also downstream of the transcription
start site (TSS), however less commonly in introns and exons (Riley, Sontag, Chen, &
Levine, 2008). Not only is the p53-family crucial for activating transcription, but also is
responsible for the repression of many genes. Repression seems to take on several forms
which can include occlusion of a transactivating protein binding site due to binding site-
overlap (Budhram-Mahadeo et al., 1999; K. C. Lee, Crowe, & Barton, 1999; Ori et al.,
1998), inhibiting proper interaction of transactivating proteins through protein-protein
contact (Innocente & Lee, 2005a, 2005b; Kanaya et al., 2000; Ohlsson, Kley, Werner, &
LeRoith, 1998), as well as inducing histone modifications in chromatin (Murphy et al.,
1999). Activation seems to be more closely associated with direct binding and p53, in
particular, activates transcription by recruiting general transcription factors to assemble
the basal transcription complex (Farmer, Colgan, Nakatani, Manley, & Prives, 1996;
Thut, Chen, Klemm, & Tjian, 1995) as well as enzymes that are important to chromatin
remodeling through histone modifications (Gu & Roeder, 1997; Gu, Shi, & Roeder,
1997). In addition to binding to the appropriate response element, the placement of the
pS3-family recognition site has been generally linked to transcription control such that
response elements closer to the TSS increase the transactivation potential (Riley et al.,
2008). The interaction of the p53-family member with the transcription initiation
complex is further nuanced by the fact that DNA looping can occur, similar as in the case
of transcription factor-binding proteins, through several distally bound p53 coplexes

stacking together to bring separated DNA regions closer (Stenger et al., 1994).



Due to the p53-family’s important role in transcription initiation, the basal
transcriptional complex, minimally responsible for the initiation of transcription, is
briefly described here. The catalytic actor in transcribing the mammalian genetic code,
RNA polymerase II (RNAPII), forms a pre-initiation complex (PIC) along with a set of
general transcription factors (GTFs) that include TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and
TFIIH (Butler & Kadonaga, 2002). This complex is assembled on the core promoter,
which provides the appropriate set of DNA regulatory motifs that bind subunits of the
aforementioned GTFs and stretches roughly ~40 bps upstream and downstream of the
transcription start site (TSS or +1 position) (Smale, 2001). The assembly of the PIC onto
the core promoter is initiated by the TFIID, which is critical to the nucleation of the basal
transcription complex by binding to promoters that specify the +1 position (Albright &
Tjian, 2000; Burley & Roeder, 1996). These promoters can include the TATA box, the
initiator element (Inr), the downstream promoter element (DPE), as well as the
downstream core element (CDC), which all can be bound by distinct subunits of the
TFIID. The binding of TFIID is subsequently followed by TFIIB, which can recognize
the TFIIB recognition element (BRE) directly upstream and downstream of the TATA
box (Deng & Roberts, 2005, 2007). The assembly of the PIC is completed with the
binding of TFIIF, TFIE, and TFIIH in complex with unphosphorylated RNAPII
(Orphanides, Lagrange, & Reinberg, 1996; Woychik & Hampsey, 2002). In relation to
the p53-family, p53 is specifically able to help recruit several PIC components to the core
promoter such as TBP, a TFIID subunit (X. Chen, Farmer, Zhu, Prywes, & Prives, 1993;
Liu, Miller, Koeffler, & Berk, 1993; Seto et al., 1992), TFIIA and TFIIH (Ko & Prives,

1996; Xing, Sheppard, Corneillie, & Liu, 2001).



C. TP73 and the p53 Gene Family

Part of the diversity exhibited by the p53-family in transcription regulation is due
to the diverse set of transcribed isoforms, particularly in p63 and p73. Common to all
members of the p53 family, their genes encode for a N-terminal transactivation domain
(TA) largely used for recruitment of other transcription factors, a central DNA-binding
domain (DBD) responsible for recognition of its response element, as well as an
oligomerization domain (OD) involved in the formation of the quaternary structure
(Murray-Zmijewski, Lane, & Bourdon, 2006). Both p63 and p73 additionally have a
sterile alpha motif (SAM) domain that is involved in protein-protein interactions
important for transactivation where as p53 contains a C-terminal domain (CTD) that
undergoes many posttranslational modifications important to transactivation (Murray-
Zmijewski et al., 2006). Also unique to TP63 and TP73 genes are the two transcription
promoter regions, Pl and P2, located upstream of exon 1 and within intron 3,
respectively, giving rise to splicing variants that have a N-terminal transactivation (TA)
domain similar to p53, called TAp63 and TAp73, as well as splicing isoforms without the
TA domain designated as ANp63 and ANp73 (Kaghad et al., 1997; Yang et al., 1998).

The TP73 gene comprises 15 exons of which due to alternative splicing can make
29 theoretical isoforms, although only 14 of them have been described (Murray-
Zmijewski et al., 2006). All possible isoforms come about from at least seven
alternatively spliced C-terminal isoforms (Melino, Lu, Gasco, Crook, & Knight, 2003;

Moll & Slade, 2004) and at least four alternatively spliced N-terminal isoforms (Stiewe,



Zimmermann, Frilling, Esche, & Putzer, 2002). These two groups that largely comprise
the TAp73 isoforms and the ANp73 isoforms have been identified to carry out distinct
transcriptionally relevant functions. The TAp73 isoform has a close structural similarity
to TAp53 and has been identified to transcriptionally activate p53 target genes,
consequently being viewed predominantly as a tumor suppressor (C. W. Lee & La
Thangue, 1999; Strano et al., 2005; Tomasini et al., 2008). In contrast, ANp73 lacks the
TA domain associated with much of the transcription regulation activity in many p53-
dependent regulations but also p53-independent transcription. Instead, ANp73 has been
characterized largely to have a repressive role many times interfering with p53 and
TAp73 binding to respective response elements (Grob et al., 2001; Ishimoto et al., 2002;
Nakagawa et al., 2003; Nakagawa et al., 2002). Consequently, ANp73 has been largely

attributed to have oncogenic functions.

D. p73 Structure

The response element recognition of p73 is done by the DBD, which has a
structure common across the p53-family. The following account of the DBD structure is
largely informed by the first published papers of the p73 tetramers recognizing a full-site
response element, (Ethayathulla et al., 2012) and (Ethayathulla, Nguyen, & Viadiu,
2013). It is comprised of a twisted B-sandwich made up of two anti-parallel B-sheets. The
loops and turns that emerge from the B-strand core of the DBD, help to make up, in one
end of the B-sandwich, the dimerization surface as well as the DNA recognition sites of

the monomer while the set of loops and turns at the other end of the B-sandwich, largely



serve to provide the connectivity between [-strands facing the solvent surface. The
former set of loops combine with other secondary structure to form the larger assembly of
the p73 structure bound to DNA. In particular, helices H1 and 3,9, which reside in loops
L2 and L3, respectively, form the dimer interface. In addition, a loop-sheet-helix motif
forms the majority of the DNA recognition element which is comprised by loop L3 that
binds by nonspecific and specific residues to the DNA minor groove, followed by two
anti-parallel B-sheets that bring back the protein to the DNA recognizing face and allows
residues prior to the formation of helix H2 as well as ones constituting the helix H2 to
recognize the DNA. The loosely structured region made up of loops 2 and 3 is maintained
by a tetrahedral zinc coordination-site, which is made up of residues Cys-194 and His-
197 from helix H1 in loop L2 and Cys-258-and Cys-262 from helix 3¢ in loop L3.

The full-site recognition of p73 to the response element is made, as in the case of
p53 and p63, by a dimer of dimers conformation, such that one dimer recognizes one
half-site of the DNA by individual monomer recognition of the response element quarter-
site. The dimerization interface is formed by van der Waal interactions and hydrogen
bonds from the mentioned loops L2 and L3 of each monomer that sit in the middle of the
half-site response element. Two equally structured, dimer-DNA half-sites make the full-
site tetramer complex, largely maintained by van der Waal interactions between the
adjacent dimers that form the tetramerization interface.

High-resolution structures of any of the full-length unmodified p53-family
members or described isoform in tetramer form have yet to be determined. As a result,
knowledge of the exact domain assembly of the p53-family of proteins and its context is

largely unknown. Some low-resolution electron microscopy reconstructions of full-length



p53 have been solved, but show distinct domain arrangements particularly of the OD with
respect to the DBD (Melero et al., 2011; Okorokov et al., 2006; Pham, Lucumi, Cheung,
& Viadiu, 2012; Tidow et al., 2007). This diversity in full-length p53 arrangement might
suggest a great flexibility of the tetramer depending on the context to adopt different
quaternary arrangements. A crystal structure of modified-p53 as a tetramer bound to
DNA was solved and included the DBD and the OD, but without the NLS-linker region
that connects the DBD and OD regions. This structure showed OD connectivity between
monomers adjacent to one another, but from different dimers (Emamzadah, Tropia, &
Halazonetis, 2011; Petty et al., 2011). Extrapolating any of these possible conformations
to the other p53-family members is difficult because of the different isoforms
encountered in p73 and p63 and, in addition, is further complicated by the distinct CTD

encountered in p73 and p63 compared to their p53 analog.

E. The Recognition Element

The response element sequence that binds p53-family members is characterized
by two consensus half-sites (5’-Pul-Pu2-Pu3-C4-W5-W5’-G4’-Py3’-Py2’-Py1’-3’;
where Pu = purine, C = cytosine, W = adenine or thymine, and Py = pyrimidine).
Functional half-site response elements, can be separated by a spacer of 0 to 3 bps in
length (Riley et al., 2008). Interestingly, the ratio of response elements that have no
spacer to ones with spacer is roughly 50:50. In the case of p73, the tetramer complex
bound to a full-site response element is maintained, likely, up to a 2 bps spacer

(Ethayathulla et al., 2012). This is due to the loss of contact that form the tetramerization
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interface between adjacent dimers as a result of the half-site separation and the added
DNA rotation after every added spacer. This suggests that p53-family member structural
organization, in the case of response elements with medium to long spacers, form dimers
rather than tetramers, although their role is still uncertain.

The response element half-site can be thought of as having a very loose
palindromic-like organization highlighted by three components. First, the most critical
element is, the position-4 cytosine that is almost always present twice in each half-site in
a palindromic arrangement across the middle of each half-site. Second, the fifth position
is represented by an adenine or thymine, although a palindromic adenine arrangement
across quarter-sites is very common. Lastly, the flanking regions represented by positions
1 — 3 are the most variable, but most often contain purines. Remarkably, the vast majority
of the native response elements that have been validated have mismatches from the
consensus sequence, notably 95% of them (Menendez, Inga, & Resnick, 2009). This
percentage speaks for the fact that there is likely an element of redundancy among the
sequences. Nonetheless, the response element is constituted essentially from the
mentioned three key parts that make up the necessary and sufficient conditions for
appropriate transcription control. Of greatest priority, the highly conserved fourth
position is critical for the binding of the response element by p73. This is due to the
critical recognition of the guanine, complimentary to the fourth position cytosine, which
is contacted by way of Arg-300 in p73 (analogously Arg-280 and Arg-311 in p53 and
p63, respectively) (C. Chen, Gorlatova, Kelman, & Herzberg, 2011; Ethayathulla et al.,
2012; Kitayner et al., 2006). Therefore, a complete half-site would be able to properly

recognize a p53-family member dimer by way of both guanines with help from the
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nonspecific DNA backbone contacts. The fifth position also plays an important role in
recognition by p53-family of proteins through Arg-268 (Arg-248 and Arg-279 in p53 and
p63, respectively), in addition to adopting a favorable DNA conformation at the center of
the half-site believed to help proper complex formation (Ethayathulla et al., 2013;
Kitayner et al., 2006). In the case of p53, the presence of an AT sequence at the center of
the half-site seems to favor a Hoogsteen base pairing, allowing a more favorable DNA
conformation (Kitayner et al., 2010). Finally, the flanking sequence is recognized by
several residues, however their contacts on highly dependent on the sequence present.
Most importantly, Lys-138 (Lys-120 and Lys-149 in p53 and p63, respectively) forms an
important contact with the flanking-site, most notably when in presence of a guanine-rich

sequence (Ethayathulla et al., 2013; Kitayner et al., 2006).

F. Motivation of Study

Response elements sequences of the pS3-family show distinct sequence profiles
depending on the corresponding gene function. Interestingly, the comparison between
p73 response elements for genes of cell cycle arrest and DNA repair show an increased
frequency of adenines compared to apoptotic response elements that show a higher
presence of guanines in position 1 — 3 (Ethayathulla et al., 2013). In support of this
correlation, the author of this work conducted a non-exhaustive analysis of
experimentally verified response element sequences for p53 taken from a compiled table
in (Wang, Xiao, & Ren, 2009), showing a significant increased presence of guanines in

the flanking sequence of apoptotic response elements compared to a higher presence of
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adenines in cell cycle arrest and DNA repair response elements (shown in chapter2,
section F). Structures of p53 and p73 (Ethayathulla et al., 2013; Kitayner et al., 2006)
have highlighted the importance of Lys-120 in p53, and analogously Lys-138 in p73, to
recognize the flanking quarter-site sequence. In the case of p73, structural studies of p73-
DBD tetramer bound to guanine-rich and adenine-rich response elements show a distinct
conformational change of loop L1 (Ethayathulla et al., 2013; Ethayathulla et al., 2012).
Specifically, loop L1 conformation is extended further into the major groove enabled by
Lys-138 binding to position-2 and -3 when in the presence of a guanine-rich sequences.
In contrast, loop L1 recesses away from the major groove due to Lys-138’s lack of
contact with the response element in an adenine-rich environment.

Functional studies, although not exhaustive, have shown the flanking sequences
of response element to play an important role in modulating the transcriptional behavior
of p53 (Wang et al., 2009). Interestingly, separate studies of p53 have shown that
acetylated p53 at Lys-120 is necessary for apoptotic gene transcription, specifically in
puma and bax (response elements with multiple guanine-rich flanking sites) to occur
(Sykes et al., 2006; Tang, Luo, Zhang, & Gu, 2006). Despite knowing some aspects of
the flanking-site including Lys-120/138’s importance in recognition of the flanking
sequence as seen in p53 and p73, the distinct flanking sequence profiles in relation to
apoptotic and nonapoptotic sequences, as well as its functional role in directing
transactivation of apoptotic genes, little is known of the mechanism for how flanking site
recognition can cause conformational change in the protein and structurally how it may

lead to modulating transcription control.
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The work presented here tries to understand the p73 recognition of the response
element flanking-site believed to be important in directing transcription regulation. In
doing so, a reductionist approach is taken to try to understand response element
recognition using the basic biochemically and likely biologically-relevant unit of p73, the
p73DBD-dimer/half-site complex. Specifically, using molecular dynamics (MD), this
study examines complexes with two distinct response element sequences, guanine-rich
(apoptotically relevant) and adenine-rich (Cell Cycle Arrest/DNA Repair relevant)
flanking sequences. In addition, the transition going from the guanine-rich to the adenine-
rich complex, and vice versa, will be examined to try to understand the mechanism of the
conformational change. The subsequent chapters describe in detail the system set-up and
the running of the MD calculations (chapter 2), the conformational analysis of the
simulated systems as well as the comparative differences with respect to the starting
crystal structures (chapters 3 and 4), and finally potential consequences from the results
obtained as well as a model for response element recognition that takes into account the

relevancy of the flanking sequence (chapter 5).
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A. Molecular Dynamics (MD) Simulation

Molecular dynamics simulation is a computational technique that utilizes
Newtonian laws of motion to simulate a molecular system of interest. In order to model
molecular motions and obtain the position of atoms at discrete moments in time,
numerical integration techniques are employed, specifically the Verlet algorithm. The
Verlet algorithm is a Taylor series expansion of the position functions, r(t + 4) and ri(¢ -
h), where the subscript 7 refers to, in our case, a particular atom within an N-body system.
A Taylor series is a representation of a function as an infinite series many times used, as
employed here, as a way to approximate a function by using just a few terms. This, in
computational terms, helps to limit the computational cost of solving the complete
equation. The functions r(t + h) and r{t - h) can therefore be interpreted as
approximating the position at two moments in time. The Taylor series expansion of the

two functions give the following relations,

. i (t)h?
ri(t +h) = r(t) + r,(t)h +

. i (t)h?
ri(t —h) = r(t) — r,(t)h + >

In order to relate the two position functions, both are added together. The summation of

the above relations gives the following equation,
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r;(t +h) + r;(t —h) = 2r;(t) + #(t)h2.

In our system, like many other physical systems, the energy potential is approximated to
be some known relation (see below). Since one can relate the potential energy to the force
acting on an object (force is the negative of the position derivative of energy in one-
dimensional terms), one can indirectly relate the potential to the position of the atom in
question by introducing Newton’s equation of motion, F; = m;#;, into the relation. The

Verlet algorithm is represented as the following,

F:
T'l'(t +h) = ZTl(t) - T'i(t —h.) + Elhz

l

As discussed above, one can relate the force to the potential energy and specifically in
three dimensions, the force acting on any given atom is the gradient of the potential
energy, F; = —V,;V(r"). The potential energy of a molecular system is given by the
molecular force field, which models intra- and inter-molecular interactions with a

relatively simple four-component expression,

k; k; v,
Ve = Y S- k) ) SO 6%+ Y (1 + coslnw = y])

bonds angles dihedrals

N o 12 o 6 %9
ij ij i1j
Z <4€ij [(r_> B (r_> ] + e r>
j=it1 i i 0'ij

nonbonded

N
+
=1
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The potential energy is a function of the position of N atoms. The first two terms
use harmonic potentials to model bond and angle energies. First, to model each bond’s
energy, the harmonic potential provides a reasonable approximation to the Morse
potential (models the potential energy of a diatomic molecule) in the area close to the
equilibrium bond position. Although vibrational effects of molecules at ground state are
not taken into effect, the model is sufficiently accurate for the systems that one studied.
The bonding term is characterized by a reference bond length, /;o, which represents the
length when all other force field terms are zero, an actual bond length, 1, and a force
constant, k;, which like /;, is determined by factors such as bond hybridization, bond
order, and atom types. In the second term, the angle energy refers to the angle formed by
three adjacent atoms with two bonds that forms each valence angle. The energy is
identically modeled as the bonding energy and its parameters can be, likewise,
analogously interpreted.

The third term in the potential energy equation represents the energy contribution
for each dihedral angle, w. The dihedral energy is characterized by V,, which largely
represents the height of the energetic barrier, n, the number of energy minima through a
360° rotation, and the phase, vy, indicating the angle at which the energy minimum is
located. Several force fields can also include improper dihedrals and cross terms.

The last term comprises the non-bonded interactions, which are composed of van
der Waals treated with a Lennard-Jones potential, which models the potential energy
representing the interaction between a pair of neutral atoms, and electrostatic interactions

which are described by a Coulombic potential (models the potential energy between
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charged particles, taking into account the magnitude of the charge as well as the distance

between the two atoms).

B. System Preparation

The goal here is to modify the PDB structures so that they are ready for
simulation. Apart from the original GGGCA and GAACA systems (minimally modified
protein and DNA structures), two swapped structures were created where GGGCA and
GAACA structures will swap with DNA structure of the other. Additionally, protonation
states were assigned to residues to make sure their configuration is appropriate. Finally,
the conditions that it would be in if it were in solution are “mimicked” by adding solvent
as well as the appropriate salt conditions.

The starting coordinates for GGGCA and GAACA systems were obtained from
the dimer formed by chains A and B including their corresponding response element half
site of PDB id’s 3vdl (Ethayathulla et al., 2012) and 4g82 (Ethayathulla, Nguyen, &
Viadiu, 2013), respectively. Table 2.1 summarizes the four systems simulated. To
generate the swapped structures, both crystal structures were superimposed and the
nucleic structures were swapped. Additionally, two A-T bp were added to each end of the
response element for the four systems, making the sequence length 14 bps total.
Monomer chains were modified to obtain chains with equal length. This was obtained by
aligning all monomers with respect to chain A of structure 3vdl and adding residues to

the n-terminal for the other monomers such that all chains went from residue 111 to 313.
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Table 2.1. MD Simulation Systems

System DNA Sequence Protein Structure(PDB id) [DNA(PDB id)| Copies
GGGCA_3vd1 5'-atGGGCATGCCCat-3' 3vdl 3vdl 1&2
GGGCA_4g82_swap 5'-atGGGCATGCCCat-3' 4g82 3vdl 1&2
GAACA_4g82 5'-atGAACATGTTCat-3' 4g82 4g82 1&2
GAACA_3vd1l_swap 5'-atGAACATGTTCat-3' 3vd1l 4g82 182

Histidine protonation states were determined by using PROPKA (Bas, Rogers, &
Jensen, 2008; Li, Robertson, & Jensen, 2005; Olsson, Sondergaard, Rostkowski, &
Jensen, 2011; Sondergaard, Olsson, Rostkowski, & Jensen, 2011). Molprobity (Chen et
al., 2010) was used to determine mis-fit during structural characterization and flip
histidine, asparagine, and glutamate side chains 180°. The coordinated zinc residues were
modeled by the tetrahedrally coordinated cationic dummy method (Pang, 1999).
Crystallographic waters were retained and systems were solvated with TIP3P water box
(Jorgensen, Chandrasekhar, Madura, Impey, & Klein, 1983). Periodic boundary
conditions were used such that the distance between the solute and the edge of the water
box was at least 15 A. All system topology and coordinate files were prepared using the
amber ff99SB force field (Hornak et al., 2006) for protein residues and the parmbscO
force field (Perez et al., 2007) for nucleic acids. System charges were neutralized with
chlorine ions. To account for salt crystallization conditions, 100 mM of sodium and

chloride ions were additionally added. System sizes for all four systems were around

70,000 atoms.

C. MD Simulation Protocol
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Once the systems are setup, the systems can begin to acclimate by two series of
steps before simulation. First, minimizations allow for the system reach its energetic
minimum. Although starting structures, especially crystal structures, are likely to be very
close to the energetic minimum, factors like crystal packing can account for deviations
from the minimum. Additionally, modifications made to the crystal structure most likely
need time to adjust to their lowest energetic state. Solvating the starting structure by the
introduction of the water molecules and salt ions can also cause some steric clashes
between atoms, which are alleviated by the minimization step. Subsequently,
equilibration serves to gently raise the temperature of the system, most likely, to 310 K.
This step avoids unfavorable conformations due to abrupt temperature changes. Lastly,
the system is ready for unrestrained simulation.

Minimization was conducted in a series of four discrete relaxation steps for a total
of 45,000 time-steps. Initially, hydrogens and the additional 4 A-T bps that were modeled
into each system were relaxed for the first 5,000 time-steps. Subsequently, another 5,000
time-steps were used to relax hydrogens, waters, ions and the 4 A-T bps. In addition,
10,000 time-steps were used to relax hydrogens, waters, ions, the 4 A-T bps, and residue
side chains. Finally, 25,000 time-steps were used to relax the entire system. Minimization
was followed by a process of equilibration for a total of 1 ns of restrained MD simulation
at 310 K. A series of four 250,000 time-steps were used each with a decreasing harmonic
restrain coefficient on backbone atoms.

Unrestrained MD using NAMD 2.7 (Phillips et al., 2005) was performed for 130
ns with a 1 femto-second time-step on all systems. Temperature was maintained at a

constant 310 K using Langevin dynamics with a dampening frequency of 5 ps™. Pressure
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was maintained at 1 atm using the Nose Hoover-Langevin piston (Feller, Zhang, Pastor,
& Brooks, 1995; Martyna, Tobias, & Klein, 1994) with decay and period times of 50 and
100 femtoseconds, respectively. The Particle Mesh Ewald method was used for long-
range electrostatics with a non-bonding cutoff of 14 A. Figure 2.1 summarizes the
sequence of steps for MD simulation.

Minimization, equilibration, as well as the first 50 ns of simulation were
performed at the San Diego Supercomputer Center. The latter part of the unrestrained

MD, 50 - 130 ns, was performed at the Texas Advanced Computing Center.

iti mmm) | Equilibration | ssssd | Unrestrained | mmp System
Building Analysis

Figure 2.1. Diagram summarizing MD protocol for simulation.

D. Analysis

Analysis of simulation systems was done using both ptraj and cpptraj (Roe &
Cheatham, 2013) from AmberTools13 (Case, D.A. et al., 2012) for measurement of
distances, angles, and RMSD. GROMOS algorithm (Hess, Kutzner, van der Spoel, &
Lindahl, 2008) with GROMACS4.0.5 (Van Der Spoel et al., 2005) analysis software was
used for loop L1 analysis of all systems. Starting trajectories were aligned with respect to
protein backbone and trajectory was clustered according to loop L1 atoms. Final results

shown were done using an RMSD cut-off of 1.36 A. Visual analysis of trajectories,
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individual frames, PDB structures, as well as image rendering, were done using VMD
(Humphrey, Dalke, & Schulten, 1996) and Chimera (Pettersen et al., 2004). Hydrogen
bonds were characterized using distance and angle calculations, which were done with
cpptraj, and post-processed using Linux scripts to filter for instances with cut-off criteria
for distance and angle values of <3.5 A and <120° (angle between electron-donor,

hydrogen and, electron-acceptor), respectively.

E. Initial Crystal Structure Dimer Comparison

Starting coordinates for the simulated systems were altered, as previously
described in the methods chapter, from two crystallographic structures of p73 DNA-
binding domain (DBD) in complex with two half-site response elements. The starting
crystal structures of our study were p73 DBD dimer in complex with the half-site 5’-
GGGCATGCCC-3’ (PDB id: 3vdl) and the half-site 5’-GAACATGTTC-3" (PDB id:
4¢82). To simplify our molecular system to the smaller complex of biochemical
significance, instead of tetramers, we studied only dimers in complex with half-sites
because velocity sedimentation experiments have shown that in solution the p73 DBD
dimer is the only molecular specie bound to 10-14 bp oligonucleotides that only contain
half-site response elements. An added complication that we avoided was that the original
crystal structures had nucleotides spacing the distance between half-sites. Our study is
based on the comparison between the p73 DBD dimer bound to two half-sites, labeled as

GGGCA and GAACA systems (See Table 2.2).
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Although the simulated systems are dimers and therefore contain no spacers, the
difference in initial structures due to spacer length is still worth considering. One of the
structures in question is referenced in (Ethayathulla et al., 2012), which compares the
RMSD of dimers from tetramer structures with spacers of 0-, 1-, 2-, and 4-bps from the
following PDB ids: 3vd0, 3vdl, and 3vd2. This comparison largely concluded that the
dimer structure is not altered between tetramers with 0 or 1 spacers while one dimer of
the 2-bp spacer structures changes greatly as a consequence of a significant translation
and rotation that the dimers must overcome in order to maintain its tetramer structure.
The structure with a 4-bp spacer seems to resemble more closely the altered 2-bp spacer
dimer rather than the 0 and 1-bp spacer structures. In addition, the GAACA structure was
compared against the aforementioned structures (AGGCA, GGGCA, and GGACA) by
obtaining the RMSD with respect to the tetramers and monomers while aligned with
respect to the tetramer and monomer, respectively (Ethayathulla et al., 2013). RMSD
values around 2 A or greater show that there are notable differences across these
structures regardless of sequence or spacer length. Due to the significant comparative
nature of this study, a further uniform comparison across all these structures was done to
more precisely define these differences.

As an alternative method to measure the RMSD, rather than aligning to the entire
dimer, structures were aligned to one monomer and the RMSD value of the second
monomer in the dimer was recorded. In order to examine exclusively the effects of the
spacer, given that there are four distinct response element sequences, Table 2.2 shows the
comparison for structures with the same sequence but different spacer. The data shows

large differences between 0- and 2-bp spacer dimers as well as 1- and 2-bp spacer dimers
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with the exception of regions that are responsible for DNA-binding and forming the
dimer interface such as helix H31o, loop L3, and especially helix H1.

A comparison between structures with the same spacer but different sequences
was also done as shown in Table 2.3. The sequence comparison with 2 bp spacer
AGGCA and GGGCA dimers showed similar structures for only two out of the four
shown in Table 2.3. The two distinct conformations are attributed to the strained tetramer
formed by the 2-bp spacer.

When comparing AGGCA and GAACA dimers with no spacers, RMSD values
of more than 3.5 A are observed (Table 2.3). Furthermore, comparing the structures of
the simulated systems, 1-bp spacer GGGCA dimer and 0-bp spacer GAACA dimer, there
are similarly large RMSD values around 3.5 A. Interestingly, a comparison between the
0-bp AGGCA dimers and the 1-bp spacer GGGCA dimers, which was the structure
simulated, found in Table 2.4 shows these two structures to be very similar with RMSD
values between 0.5 and 1 A. These values are comparable to RMSD values of 0- and 1-bp
spacer dimers of the same tetramer, found in Table 2.5, which for the purpose of these
comparisons can be interpreted as largely noise. As a consequence, a 1-bp spacer does
not seem to alter the dimer conformation.

In addition to comparing dimers, it is important to establish whether the
monomers of the starting coordinates of the simulation were different. A comparison of
the 1bp GGGCA dimers and 0-bp GAACA dimers, shows loop L1 to be significantly
higher than the rest of the secondary structures with an average RMSD value 2.036 =
0.121 A (Table 2.6). Other regions with moderate RMSD values of around 1 A are

unstructured loop/turns, which largely lie between the antiparallel 3 strands. When
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comparing the 1-bp GGGCA dimers to a 0-bp spacer dimer with a similar sequence,
AGGCA, very little difference is observed represented by RMSD values ranging from
around 0.2 to 1 A and significantly, the average loop L1 is 0.771 = 0.168 A (Table 2.6).
As a reference, the RMSD comparison of different 0-bp AGGCA dimers is also shown in

Table 2.6.

F. p53 Response Element Study

In support of the surprising correlation of relatively high presence in guanines in
the flanking sites of apoptotic p73 response elements compared to a higher presence of
adenine in the same flanking sites of nonapoptotic response elements (Ethayathulla et al.,
2013), an analysis using a compiled list of p53 response elements (Wang, Xiao, & Ren,
2009) was done to see if this same observation is seen in verified p53 response elements.
The analysis was done using a simple Java program developed by the author which
looked at the matching frequency per position across half-sites of p53 response elements
in a palindromic fashion. In essence, the algorithm is designed to palindromically check
each position to see if the nucleotides match (i.e. positions 1 and 20, positions 2 and 19,
and so on...) and if so, then that particular position would increment by one for that
response element. Response elements were analyzed according to their associated gene
function. The 125 response elements analyzed were divided into 14 gene categories. The
categories of most relevance due to the sample size (> 11) were apoptosis, cell cycle
arrest, and DNA repair are shown in Figure 2.2. The motivation for picking this manner

of characterizing the response elements was to see which nucleotides really mattered in
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each position. To match nucleotides across half-site would increase the weight of that
particular nucleotide according to position as opposed to counting the number of times
each nucleotide appears in each position.

Even more affirmatively than the p73 response element analysis, apoptotic
response elements showed a higher prevalence of guanine in positions 1 — 3, compared to
cell cycle arrest and DNA repair response elements that have higher adenines in those
same flanking sites. This provides further evidence of a possible link between apoptotic
response elements and the p73 and p53 transcription control. Although not all response
elements have a majority of guanines in flanking regions, the prevalence of guanines in
these regions may highlight an important evolutionary mechanism relevant to

transcription of apoptotic genes.
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Table 2.2. RMSD Comparison of 0 bp and 2 bp spacer dimers with AGGCA response element as well
as 1 bp and 2 bp spacer dimers with GGGCA response element. RMSD values are broken down by
protein region. First row represents the spacer of the dimers compared, second row is the response
element sequence(palindromic) of the dimers compared, and the third row shows the dimers
identified by the pdbID and the letter of each monomer composing the dimer.

Spacer 0 & | Spacer 0 & | Spacer 0 & | Spacer 0 & | Spacer 1 & | Spacer 1 & | Spacer 1 & | Spacer 1 &
Spacer 2 Spacer 2 Spacer 2 Spacer 2 Spacer 2 Spacer 2 Spacer 2 Spacer 2
Sec. AGGCA AGGCA AGGCA AGGCA GGGCA GGGCA GGGCA GGGCA
Structure 3vd0_AB & |3vd0_AB &|]3vd0_DC & | 3vd0_DC & ] 3vdl_AB & | 3vdl_AB & | 3vdl_DC & | 3vdl_DC &

Reg. 3vd0_1J 3vd0_LK 3vd0_1J 3vd0_LK 3vdl_1J 3vdl_LK 3vdl_1J 3vdl_LK
nter 6.2 42 6.0 44 6.2 4.0 5.8 4.6
S1 5.6 42 5.4 43 6.9 3.7 6.0 4.0
L1 5.4 35 5.7 3.6 6.0 3.6 5.9 3.8
S2 49 3.0 5.1 2.9 5.7 2.9 5.2 3.0
bS2S2p 6.1 3.2 6.0 32 6.6 2.6 6.0 2.7
S2p 4.1 2.7 4.4 3.1 49 23 4.8 2.6
bS2pS3 2.8 24 3.2 2.8 3.4 2.6 3.6 2.7
S3 5.2 3.7 5.2 4.0 6.2 3.7 5.6 42
bS3S4 6.2 6.0 6.0 5.7 7.3 5.6 6.1 6.1
S4 3.4 3.6 3.5 3.5 42 33 3.9 3.7
L2A 35 2.7 33 2.9 42 22 3.9 2.6
H1 1.0 1.3 0.8 1.6 1.1 1.5 0.8 1.5
L2B 2.1 1.8 2.3 24 2.1 2.3 22 2.7
S5 3.0 3.2 3.2 34 3.8 3.4 3.7 3.7
bS5S6 3.0 3.6 33 3.8 3.2 4.4 3.6 4.4
S6 1.9 33 1.9 34 1.8 3.5 2.0 3.7
bS6S7 2.4 33 22 3.6 35 33 2.6 4.1
S7 3.0 3.6 3.1 3.8 35 3.6 34 39
bS7S8 6.9 5.4 6.7 5.4 7.7 5.5 7.1 5.9
S8 43 3.6 44 3.8 4.9 3.7 4.6 4.0
bS8H310 1.9 1.8 22 2.1 24 1.8 2.8 2.1
H310 1.8 1.5 1.7 1.9 24 1.4 2.3 1.7
L3 2.6 1.7 2.4 22 3.2 1.3 3.0 1.6
S9 39 3.7 4.0 3.8 5.0 35 4.7 3.7
bS9S10 39 5.1 4.4 5.4 5.2 49 4.5 5.7
S10 44 3.7 43 4.1 53 3.4 4.9 4.1
bS10H2 3.0 2.1 3.6 2.6 3.7 2.1 4.0 2.6
H2 5.2 2.6 5.4 2.7 5.8 22 5.5 22
Average 3.8 3.2 39 34 4.5 3.2 4.2 35
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Table 2.3. RMSD Comparison of AGGCA and GAACA 0 bp spacer dimers aswell as AGGCA and
GGGCA 2 bp spacer dimers. RMSD values are broken down by protein region. First row represents
the spacer of the dimers compared, second row is the response element sequence(palindromic) of the
dimers compared, and the third row shows the dimers are identified by the pdbID and the letter of

each monomer composing the dimer.

Spacer 0 Spacer 0 Spacer 2 Spacer 2 Spacer 2 Spacer 2
AGGCA & AGGCA & AGGCA & AGGCA & AGGCA & AGGCA &
Sec. GAACA GAACA GGGCA GGGCA GGGCA GGGCA
Structure 3vd0_AB & | 3vd0_DC & 3vd0_1J & 3vd0_1J & 3vd0_LK & | 3vd0_LK &

Reg. 4g82 AB 4g82 AB 3vdl_1J 3vdl_LK 3vdl_1J 3vdl_LK
nter 6.0 5.8 1.5 9.3 9.9 0.8
S1 4.4 4.1 0.9 8.1 9.5 0.7
L1 3.4 33 1.1 7.3 8.1 0.9
S2 2.5 2.6 0.6 6.2 7.2 0.5
bS2S2p 3.7 3.6 0.8 7.2 8.5 1.1
S2p 23 2.6 0.7 54 6.6 0.8
bS2pS3 2.0 22 0.7 43 4.7 0.3
S3 4.4 43 0.9 7.7 8.7 0.3
bS3S4 6.6 6.6 1.5 104 11.2 0.5
S4 42 4.4 1.0 6.3 7.4 0.6
L2A 3.5 3.4 0.9 5.5 6.7 0.9
H1 0.8 1.0 0.6 1.5 1.8 0.7
L2B 2.6 24 0.8 3.1 32 0.8
Ss 3.4 3.4 0.9 52 59 0.4
bS5S6 4.8 4.9 0.8 5.9 6.2 0.6
S6 4.0 4.1 0.7 4.8 5.1 0.6
bS6S7 4.4 4.4 1.3 53 6.7 1.5
S7 4.5 4.6 0.8 5.9 6.8 0.6
bS7S8 5.0 49 1.1 10.2 11.4 0.5
S8 3.6 3.7 0.8 6.6 7.4 0.3
bS8H310 1.2 1.4 0.7 2.9 35 0.3
H310 1.6 1.3 0.7 2.8 3.0 0.3
L3 2.1 22 0.7 3.6 4.5 0.9
S9 4.5 4.6 1.2 6.8 8.2 0.5
bS9S10 6.7 7.3 1.8 8.3 10.0 0.8
S10 4.7 4.6 1.1 7.3 8.4 0.5
bS10H2 0.8 1.2 0.6 3.7 4.6 0.6
H2 2.1 1.9 0.6 5.9 6.9 0.8
Average 3.6 3.6 0.9 6.0 6.9 0.7
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Table 2.4. RMSD Comparison of 0 and 1 bp spacer dimers regardless of response element sequence.
RMSD values are broken down by protein region. First row represents the spacer of the dimers
compared, second row is the response element sequence(palindromic) of the dimers compared, and

the third row shows the dimers are identified by the

db id and the letter of each monomer.

Spacer 0 & Spacer 0 & Spacer 0 & Spacer 0 & Spacer 0 & Spacer 0 &
Spacer 1 Spacer 1 Spacer 1 Spacer 1 Spacer 1 Spacer 1
AGGCA & AGGCA & AGGCA & AGGCA & GAACA & GAACA &
Sec. GGGCA GGGCA GGGCA GGGCA GGGCA GGGCA
Structure 3vd0_AB & | 3vd0_AB & | 3vd0_ DC & | 3vd0_DC & | 4g82 AB & | 4g82 AB &

Reg. 3vdl_AB 3vdl_DC 3vdl_AB 3vdl_DC 3vdl_AB 3vdl_DC
nter 0.7 1.5 0.6 1.2 5.6 5.4
S1 0.5 0.7 1.0 0.4 4.8 3.8
L1 0.6 0.8 0.8 0.8 33 3.1
S2 0.4 0.5 0.6 0.6 2.7 22
bS2S2p 0.7 1.0 0.8 0.7 3.8 3.0
S2p 0.6 0.7 0.8 0.4 2.5 24
bS2pS3 0.4 0.5 0.6 0.4 2.0 2.0
S3 0.5 0.9 0.4 0.6 4.5 3.9
bS3S4 0.7 1.7 1.1 1.2 6.8 5.8
S4 0.4 0.5 0.6 0.6 42 4.0
L2A 0.5 0.7 0.8 0.5 3.5 33
H1 0.5 0.8 1.0 0.3 0.9 1.0
L2B 0.5 1.2 0.9 0.8 2.4 23
Ss 0.3 0.7 0.2 0.4 33 3.1
bS5S6 0.5 0.9 0.6 0.7 4.6 4.8
S6 0.6 0.6 0.6 0.4 3.6 3.8
bS6S7 0.5 1.5 0.7 1.2 4.1 4.0
S7 0.5 0.7 0.5 0.4 4.4 43
bS7S8 0.5 0.9 0.7 0.8 4.9 42
S8 0.4 0.7 0.5 0.5 3.5 32
bS8H310 0.3 0.6 0.7 0.3 1.1 1.4
H310 0.4 0.7 1.0 0.5 1.9 1.1
L3 0.6 0.9 0.9 0.7 2.4 2.1
S9 0.4 0.5 0.6 0.5 4.6 42
bS9S10 0.6 1.4 1.2 1.7 6.7 6.0
S10 0.4 1.1 0.8 0.6 4.6 43
bS10H2 0.5 0.8 0.7 0.4 1.0 1.2
H2 0.6 0.9 1.2 0.5 2.5 1.8
Average 0.5 0.9 0.8 0.6 3.6 33
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Table 2.5. RMSD Comparison between dimers belonging to the same tetramer. RMSD values are
broken down by protein region. First row represents the spacer of the dimers compared, second row
is the response element sequence (palindromic) of the dimers compared, and the third row shows the
dimers are identified by the pdbID and the letter of each monomer composing the dimer.

Spacer 0 Spacer 2 Spacer 1 Spacer 2 Spacer 4

AGGCA AGGCA GGGCA GGGCA GGACA

Sec. 3vd0_AB 3vdo_1J 3vdl_AB 3vdl_1J 3vd2_AB
Structure & & & & &

Reg. 3vd0_DC 3vd0_LK 3vd1_DC 3vdl_LK 3vd2_DC
nter 0.7 9.7 1.3 9.6 0.6
S1 0.6 8.7 1.0 9.0 0.4
L1 0.7 7.7 0.8 7.7 0.7
S2 0.4 6.7 0.6 6.7 0.3
bS2S2p 0.6 8.1 1.0 7.6 0.6
S2p 0.7 6.1 0.7 6.0 0.6
bS2pS3 0.7 43 0.3 4.7 0.6
S3 0.5 8.0 0.8 8.4 0.5
bS3S4 1.1 10.6 1.6 11.0 0.6
S4 0.3 6.6 0.6 7.2 0.4
L2A 0.6 6.0 0.9 6.2 0.6
H1 0.7 1.7 1.0 1.7 0.6
L2B 1.0 2.9 1.1 34 1.4
Ss 0.5 53 0.5 59 0.3
bS5S6 0.6 5.6 0.8 6.5 0.6
S6 0.5 4.7 0.6 5.3 0.7
bS6S7 0.7 5.6 1.3 6.3 0.7
S7 0.4 6.1 0.6 6.7 0.5
bS7S8 0.4 10.5 0.8 11.2 1.9
S8 0.4 6.7 0.6 7.3 0.6
bS8H310 0.5 3.0 0.8 3.5 0.6
H310 0.7 2.8 1.0 3.1 0.5
L3 0.8 4.1 1.1 4.1 0.5
S9 0.4 7.1 0.7 8.0 0.5
bS9S10 1.3 8.7 1.2 9.6 0.8
S10 0.8 7.6 1.0 8.1 0.5
bS10H2 0.8 4.1 0.7 4.1 0.8
H2 1.0 6.6 1.0 6.2 29
Average 0.7 6.3 0.9 6.6 0.7
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Table 2.6. RMSD comparison of selected monomers. The number of comparisons for each average
RMSD value were 6, 16, and 8, for the following comparisons AGGCA, AGGCA & GGGCA, and
GGGCA & GAACA, respectively.

Spacer 0 Spacer 0 & Spacer 1 Spacer 1 & Spacer 2
AGGCA AGGCA & GGGCA GGGCA & GAACA

Sec.

Structure Average St. Dev. Average St. Dev. Average St. Dev.

Reg
nter 0.7 0.1 0.8 0.3 1.1 0.3
S1 0.4 0.1 0.4 0.2 0.6 0.2
L1 0.8 0.3 0.8 0.2 2.0 0.1
S2 0.4 0.1 0.4 0.1 0.5 0.2
bS2S2p 0.8 0.3 0.6 0.2 0.7 0.2
S2p 0.4 0.1 0.4 0.1 0.5 0.2
bS2pS3 0.4 0.1 0.4 0.1 0.5 0.1
S3 0.4 0.1 0.4 0.0 0.5 0.1
bS3S4 1.0 0.2 0.9 0.3 1.2 0.3
S4 0.3 0.1 0.3 0.1 0.3 0.1
L2A 0.5 0.1 0.5 0.1 0.5 0.1
H1 0.5 0.1 0.5 0.1 0.5 0.1
L2B 1.0 0.2 0.9 0.2 0.9 0.2
S5 0.4 0.1 0.3 0.1 0.3 0.1
bS5S6 0.7 0.1 0.6 0.2 0.8 0.2
Sé 0.6 0.3 0.5 0.2 0.5 0.1
bS6S7 0.6 0.2 0.6 0.3 0.6 0.3
S7 0.3 0.2 0.3 0.1 0.3 0.1
bS7S8 0.7 0.2 0.7 0.2 1.2 0.6
S8 0.3 0.1 0.4 0.1 0.6 0.2
bS8H310 0.2 0.0 0.3 0.1 0.3 0.1
H310 0.4 0.1 0.4 0.1 0.7 0.3
L3 0.5 0.1 0.5 0.1 0.6 0.1
S9 0.4 0.1 0.4 0.1 0.4 0.1
bS9S10 1.3 0.3 1.0 0.3 0.9 0.2
S10 0.5 0.1 0.5 0.1 0.5 0.1
bS10H2 0.4 0.1 0.4 0.1 0.6 0.1
H2 0.7 0.1 0.6 0.2 0.7 0.2
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A.Lys-138

This section, like much of this chapter, largely characterizes the behavior of the
most important DNA-binding residues. The aim is to describe their behavior in a
comparative manner between guanine- and adenine-rich systems as well as describe
whether their contacts are similar to those seen in the starting crystal structures. In
addition, with respect to the swapped structures, it is important to characterize their
behavior in relation to the unmodified response element systems (GGGCA 3vdl and
GAACA 4g82). This section will characterize the most critical residue for the
recognition of the flanking-site sequence, Lys-138.

Differences in dimer and monomer conformation between GGGCA and GAACA
structures can be largely attributed to Lys-138 in loop L1, which contacts the DNA
depending on the nucleotide sequence present (Ethayathulla, Nguyen, & Viadiu, 2013).
The GGGCA crystal structure shows that Lys-138 contacts positions 2 and 3 via
hydrogen bonds to O6 oxygen of both guanines. Surprisingly, Lys-138 of the GAACA
structure makes no side chain contact to DNA. In order to characterize the behavior of
Lys-138 in the MD analysis, the hydrogen bond percentage between Lys-138 and DNA is
summarized in Figure 3.1. In the GGGCA_3vd]1 systems, Figure 3.1 highlights the strong
contacts of Lys-138 with guanines from positions 2 and 3. This is the case for monomers
A and B of both copies. The strength of the contact is due the favorable electron-donor
environment when there is consecutive guanines (Figure 3.2). From Figure 3.3, the
distance of Lys-138 to the first three positions with respect to time shows the steady

contacts formed to nucleotides 2 and 3 as a consequence of its hydrogen bonds to O6
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oxygen and N7 nitrogen from both guanines. For the GGGCA 4g82 swap system, Lys-
138 hydrogen bond analysis of the system shows a partial transition whereby in copy 1,
Lys-138 of monomer B shows strong contact to nucleotides 1’ and 2’ while in monomer
A there is little contact to phosphates in positions 0 and 1. Similarly in copy 2, Lys-138
of monomer B strongly contacts nucleotides 2’ and 3’ while, in monomer A, there is little
to no contact to phosphates 0 and 1 (Figure 3.1). An analysis of the distance between
Lys-138 and positions 1-3 of the GGGCA 4g82 swap system correlates to the hydrogen
bond data. Figures 3.3 shows Lys-138 of monomer A contacting phosphates in both
copies 1 and 2, while Lys-138 of monomer B shows contacts to nucleotides 1°, 2°, and 3’.
An important distinction between monomer B of copy 1 and 2 is that while copy 1
maintain contact with nucleotides 1° and 2’, copy 2 transitions to make contacts
exclusively to nucleotides 2 and 3, as the GGGCA_3vdl system.

In the GAACA_ 4g82 system, hydrogen bond contacts of Lys-138 to nucleotides
are a more diverse set of binding partners where contacts are to several nucleotides and to
phosphates of position 0, 1, and 2 (Figure 3.1). Monitoring the distance of Lys-138 to
nucleotides, one sees that for monomers B in copy 1 and 2 as well as monomer A in copy
1, Lys-138 goes from contacting phosphates to nucleotides 1 and 2 (Figure 3.4). In the
GAACA 3vdl swap system, hydrogen bond contacts of Lys-138 show a similar
diversity of nucleotide and phosphate contacts from positions 0, 1, and 2 (Figure 3.1).
The distance of Lys-138 to nucleotides, shown in Figure 3.4, show partial contacts to
both nucleotides and phosphates 1 and 2 to varying degrees for monomers A and B of
copy 2 and monomer A of copy 1 while in monomer B of copy 1 almost complete contact

to nucleotides 1 and 2 occurs.
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B. S139, C297, and R268

Similar to Lys-138, Ser-139, Cys-297, and Arg-268 also display behavior that
changes based on nucleotide sequence. Ser-139, which resides next to Lys-138, is largely
dependent on the relative position of loop L1 to determine the response element point of
contact. Analysis of the GGGCA 3vdl system showed no direct contact by Ser-139 to
DNA, however this residue makes a very stable contact water-mediated contact with
guanine in position 1 (Figure 3.5). The stability between Ser-139 and the position-1
guanine is seen in the time-lapsed distance monitoring shown in Figure 3.6.
GAACA 4g82 and GAACA 3vdl swap systems showed Ser-139 make nonspecific
contacts to position-0 and -1 phosphates. This is confirmed in the distance monitoring of
Ser-139 where most of the time is spent between both phosphates either by direct or
water-mediated contact (Figure 3.7). In the GGGCA 4g82 swap system, Ser-139 did not
contact nucleotide positions 1 and 2 but rather phosphates 0 and 1, except for monomer B
of copy 2 GGGCA 4g82 swap, which showed a nucleotide contact to position-0’
thymine (Figure 3.6).

Cys-297 displays a distinct behavioral contrast depending on the nucleotide
environment. In the GGGCA systems, the SG sulfur of Cys-139 acts as the electron
donor to the N4 nitrogen of the cytosine complimentary to position-3 guanine (Figure
3.8). This contact is present in all the copies of the guanine rich systems except for copyl
of GGGCA 4g82 swap. The stability of the contact between Cys-297 to position-3 is

increased because Cys-297 forms an additional hydrogen bond with Ser-139, which
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contacts guanines in positions 1 and 2. The GAACA systems however, show a less stable
binding to the DNA, largely through water-mediated contacts. Not only does Cys-297
show a variety of binding partners, mainly nucleotides in position 1-3, it also seems to
have no DNA contact at some instances of the trajectory (Figure 3.8, bottom). To
recapitulate, taking into account the three residues discussed so far, the guanine-rich
environment allows Lys-138, Ser-139, and Cys-297 to form a very stable and cohesive
ensemble of contacts in the major groove of the response element as compared to a more
transient and diverse group of interactions in the adenine-rich environment.

Of all the DNA-binding residues, Arg-268 contacts the most diverse set of
nucleotides and phosphates. Nonetheless, a subtle but distinct contact pattern is discerned
between the guanine- and adenine-rich systems. In the GGGCA 3vdl system, Arg-268
mainly contacts the position-5 phosphates (Figure 3.9, top) as seen from the distance
monitoring of all monomers and copies in Figure 3.10. Additionally, one notices that loop
L3 where Arg-268 resides is slightly further away from the minor groove in comparison
to the adenine-rich systems which show loop L3 protrude closer toward the minor
groove. In the GAACA 3vdl and GAACA 4g82 swap systems, Arg-268 more readily
enter the minor groove and contact nucleotides in positions 4 and 5 (Figures 3.11).
Although Arg-268 is able to make direct contacts with position-4 and -5 nucleotides, a
large part of the time it does so through a water-mediated contact. The water-mediated
contacts allow Arg-268 to interact many times with two nucleotides simultaneously.
From the DNA-binding residue analysis, most monomers of the GGGCA 4g82 swap
system did not converge from the contacts observed in the adenine-rich systems to the

contacts observed in the GGGCA 3vdl system, except for monomer B of copy 2. Here,
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Arg-268 adopts the position-5 phosphate contact while the other monomers of the
GGGCA_4g82 swap system mostly prefer the position-5 nucleotide (Figure 3.10). Table
3.1 summarizes the percentage of time that hydrogen bonds of Ser-139, C297, and Arg-
300 exist. Most of the contact percentages reported, especially the Arg-268 contacts to
nucleotide position 4 and 5 as well as the Ser-139 contacts to guanines 1 and 2, are
underestimated (or not seen) since water-mediated contacts do not contribute to the

hydrogen bond percentage reported.

C. Additional DNA-Binding Residues

Although Lys-138, Ser-139, Cys-297, and Arg-268 seem to respond to the
nucleotide changes in positions 2 and 3, an important set of DNA-binding residues bind
to DNA nonspecifically. Of this group, several DNA-binding residues were monitored
(Figure 3.12). Several of the contacts shown are maintained for almost all of the
simulations irrespective of system. The residues involved are the following: Asn-259,
Ser-261, Arg-293, Ala-296, and Cys-297. Additionally, Arg-300 is included in this group
since it also retains its contact with the response element independent of systems
simulated, even though it binds specifically to the guanine complimentary to position-4
cytosine. Cys-297, which was already mentioned as playing an important role in binding
to the cytosine complimentary to position-3 guanine, is also involved in the nonspecific
binding of the response element.

The binding of all of these residues is heavily concentrated on the position-4

phosphate. One set of residues, which includes Ala-296, Cys-297, and Arg-300, combine



49

to form a hydrogen bond network, which binds to the major groove face of the fourth
position phosphate (the O2P oxygen). Arg-300 which binds to the guanine
complimentary to position-4 cytosine also forms a water-mediated contact with position-
4 phosphate and the backbone nitrogen, N, of Cys-297. Ala-296, which sits on the loop
preceding helix H2 along with Cys-297, contacts the fourth position phosphate directly
(Figure 3.12). The other set of residues, Asn-259, Ser-261, and Arg-293, directly contact
fourth and fifth position phosphates via the minor groove face. While Ala-296 contacts
the O2P oxygen, residues Asn-259 and Ser-261, which reside in loop L3, contact the O1P
oxygen from the fourth position phosphate. Arg-293, which resides on sheet S10 and sits
above Asn-259 and Ser-269, contacts the fifth position phosphate (Figure 3.12). The
exception to all the described contacts is found in copy 1 of the GGGCA 4g82 swap
system where Asn-259 of monomer B now contacts the O2P oxygen of the position-4’
phosphate, Arg-293 contacts O1P oxygen of the position-4’ phosphate, and Arg-300 of
monomers A and B contact nucleotide 2 and position-5 phosphate, respectively.
Additionally, residues Ala-296 of monomer A and Asn-259 of monomer A completely
loose contact with the response element (Appendix Figures A.1 and A.2). Given such an
extensive change in the contact profile of nonspecific binding residues as well as in
residues that bind to the first three nucleotides, the swapped system dimer is likely to be
undergoing some element of unbinding from the response element. Appendix Figures A.1
— 5 show the detailed distance analysis of residues making direct contact with positions 4

and 5 phosphates.

D. R300 and K138
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Although Arg-300 maintains contact at the fourth position for the most part of all
trajectories, there are some differences between systems as mentioned in the
GGGCA_4g82 swap case. Furthermore, it is interesting to note that the GAACA 4g82
system shows a slightly lower percentage of time contacting with position 4 as compared
to the GGGCA 3vdl system (Figure 3.12). Particularly, monomer A of copy 1 is
contacted only 10% of the time. One can postulate that a less stable Lys-138 might
influence the instability of Arg-300. This correlation was also previously described (Pan
& Nussinov, 2010). Additionally, GGGCA 3vdl is the only system that exclusively
touches the fourth position. A visual inspection of trajectories show that, although most
other systems contact the fourth position, they also can contact other nucleotide positions
simultaneously, specifically the third-position nucleotide. Further analysis of Arg-300
was done by monitoring the distance between Arg-300 and guanine that is
complementary to the cytosine in the fourth position (Appendix Figures A.6 — 9). Of the
16 monomers simulated, composing a total of 8 dimers, three showed Arg-300 contacts
to the fourth position 10% of the time or less. Additionally, two of those same three
monomers, which belong to GAACA 4g82 and GGGCA 4g82 swap systems, had no
nucleotide-specific contact with Lys-138.

Both Arg-300 and Lys-138 bind better when the guanine-rich sequence is present,
but why? Arg-300 and Lys-138 contact their respective binding partners (Figure 3.13).
The GGGCA 3vdl system is distinct with respect to the rest. Not only do Arg-300 and
Lys-138 bind to the same nucleotides across both monomers and copies, but also both

residues reach into the major groove as a single aliphatic chain bound by van der Waals
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interactions, rather than to two smaller distinct side-chains in a sea of polar solvent. More
quantitatively, the graphs in Figure 3.13 show the difference across all four systems of
the distance between the CG carbon of Lys-138 and the CB carbon of Arg-300. Apart
from the GGGCA 3vdl system, two other monomers also manage to retain this
proximity for the entire trajectory, them being monomer B of the copy 2 GGGCA 4g82
system as well as monomer B of copy 1 GAACA 4g82 system.

In addition to the aliphatic interaction the line of communication between Arg-
300 and Lys-138 contains a second component. In the guanine-rich systems, the
backbone of Lys-138 can contact the main-chain of helix H2 by Arg-300 and Gly-299. in
In most cases, the carbonyl oxygen can simultaneously hydrogen bond with the backbone
nitrogens from both Arg-300 and Gly-299 (Figures 3.14). Again, the GGGCA 3vdl
system is unique in that it consistently maintains this contact (Appendix Figures A.10 —
13). In systems GAACA 4g82 and GAACA 3vdl swap, contact between the two
secondary structures is initially present, however is lost towards the end of the trajectory.
Interestingly, monomer B of copy 2 GGGCA 4g82 swap system makes this contact
within 5 ns of the end of the trajectory. A summary of the hydrogen bond percentage

between Lys-138, Arg-300, and Gly-299 is shown in Figure 3.14.

E. Loop L1 analysis

A comparison of the loop L1 from the GAACA and GGGCA crystal structures

shows marked differences in the loop L1 conformation. In addition to the unique

coupling effect between Lys-138 and Arg-300, which is in part transmitted by the loop
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L1 main-chain, loop L1 establishes a hydrogen bond between the backbone carbonyl
oxygen of Ala-137 and the backbone secondary amine nitrogen of Ala-140. This contact
acts as a bridge providing support in loop L1 between each segment of the loop before
and after the turn (Figure 3.14). The intra-loop hydrogen bond was more prevalent in
systems with the GGGCA response element. The percentage of contact duration for the
GGGCA_3vdl1 systems was more than three quarters of the simulated time compared to
roughly around half of the time for the GAACA 4g82 systems. The swapped systems
showed some effects from their new response elements by showing percentages largely
between the values reported from the original systems. The distance between Ala-137
and Ala-140 of the intra-loop contact is shown in Figures 3.10 - 13 (top); importantly, a
transition for the swapped systems can be observed, especially in the
GAACA 3vdl swap system.

Due to the flexibility of loop L1, RMSD based clustering was used to
characterized the diversity of the loop L1 conformations within a trajectory as well as
across systems. Using a RMSD cutoff of 1.36 A, the number of clusters for all loop L1
per monomer is summarized in Table 3.2. Between the two original systems, one sees
that GGGCA_3vdl adopts a fewer amount of distinct conformations, represented by a
slightly lower cluster count. Additionally, the most representative clusters are reported
Table 3.2 with their associated percentage, representing the how much of the trajectory
the respective cluster represent. A look at the cluster 1 shows that monomer A for both
copies had significantly higher representative percentages than the GAACA response
elements sequences. The swapped systems show comparable cluster counts except for

two monomers in the GGGCA_4g82 swap system and one in the GAACA 3vdl swap
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system, where the number of clusters has significantly increased. Monomers with
significantly high cluster counts correlate with monomers with low or no nucleotide or
phosphate hydrogen bond contacts from Lys-138 (Figure 3.1). This correlation suggests
that Lys-138 helps to stabilize loop L1 such that its conformation is less variable.

What does loop L1 conformation look like? In order to give an idea of what kind
of conformation loop L1 adopts during the simulation, a comparison with the starting
crystal structures was performed. Using a representative frame from cluster 1, the RMSD
between these two structures was measured with respect to the loop L1 crystal structures.
Most all comparisons showed large differences with the exception of GGGCA 3vdl
cluster 1 and the GGGCA crystal structure, which showed very small RMSD values -
well under 1 A (Table 3.3). Additionally, the RMSD of loop L1 was measured for the
entire trajectory with respect to the GAACA and GGGCA crystal structures (Appendix
Figures 3.14 — 17). The GGGCA_3vdl systems clearly show a close similarity with the
GGGCA crystal structure while the GAACA 4g82 systems were distinct than both
crystal structures. A comparison of the B-factor values of the GGGCA and GAACA
crystal structures show that the GAACA structure has significantly higher B-factor values
for loop L1 compared to the GGGCA structure (Appendix Figures A.18 and A.19). A
high B-factor would indicate a high degree of disorder, which largely explains the
GAACA 4g82 system loop L1 not resembling the GAACA crystal structure. The
swapped systems seem to undergo transitions as observed from slight increases in RMSD
at the beginning of the trajectories. Interestingly, despite large deviations with respect to

the GGGCA crystal structure for most of the trajectory, monomer B of copy 2, and to a
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lesser extent monomer B of copyl, seems to converge with the crystal structure loop L1
during the last 5 ns of the trajectory (Appendix Figure A.15, bottom).

In summary, one observes distinct characteristics between systems with GGGCA
and GAACA response elements. In the adenine-rich environment, Loop L1 adopts subtle,
but nonetheless, diverse conformations whereas the guanine-rich environment promotes a
uniquely favorable conformation as seen from loop L1’s stability as well as its ability to

transition to the same state adopted in the GGGCA crystal structure.
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Figure 3.1. Summary of Lys-138 Hydrogen Bond Contacts to the Response Element. Hydrogen bonds
that occurred between multiple electron donors of a particular nucleotide or phosphate during the
simulation were counted toward the percentage total of the trajectory.



Figure 3.2. Snapshot of Lys-138 in Contact with Response Element Positions 1 — 3. Top, Lys-138 is
shown when in presence of a GGGCA sequence. Bottom, Lys-138 is shown when in presence of a
GAACA sequence.
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Figure 3.4. Lys-138 Contacts to DNA Monitored by Distance. Top four graphs show Lys-138 contacts
in the GAACA_4g82 system. Bottom four graphs Lys-138 contacts in the GAACA_3vdl_swap
system. Dashed boxes represent water-mediated contacts as opposed to direct contacts.



Figure 3.5. Snapshot of Ser-139 in Contact with Response Element Positions 1 — 3. Top, Ser-139 is
shown when in presence of a GGGCA sequence. Bottom, Ser-139 is shown when in presence of a
GAACA sequence.
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Figure 3.6. Ser-139 Contacts to DNA Monitored by Distance. Top four graphs show Ser-139 contacts
in the GGGCA_3vdl1 system. Bottom four graphs Ser-139 contacts in the GGGCA_4g82 swap
system. Dashed boxes represent water-mediated contacts as opposed to direct contacts.
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Figure 3.7. Ser-139 Contacts to DNA Monitored by Distance. Top four graphs show Ser-139 contacts
in the GAACA_4g82 system. Bottom four graphs Ser-139 contacts in the GAACA_3vdl_swap
system. Dashed boxes represent water-mediated contacts as opposed to direct contacts.
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Figure 3.8. Distance between Cys-297 and position 3 nucleotide. Top, Arg-268 is shown when in
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Figure 3.9. Snapshot of Arg-268 in Contact with Response Element Positions 1 — 3. Top, Arg-268 is
shown when in presence of a GGGCA sequence. Bottom, Arg-268 is shown when in presence of a
GAACA sequence.
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Figure 3.10. Arg-268 Contacts to DNA Monitored by Distance. Top four graphs show Arg-268
contacts in the GGGCA_3vd1 system. Bottom four graphs Arg-268 contacts in the
GGGCA_4g82 swap system. Dashed boxes represent water-mediated contacts as opposed to direct
contacts.
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Figure 3.11. Arg-268 Contacts to DNA Monitored by Distance. Top four graphs show Arg-268
contacts in the GAACA_4g82 system. Bottom four graphs Arg-268 contacts in the
GAACA_3vdl_swap system. Dashed boxes represent water-mediated contacts as opposed to direct
contacts.
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Table 3.1. Hydrogen bond percentage of Ser-139, Cys-297, and Arg-268 to DNA. This table
represents the most observed contacts and the percentage of each contact present with respect to
each monomer. Water-mediated contacts not included which represent a significant portion of
contact time especially in the Arg-258 contacts to position 5 nucleotides of GAACA systems.

S1390G_pho0 | S1390G_phol | S139N_pho0 [C297 nuc3pN4
GGGCA_3vdl monA_cpl 0 0 0 75
monB_cpl 0 0 0 81
monA_cp2 0 0 0 71
monB_cp2 0 0 0 78
GGGCA _4g82 swap| monA_cpl 30 0 22 1
monB_cpl 77 0 26 2
monA_cp2 58 18 82 68
monB_cp2 29 0 23 45
GAACA _4g82 monA_cpl 37 23 27 0
monB_cpl 47 22 0
monA_cp2 41 8 0
monB_cp2 81 0 13 0
GAACA_3vdl_swap| monA_cpl 5 11 0 0
monB_cpl 58 0 24 0
monA_cp2 18 0 0 0
monB_cp2 44 0 46 0
R268_pho2pO1|R268_pho5p0O1|R268 pho3pO1|R268_DA425N3|R268_DG413N3
GGGCA_3vdl monA_cpl 16 25 37 0 0
monB_cpl 14 33 0 0 0
monA_cp2 21 44 1 1 0
monB_cp2 12 49 8 0 0
GGGCA_4¢g82 swap| monA_cpl 13 0 0 13 1
monB_cpl 15 15 20 0 1
monA_cp2 31 8 0 3 0
monB_cp2 2 0 48 1 0
GAACA 4g82 monA_cpl 23 16 0 2 35
monB_cpl 13 1 0 16 20
monA_cp2 0 9 0 2 0
monB_cp2 21 23 2 12 4
GAACA_3vdl_swap| monA_cpl 25 0 9 2 29
monB_cpl 53 5 8 2 0
monA_cp2 19 33 0 7 1
monB_cp2 38 19 4 5 2




o
A

o €
System R300_nucdp [A196_phodp|R293_pho5p |N259_phodp|S261_phodp
GGGCA_3vdl monA_cpl 99 99 81 95 50
monB_cp1l 100 98 74 88 68
monA_cp2 95 96 87 76 91
monB_cp2 100 100 52 68 99
GGGCA_4g82_swap| monA_cpl 1 15 98 28 91
monB_cp1l 0 97 20 20 92
monA_cp2 93 97 70 65 91
monB_cp2 78 99 92 99 86
GAACA_4g82 monA_cpl 10 99 96 98 90
monB_cpl 98 100 98 88 99
monA_cp2 84 85 82 70 71
monB_cp2 80 86 95 79 58
GAACA_3vd1l_swap| monA_cpl 100 100 76 97 91
monB_cpl 89 94 90 71 92
monA_cp2 67 97 87 92 89
monB_cp2 99 97 76 96 85
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Figure 3.12. Summery of DNA-Binding Residue direct contacts hydrogen bond percentage. Top,
snapshot of residue sets bound position 4 and 5 of response element. Bottom, This table represents
the most observed contacts and reported is the percentage of each contact present with respect to

each monomer.
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Figure 3.13. Distance between the carbon chains of Lys-138 and Arg-300. Top, snapshot of Arg-300
with Lys-138 in GGGCA and GAACA systems. Bottom, The distance between the carbon chains of
the two residues was measured between the CG carbon on Lys-138 and CB carbon on Arg-300.
Clockwise starting at the top left represent the systems in the following order: GGGCA_3vdl,
GGGCA_4g82 swap, GAACA_3vdl, GAACA _3vdl_swap.
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A1370-A140N | R300N-K1380 [ G299N-K1380

GGGCA_3vd1l monA_cpl 87 53 70
monB_cpl 79 37 51

monA_cp2 85 49 82

monB_cp2 84 41 84

GGGCA_4g82_swap | monA_cpl 63 0 0
monB_cpl 88 0 0

monA_cp2 32 0 0

monB_cp2 84 3 4

GAACA_4g82 monA_cpl 47 5 1
monB_cpl 71 1 0

monA_cp2 58 1 0

monB_cp2 62 0 0

GAACA_3vdl_swap | monA_cpl 75 37 42
monB_cpl 79 7 10

monA_cp2 68 9 12

monB_cp2 46 30 37

Figure 3.14. Percentage of time that the loop L1 and helix H2 hydrogen bonds occur during the
trajectory. Top, snapshot of loop L1 and helix H2 contact atoms for GGGCA(left) and
GAACA(right) systems. Bottom, table which summarizes the hydrogen bond percentage where each
row represents a monomer of a system. Three hydrogen bond percentage values are reported
including the intraloop L1 contact composed of oxygen, O, of Ala-137 and nitrogen, N, of Ala-140,
and two contacts between loop L1 and helix H2 which are N of Arg-300 and O of Lys-138, and N of
Gly-299 and O of Lys-138.



70

Table 3.2. Number of clusters and percentage of the four most representative clusters for loop L1
generated from RMSD-cutoff of 1.36 A. Top, table summarizes the number of cluster for each

monomer of system. Bottom, table summarizes percentage of clusters, going from left to right, cluster
1-4.

monA_cpl monB_cpl monA_cp2 monB_cp2
GGGCA_3vd1l 9 21 10 19
GGGCA_4g82_swap 38 14 87 21
GAACA_4g82 28 17 22 17
GAACA_3vdl_swap 17 14 22 72
monA_cpl monB_cp1l monA_cp2 monB_cp2
GGGCA_3vd1l 85.7/5.1/4.6/1.4 57.5/15.9/10.9/3.7 85.5/7.0/2.8/2.3 39.0/19.3/12.7/6.6
GGGCA_4g82_swap 46.9/23.1/4.7/3.8 80.3/7.6/4.7/3.4 19.7/7.4/7.2/5.7 61.9/11.1/7.0/6.4
GAACA_4g82 67.9/6.7/6.0/2.9 65.5/20.1/5.0/2.7 48.1/18.9/8.7/4.9 63.1/10.5/7.6/7.1

GAACA_3vd1_swap

64.1/17.9/4.4/3.5

68.5/13.7/6.1/5.7

66.3/9.6/7.4/3.5

37.9/11.7/8.8/6.9
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Table 3.3. RMSD Comparison between loop L1 of cluster 1 representative structure and GAACA,
and GGGCA crystal structures. Loop L1 structures were superimposed and RMSD measured.

GAACA_4g82 L1A | GAACA_4¢g82 L1B | GGGCA_3vdl_LI1IA | GGGCA_3vdl_LI1B
GGGCA_3vdl 13 12 0.7 0.7
_L1A_cpl
GGGCA_3vdl 11 11 0.6 0.7
_L1B_cpl
aFalfal 3 ’
GGGCA _3vdl 13 1.2 0.5 0.5
_LIA _c¢cp3
GGGCA_3vdl
_ 1.5 1.4 1.0 0.8
_L1B_cp3
sGGCA_4g82
GGGCA_4g8 14 1.2 1.5 1.5
_L1A_cpl
;GGC 408
GGGCA_4¢g82 14 12 1.3 1.3
_L1B_cpl
GGGCA_4¢g82 31 3.0 3.0 3.0
_L1A_cp3
GGGCA_4¢g82
_ag 13 1.2 1.2 1.2
_L1B_cp3
GAACA_4¢82
_LIA _¢pl
AACA_4g82
GAACA_4g 1 4 1.1 1.4 1.3
_L1B_cpl
GAACA_4¢g82 15 13 1.5 1.5
_L1A _cp2
GAACA 4g82 e
- 1.5 1.3 1.7 1.7
_L1B_cp2
GAACA_3vdl
£ A_JV 1.1 1.1 04 0.6
_L1A_cpl
GAACA_3vdl
3y 13 1.1 1.3 1.3
_L1B_cpl
GAACA_3vdl
CA_3vd 1 4 1.1 1.4 1.4
_LIA_cp2
yAACA _3vdl
GAACA 3vd 12 1.1 0.6 0.7
_L1B_cp2
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CHAPTER 4

RESULTS : Quaternary Structure Analysis of the p73 dimer-RE Complex
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A. Dimer-Response Element Complex Conformation

The most significant of all measured structural parameters in our analysis is the
relation between dimer and response element. With a few exceptions discussed in
subsequent sections, dimer arrangement is relatively constant irrespective of system. As a
consequence, to evaluate the structural relation of the dimer to the response element, the
dimer itself can be treated as a rigid object. The results obtained reveal that nucleotide
sequence directs the dimer-DNA complex to different quaternary arrangements. The
nature of the relationship between the dimer and the DNA can be thought of as a scissor
mechanism whereby the dimer and DNA act as two rigid bodies that pivot by way of a
hinge formed by nonspecific interactions between the DNA-binding residues and the
DNA backbone atoms along the minor groove. The difference in nucleotide sequence
naturally dictates the opening and closing of the complex. As a consequence of the Lys-
138 interaction with positions 1 — 3 of the response element (discussed in detail in
Chapter 3), the GGGCA sequence is able to draw the monomer closer to the DNA.
Contrastingly, the GAACA sequence allows for far less interaction with Lys-138,
therefore drawing the monomer away from the DNA. An analysis of the dimer-DNA
complex conformation reveals the described difference (Figures 4.1 and 4.2). In order to
measure the degree of opening and closing of the complex, the angle between the
principal axes of the dimer and DNA was measured (average values reported are for the
last 70 ns of simulation). The GGGCA 3vdl system showed similar results for both
copies and on average showed an angle of 119°. The GAACA 4g82 system adopted two

distinct conformational states resulting in angle averages of 102° and 110°.
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With respect to the swapped systems, most copies adopted one of the three
distinct conformational states. Both copies of the GAACA 3vdl swap system adopted
the 110° angle. In the GGGCA 4g82 swap system, copy 1 seemed to adopt a
conformation in between 102° and 110° while copy 2 adopted the closed conformation of
119°. An explanation for copy 1 of the GGGCA_ 4g82 swap system to adopt an angle
that is in between the two open conformations is likely due to several factors. Arg-300’s
contact to DNA at position 4, which is critical for specific binding to p73-response
elements, is absent in this copy. Additionally, Lys-138 manages to make a very stable
contact with nucleotides in positions 1 and 2, which to a small degree helps compensate
for the loss of contact at position 4 from Arg-300. A summary of the average angles per
copy is shown in Table 4.1. Graphs of the angle for all systems through the entire
trajectory are shown in Appendix Figure A.20.

In order to compare the simulation results with the p73 crystallographic
structures, angle measurements of the 3vd0, 3vdl, 3vd2, and 4g82 crystal structures were
obtained. Unlike the dimer conformation which changes in the 2- and 4-spacer structures,
dimer-DNA angle remains relatively constant for the AGGCA and GGGCA dimer
structures with 0-, 1-, and 2- spacers with an average value of 106.2° +/- 1.7°.
Contrastingly, the GAACA structure has a significantly lower angle of 94°. Comparing
the average value for the guanine-rich structures and the GAACA structure leads to a
similar angle difference as the difference between GGGCA and GAACA simulated dimer
systems. The increased angle in the crystallographic structures compared to the simulated

systems is likely due to the interactions in the tetramer interfaces, which increase stability
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and consequently lower the necessity for residues to interact with DNA components to
maintain complex stability.

Importantly, angle measurements for the GGACA 4-spacer structures, which
likely resemble a dimer structure since no tetramer interface is present, show average
values of 113 +/- 1.1°, which are within the closed and open angles observed in the
simulated systems. A likely explanation to why the angle lies between the two
conformations could be due to Lys-138 contacting positions 1 and 2 instead of positions 2

and 3 in the GGGCA system.

B. GAACA Dimer Conformational Change

Apart from the two unique dimer-DNA conformations observed in the
GAACA 4g82 system, further analysis shows that the relaxed conformation also
undergoes a dimer conformational change. Analogous to a dumbbell with free rotating
ends, the monomers rotate relative to one another where the axis of rotation is roughly
through the dimer principal axis. In order to measure the difference in rotational
conformation a dihedral angle was defined whereby the axis of rotation goes through the
dimer. The angle is defined by four alpha-carbons, two in each monomer, all of them
residing in beta-strands. The atoms in order of connectivity are: Ser-289 and Asn-145
from monomer A, and Asn-145 and Ser-289 from monomer B. The defined dihedral
angle and the two distinct dimer conformations are shown in Figure 5.3. The rotation is
observed after 50 ns of simulation and largely stays at this conformation for the

remainder of the trajectory. In order to compare angle values for both conformations, the
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reported average values are from 60 — 130 ns of simulation. The conformation shown on
top represents the conformations adopted by GGGCA 3vdl and GAACA 4g82 copy 2
dimers. On average both GGGCA_3vdl copies have a dihedral angle of 161°. Similarly
the GAACA 4g82 copy 2, which adopts the more acute angle relative to the response
element, shows a average angle of 155°. The conformation of the more relaxed complex
of the GAACA 4g82 system has an average angle of about 141°, which results in a 20°
difference between states.

Most swapped systems tend to adopt the larger angle conformation although to
slightly different degrees. GGGCA 4g82 swap systems adopt both conformations where
copy 1 shows a smaller degree of rotation at 144° while copy 2 shows an average of
158°. GAACA 3vdl swap systems behave similarly, adopting the larger angle
conformation (average 154°). Appendix Figure A.21 shows graphs of the dihedral angle

for the entire trajectories of all systems.

C. Sequence-Independent Dimer Motion

Starting crystal structure RMSD comparison showed a noticeable difference
between the dimer of the GGGCA and GAACA crystal structures. The RMSD
measurement of one monomer while superimposing the other revealed differences in all
secondary structure regions except for three regions concerning helix H1, responsible for
forming the dimer interface, and two DNA-binding regions, helix H3;¢ and loop L3. This

result suggests the three regions mentioned act as a pivot for the monomers to move
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relative to one another. The resulting change between the two dimer structures can be
characterized as a rotation between monomers within the plane of the dimer.

A similar motion was identified in system dynamics but to an even greater extent
that was observed in the starting crystal structures. In order to characterize and compare
this motion observed in the dynamics to the starting structures, a dihedral angle was
defined to measure the angular rotation through the dimer plane. The dihedral angle was
defined such that its principal axis of rotation is perpendicular to the dimer plane. The
angle chosen is defined by alpha-carbons residing on beta-strands of the following
residues listed in order of connectivity: Thr-143, Glu-291, Ser-235, which all reside in
monomer A, and Arg-176 from monomer B. An image of the defined dihedral angle as
well as the range of the rotation is shown in Figure 5.4. A comparison across all systems
shows no significant difference been guanine-rich and adenine-rich systems (Appendix
Figure A.22). The average of each system average over the trajectory is calculated to be
85.7° +/- 3.1°. Although on average these systems show no difference, there are large
variations within a trajectory with values which in extreme cases can range from about
75°-100°.

The same dihedral measurement on the starting crystal structures reveal angles of
91° and 86° for the GGGCA and GAACA structures, respectively. The difference in
results between the crystal structures and the simulations allow us to infer that tetramer
interfaces provide additional support such that the rotation within the dimer plane is a
natural consequence to compensate for the added quaternary interactions. It must be

stressed though, that this dimer angle difference is relatively small in magnitude and
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more importantly is inconsequential to the dimer-DNA conformation difference, which is

response element dependent.

D. Dimer Interface and Dimer Conformation

Despite no sequence-dependent dimer plane rotation was observed in the
dynamics, the fluctuation of this angle throughout the trajectory resulted in large
conformational motions for all the systems. Considering the three regions that largely act
as a pivot, helix H3;¢ shows little change largely due to DNA- and zinc-binding residues,
which are unaltered in all systems. Additionally, loop L3 shows some displacement, but
only as a result of nucleotide sequence change as oppose to constant fluctuation. In
contrast, analysis of the dimer interface showed a diverse set of weak interactions largely
resulting in unstable monomer-monomer contacts.

The dimer interface is comprised of an important set of van der Waals interactions
as well as hydrogen bonds. Irrespective of the simulation system, Pro-195 and Leul99 to
different degrees comprise the van der Waal component of the dimer interface. The
interaction partners are the following: Leu-199 (mon. A) with Pro-198 (mon. B), Pro-195
(mon. A) with Pro-195 (mon. B), and Pro-185 (mon. A) with Leu-199 (mon. B). Of the
three interactions, the proline-proline interaction is by far the most stable and acts as the
best point of contact between monomers (Appendix Figures A.23 and A.24). Hydrogen
bond interactions occur sparingly for all systems with two exceptions: GGGCA_3vdl
copy 1 and GAACA 4g82 copy 2 (Appendix Figures A.25 - 27). These two systems

manage to maintain a hydrogen bond network involving contacts between Asn-196 and
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Val-263, and Asn-196 between both monomers. Comparatively, starting crystal structures
show this same hydrogen bond arrangement. In addition, Val-263 also contributes to the
interface through van der Waals interactions resulting in a more stable interface.

In order to characterize further the dimer interface, the buried solvent-accessible
surface (SAS) area was calculated at discrete times from 50 — 130 ns every 20 ns (Table
4.2). Similar to the van der Waals and hydrogen bonds contacts, SAS values were similar
across most systems. The exceptions were copy 1 of GGCA 3vdl and copy 2 of
GAACA _3vdl, which showed values slightly lower than the rest. These results correlate
with the loss of van der Waals interactions between Leu-199 and Pro-185 for those two
copies (Appendix Figures A.23 and A.24). Also in agreement with contact analysis of
the dimer interface as well as the relative monomer movement is the relatively large

variability of the buried SAS surface area within a trajectory.

E. Mechanism of Conformational Change

Analysis of the swapped systems’ behavior describes the transition between the
open and closed dimer-DNA conformations seen in the simulations from the unaltered
starting structures. It is important to note that minimization and equilibration steps altered
the initial crystal dimer-DNA complex structures from open to more closed
conformations. It is observed that at the start of the simulation, initial dimer-DNA
complex resembles the closed conformation of 110°. The conformational change during
the steps prior to free dynamics can be largely accounted for by the absence of the

tetramer interface.



81

Copy 2 of the GGGCA_4g82 swap system illustrates the transition from around
112° to 122° dimer-DNA angle change (Figure 4.5). This transition starts by the
stabilization of the Arg-300 DNA contact from both monomers. Arg-300 of monomer A
is initially contacting the guanine complimentary to position-4 cytosine with only the
NH2 nitrogen of its guanidium group. Before 20 ns of simulation, Arg-300 rearranges
such that both NH1 and NH2 nitrogens contact the O6 and N7 electron donors of
position-4 guanine. Subsequently, Arg-268 of monomer B slips out of the minor groove
pocket by loosing contact with position-5° adenine and contacts the position-3’
phosphate. This rearrangement allows Arg-300 of monomer B to regain contact with the
position-4’ guanine which was immediately lost after the start of the simulation. The
anchoring of both Arg-300s to position-4 guanines allows the other components of the
major groove response element recognition to bind to their respective partners. Cys-297
of monomer B is now able to stably contact cytosine complimentary to position-3’
guanine. Additionally, Lys-138 of monomer B, which had been making a stable contact
to positions 1 and 2 guanines from the start of the simulation, subsequently moves to
contact position-2’ and -3’ guanines. Further stabilization of the monomer B response
element recognition happens when loop L1 forms a stable contact with helix H2 via the
backbone contacts of Lys-138 (loop L1), and Gly-299 and Arg-300. Interestingly, the
transition from the open to the closed dimer-DNA conformation just described, only
requires one monomer of the dimer making stable contacts to position- 1 — 3 nucleotides,
importantly Lys-138 to position-2 and -3 guanines.

The transition to the open conformation is seen in copy 1 of the GAACA 3vdl

system (Figure 4.6). In contrast to the open to closed conformational change described
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above, the closed to open transition is far subtler since the starting dimer-DNA angle
closely resembles the angle after the transition. Nonetheless, important dimer-DNA
contact differences exist which mark the particularity of each conformation.

The transition begins by loss of contact between loop L1 and helix H2 of
monomer B. After 40 ns, Arg-268 of monomer A moves from contacting position-2
phosphate to position-4 guanine in the minor groove. Lys-138 of monomer A which has
lost nucleotide contact prior to the start of simulation, briefly returns by contacting
position-1 guanine between ~50 — 70 ns of simulation. Soon after Lys-138 looses contact
to position 1, loop L1 and helix H2 of the same monomer also loose contact.
Additionally, Cys-297 of monomer B, which started contacting position-3 thymine, has
slowly progressed to loose any contact with the nucleotide. As a consequence to these
residue changes, the nucleotide-specific recognition of the response element of the dimer
has lost important components such that monomer A recognizes only position-4 guanine
and position-3 thymine via Arg-300 and Cys-297, respectively, while monomer B only
recognizes position-4’ guanine and position-1’ guanine via Arg-300 and Lys-138,
respectively. In addition, loop L1 and helix H2 contacts are lost in both monomers, which
further contribute to the instability the nucleotide-specific recognition contrasting greatly
with the contact profile in the guanine-rich systems.

Unlike the transitions discussion so far, the open conformation adopted by copy 1
of the GAACA 4g82 system not only represents the most open complex observed,
almost forming a perpendicular Dimer-DNA conformation, but also undergoes a

monomer-monomer rotation through the dimer principal axis (Figure 4.7). Like copy 1 of
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the GGGCA 4g82 swap system, which does a similar transition, it represents the most
unique conformational change of all the systems.

Not long after the start of the simulation, the most important nucleotide-specific
contacting residue, Arg-300 of monomer A, looses complete contact with the position-4
guanine. After 30ns, contact between loop L1 and helix H2 in monomer B is lost most
likely due to Lys-138 rearrangement in the same monomer. Consequentially, Cys-297
also of monomer B looses contact to position-3’ thymine. The weakening of the major
groove contacts toward the ends of the response element, most critically Arg-300, allow
the repositioning of Arg-268 from both monomers such that the residues move from
contacting phosphates to position-4’ and -5’ nucleotides in the minor groove. Like the
other two aforementioned transitions, the loss of contacts by components composing the
binding at the major grove allow for the dimer-DNA angle to decrease. Unique to this
system is the dimer rotation associated with the change in dimer-DNA angle. As
previously emphasized, the importance of Arg-300 seems to be indispensable in the
proper binding of to the response element. The analysis of Arg-300 contacts to position-4
guanine shows only two system loosing this contact, copy 1 of GAACA 4g82 and copy
2 of GGGCA _ 4g82 swap (see Chapter 3). Consequently, both copies undergo dimer

rotations to similar degrees.
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GAACA_4g82

Figure 4.1. Surface Image of Dimer-Response Element Complex. Images show a representative frame
of the conformations adopted in their respective trajectories. Top, GGGCA_3vdl show a dimer
conformation that swivels closer to the ends of the response element. Bottom, GAACA_4g82 adopts
two conformations that are to different degrees closer to perpendicular arrangements with respect to
the response element.
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GAACA _4g82

Figure 4.2. Backbone Dimer-Response Element Complex Image. Representative complex images
show principal axes of the dimer and DNA represented in blue as well as green and red, respectively.
Angle between the dimer and DNA principal axes is shown adjacent to the corresponding angle.
GAACA _4g82 systems adopt two distinct dimer conformations with respect to DNA which both tend
toward more perpendicular conformations compared to the GGGCA_3vdl system. Averages
reported are from 60 — 130 ns of simulation. The GGGCA_3vdl1 system average is comprised of both
simulated copies. The two distinct states reported for the GAACA_4g82 system correspond to copy 1,
left, and copy 2, right.
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Table 4.1. Average Angle between Dimer and DNA Principal Axes from 60 — 130 ns of simulation.

GGGCA _3vdl cpl 121
GGGCA 3vdl cp2 116
GGGCA 4g82 swap |cp 1 107
GGGCA 4g82 swap |cp 2 121
GAACA 4g82 cpl 102
GAACA 4g82 cp 2 110
GAACA 3vdl swap |cp 1 109
GAACA 3vdl swap |cp 2 112
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Figure 4.3. Dimer-Axis Rotational States. Two Rotamer-like conformational states through the dimer
principal axis are observed. Systems that adopt the 110° or 119° dimer-DNA angle conformations
adopt dihedral angle in the anti-like configuration shown in top row. Systems that adopt the more
relaxed 102° dimer-DNA angle conformation also have a different rotamer-like conformation which
is about 20° less.
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Figure 4.4. Intra-Dimer Rotation. Dimer rotation perpendicular to is dimer principal axis averages
about 86° and change is independent of response element sequence.



Table 4.2. Buried SAS Area of Dimer Interface.

&9

System Copy 50ns 70ns 90ns 110ns 130ns Average St. Dev.
GGGCA_3vdl_cpl 354 250 297 268 320 298 41
GGGCA_3vd1l_cp2 196 214 189 230 237 213 21
GGGCA_4g82_cpl 245 272 257 245 260 256 11
GGGCA_4g82_cp2 263 293 252 258 222 258 25
GAACA_4g82_cpl 219 285 289 208 287 258 40
GAACA_4g82_cp2 181 275 259 259 202 235 41
GAACA_3vdl_cpl 253 291 332 289 181 269 57
GAACA_3vdl_cp2 197 165 109 121 133 145 36
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A. Consequences of Guanine-Rich Sequences

The comparison between the guanine- and adenine-rich systems, show an
important conformational change in relation to p73-DBD and the response element.
Interestingly, several systems displayed heterogeneous binding profiles in relation to both
monomers of the dimer as seen in several adenine-rich systems and most importantly,
copy 2 of GGGCA 4g82 swap. In the guanine-rich swapped system, monomer A while
maintaining contact with to position-4 guanine by Arg-300, it showed no important
nucleotide contacts to position 2 and 3 guanines by Lys-138, which is crucial for the
closed dimer-DNA conformation. Instead, Lys-138 of monomer B contacts to position 2
and 3 guanine guanines sufficed to form the closed conformation. As such, copy 2 of the
GGGCA_4g82 swap system illustrates the transitions from closed to open conformation
with Lys-138 contacting position 2 and 3 guanine to only one quarter-site. This case
poses the question of what is sufficient for proper p73 response element recognition?
Native p53-family response elements represent an immense combination of sequences
particularly in positions 1 — 3. Naturally, deciphering first, why are there so many
nucleotide arrangements, second, what can they all mean in terms of the p73
conformation, and third, what does this mean in terms of directing p73 transactivation?
From binding studies one knows that purines in positions 1 — 3 show the best binding
affinity to p73-DBD and even better to the ANp7338 isoform (p73-DBD with
oligomerization domain (OD)), especially guanines (Ramos A. G., 2014). In addition,
guanine-rich sequences, particularly those containing at least two consecutive guanines in

positions 1 — 3, show cooperativity in the ANp736 isoform (Ramos A. G., 2014). Both
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crystallographic structures of p73-DBD tetramer complexes and MD simulations of the
dimer complex relatively show open and closed conformations of the GGGCA and
GAACA systems, respectively. Furthermore, the simulation studies show that although
the GGGCA swapped system with Lys-138 contacting guanines in positions 2 and 3 is
able to transition from the open to closed conformation, a similar contact profile in the
GAACA unaltered and swapped systems where Lys-138 in one or both quarter sites
contacts nucleotides from positions 1 or 2 is unable to change to the closed conformation
and furthermore may be prone to unbinding at least as a dimer without the OD. Based on
the communicative ability of p73 either as DBD-dimer as seen in the simulations or from
binding studies of the dimer with OD, one postulates that conformational change of p73-
dimer is likely to occur with only one guanine-rich quarter-site. One can extend this to
say, given evidence of communication among monomers of a tetramer in the presence of
guanines in position 1 - 3, that one guanine-rich quarter-site would also be sufficient for
p73-tetramer conformational change.

There have been some studies that try to rationalize directing transactivation to
particular cellular pathways by response element sequence patterns (Wang, Xiao, & Ren,
2009). They suggest certain patterns or rules that can explain many of the response
elements belonging to particular functional pathways but none that can explain all. Based
on the dynamics study of the p73 dimer, as well as the tetramer structures and
experimental binding studies, one proposes that the flanking-site sequencece can also
direct the transactivation to a particular pathway. In relation to the guanine-rich sequence,
p73 function might be more similar to a binary switch, such that a guanine-rich quarter-

site sequence may serve to propel the functional consequence appropriate to that
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conformation. This model would be independent of any particular cellular transactivation
pathway and instead may be used in many functionally distinct response elements
(apoptotic, cell-cycle repair, etc.), although this mechanism may be important and
therefore evolutionarily conserved in many apoptotic response elements.

Studies of response element sequences have characterized proapoptotic response
elements to contain an increased number of guanines in the flanking 1 — 3 quarter-site
positions suggesting the importance of these nucleotides in initiation of a cell death
response as mentioned in the chapter 1. Additionally, post-translational modifications of
pS3 seem critical for triggering apoptosis in proapoptotic genes, specifically the
acetylation of Lys-120 (analogously Lys-138 in p73). This has been shown to occur in
the proapoptotic targets puma and bax. Interestingly, the p53 response elements for these
two genes contain more than one quarter-site with two or more consecutive guanines.
One can imagine that, acetylating Lys-120 would liberate the interaction between loop L1
and the flanking region of the response element, subsequently allowing the protein-DNA
conformation to transition from a closed to open conformation and allowing the
transactivation of the gene. Like previously stated, although many contain an increased
presence of guanines, several proapoptotic response elements also contain no guanine-
rich sequences. Therefore, this type of mechanism is not necessarily exclusive to
apoptotic transactivation mechanism but to several genes independent of function. One
can further highlight that response elements with a guanine-rich sequence may serve to
increase the regulation possibilities of the p53-family-dependent genes, as well as act as

an additional checkpoint for important pathway events such that binding alone is not
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sufficient for carrying out the message for transactivation but also appropriate

conformational change of the protein-DNA complex (Figure 5.1).

B. Model for p73 Response Element Recognition

Conformational states that include an open dimer-DNA complex as well as an
axial rotation of the dimer present in copies 1 of GAACA 4g82 and
GGGCA_4g82 swap, present an interesting case for response element recognition. To
summarize, dimer-DNA complex form a perpendicular-like conformation largely due to
lack of stable Lys-138 interaction with position-2 and -3 guanines as well as Arg-300
contact lose to position-4 guanine. The perpendicular conformation has important
similarities to electron microscopy models of full length p53 tetramer in the absence of
DNA where the tetramer conformation forms a perpendicular arrangement with respect to
all four monomers (Pham, Lucumi, Cheung, & Viadiu, 2012). In relation to the dimer
simulation, should a tetramer complex be formed, a perpendicular-like arrangement
would be necessary rather than an angled complex in order to form the dimer interface.
Additionally, the loss of Arg-300 interaction with position-4 guanine causes a dimer
rotation through its principal axis. The loss of important nucleotide-specific interactions
including Arg-300, Lys-138, Cys-297, and Ser-139, make interaction to the DNA-
backbone the predominant form of contact. These conditions suggest a possible model for
p73 bound to nonspecific DNA.

Using the nonspecifically bound dimer-DNA complex just described, a model for

p73 response element recognition can be suggested. To consider a model one must take
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into account the OD, which is involved in all of the p73 isoforms except one.
Importantly, analytical ultracentrifugation experiments reveal that p73-DBD with OD,
specifically the ANp736 isoform, in the absence of DNA form a dimer in solution and not
a tetramer, (Ramos A. G., 2014). This naturally leads to presume that p73 DNA
recognition occurs as a dimer. Additionally, binding of p73 with or without the OD
occurs only as a dimer in the present of a half-site or a tetramer in the presence of a full-
site response element.

Fluorescence Polarization experiments show considerable differences in binding
affinity such that p73-DBD bound to half- or full- site response elements (dimer- or
tetramer- DNA complex formed) have Ky values that vary between 2 — 3 uM while
ANp736 bound to full-site response element show values which can vary between tens
and a few hundred of nM in value (Ethayathulla et al., 2012)(Ramos A. G., 2004).
Additionally, simulation results showing relative unbinding of the dimer in copies 1 of
GAACA 4g82 and GGGCA 4g82 swap is congruent with experimental values of
binding affinity, which shows poor affinity of p73-DBD for its consensus sequence.
Further experimental evidence shows that cooperativity exists in the ANp73d isoform
when it binds to the half-site (as a dimer) as well as the full-site (as a tetramer) response
element, however no cooperativity is seen in the p73-DBD binding to either half-site or
full-site response elements, (Ramos A. G., 2014). Given that ANp730 is a dimer in the
absence of DNA in solution, one can assume that the OD provides a strong enough
interaction between both monomers to provide stability for the dimer, which is absent in

the p73-DBD. Furthermore, the poor binding affinity of the p73-DBD as well as the
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degree of unbinding which occurs in some simulation systems, show evidence that the
p73-DBD dimer-DNA complex is relatively unstable.

Structural analysis of the nonspecifically bound dimer-DNA complex seen in
copies 1 of GAACA 4g82 and GGGCA 4g82 swap systems, show important structural
consequences of the dimer and tetramer arrangement. Since the OD comes soon after
helix H2 in the DBD, it is interesting to evaluate the change in position by helix H2. The
dimer rotation caused by nonspecific binding to the response element shows an
interesting rotation (by the same angle as the dimers) of the helix H2s. Figure 5.2 shows
the dimer and helix H2 rotation in representative frames of copies 1 of GGGCA 3vdl
and GAACA 4g82 systems. The relative dimer rotation shown is defined by the same
dihedral discussed in the chapter 4. Importantly the distance between helix H2 of
monomers A and B, defined by the carbon-alpha of Glu-306 of both monomers, come
significantly closer together such that the nonspecifically bound dimer shows a H2 helix-
helix distance of 32 A instead of 40 A. Due to this rotation, one can assume that in the
case of p73 dimers with added ODs, these domains would be also in effect closer to one
another, possibly in a similar dimer conformation as it would be in the absence of DNA.

Analysis of the H2 helix-helix distance within the dimer of the crystal structures
of p73-DBD bound to a full-site response element shows a similar distance as found in
the specifically bound dimer conformation shown in Figure 5.3. Interestingly, the same
measurement across dimers on the same side of the response element reveals a much
closer distance that is roughly the same as the distance between helix H2s in the

nonspecifically bound dimer conformation (shown in Figure 5.2). This is the case for 0-
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and 1-spacer tetramer structures of AGGCA, GAACA (both 0-spacer), and GGGCA (1-
spacer) sequences, respectively.

Assuming that OD’s can bind to other OD’s one at a time, using the given
structural parameters, one postulates that in going from a DNA-free to DNA-bound state
on a full-site response element, p73 changes the connectivity of OD’s between the
monomer of its own dimer to the monomer forming the tetramer interface on the same
side of the DNA. OD contact would ideally provide a stronger communicative link
between dimers than just the tetramer interface, which largely acts as a support
framework. This structural change might provide an explanation to the binding studies
that show cooperativity as a tetramer as well as a dimer. For dimers that bind to half-site
response elements, since a communicative effect between monomers of the p73-DBD
dimer from the simulations is observed, the role of the ODs in these cases would be to
enhance the stability of the complex that lacks the support of the tetramer interface.
Figure 5.4 shows H2 helix-helix measurement, as well as other parameters, for the p73
dimer, and the two possible OD connected tetramers.

Figure 5.5 shows a model in a sequence of diagrams representing the progression
of p73 DNA recognition. P73, which acts as a dimer connecting the two monomers by
interaction between ODs, first recognizes nonspecific DNA through regions loop L3,
helix 3¢, and sheet S10, which recognizes the DNA backbone by residues Asn-259, Ser-
261, and Arg-293, respectively. Rather than facing the DNA backbone via the minor
groove, these nonspecific interactions would first approach the DNA strand from the
major groove. Additionally, this conformation would still allow Arg-300 to sense the

nucleotide environment since both monomers now face the DNA major groove. The
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dimer, therefore, will be anchored between the ODs and be able to scan along the DNA
tracks until it can recognize its response element.

Recognition of the response element is triggered when a sequence of the form 5°-
XXXCWWGXXX-3" is sensed, where W is A or T and X can be any nucleotide. Arg-
300 would be first to recognize the characteristic fourth position, which consequently will
pull both monomers closer and around toward the minor groove and allow addition
nonspecific contacts by Ala-296 and Cys-297, both right below Arg-300, to contact the
position-4 phosphate. This would also allow Cys-297, via its side chain, to contact the
position-3 nucleotide as well as to form the dimer interface between helices HI and 3.
The final arrangement of the dimer-response element complex (open or closed
conformation) is fine-tuned by the nucleotide environment in positions 1 — 3 that is
sensed by Lys-138 and consequently the arrangement the Arg-268 adopts in relation to
the fifth position. At this stage, the ODs most likely act as a support for the dimer-DNA
complex, which is needed as it lacks the stability of the tetramer interface.

After recruitment of a second p73 dimer to the adjacent half-site whereby
stabilization of the tetramer complex occurs, ODs which had tethered the monomers to
form the dimer, now are able to rearrange and bridge across dimers. Monomers, which
bind to the same side of the response element, will in addition to their tetramer interface
also interact through their respective OD. In the case of a response element with a
guanine-rich quarter site, the communicative ability of the tetramer complex will be
enhanced through the major-groove nucleotide-specific residue network of contacts,
which not only is improved by the stability of both Arg-300 and Lys-138 but of the whole

major groove recognition component. The dimer that recognizes the guanine-rich



102

sequences and adopts the more closed conformation would also induce the
conformational change in the other dimer through the interaction of the ODs.

Further consideration for the aforementioned model of DNA recognition can be
further deliberated by a thought-experiment on the two possible models. From binding
studies, one knows the binding affinity is greatly increased with the presence of the OD.
One also knows from the simulations that p73-DBD dimer is quite flexible at adapting its
conformation to the nucleotide environment, which most likely is helped by a lower
binding affinity compared to the DBD-OD construct. From this one gathers that there is
an important consequence as a result of OD rearrangement in the tetramer form, if that
were the case. The change in OD connectivity might enhance the communication
between dimers such that the first dimer bound to the response element does not restrict
the potential tetramer conformation from an informed full-site recognition and hence not
dictate the final tetramer conformation. One senses that a structurally robust dimer-
response element complex, the intra-dimer OD connected model, would have little
incentive to accommodate for the dimer conformation adopted in the second half-site as a
result of the nucleotide environment. Therefore it is likely that without OD
rearrangement, the dimer to bind to the empty half-site would have to adopt a similar
conformation from the already bound dimer-RE half-site complex since adopting an
appropriate tetramer interface requires both dimers to sit next to each other in a parallel
manner. In contrast, an already bound dimer whose ODs loose contact between
monomers is likely to be nimble enough to provide more flexibility for the waiting half-
site complex. One might expect that a free OD might help recruit the second dimer to the

response element as well as coordinate to adopt the appropriate tetramer-RE
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conformation by sensing the complete response element. The consequences of these
models are illustrated using the case of a response element with one guanine-rich
flanking site where the first dimer to bind does so at the non-guanine-rich half-site. Under
the static model, one proposes that the dimer-DNA conformation, adopted from the
sequence of the bound half-site, will remain unchanged regardless of potential dimer
conformation that might be adopted as a result of the sequence of the second half-site. In
contrast, the dynamic model presents a conformation of the initially bound dimer that is
more flexible, due to the loss of monomer-monomer OD interaction, whereby after the
second dimer binds to the half-site, the newly formed tetramer can sense the guanine-rich
sequence of the second half-site, due to the added dimer-dimer OD interactions, and
consequently conform to the more closed conformation. Figure 5.6 illustrates the two
models in the case of a guanine-rich flanking sequence in the full-site response element.
In conclusion, the work laid out here highlights two findings of the characteristics
of the p73 dimer-RE complex. The first outlines a significant conformational change in
the dimer-DNA complex as a consequence of the flanking nucleotide sequence, i.e.
position 1 — 3. Furthermore, guanine-rich sequences seem to provide the necessary
conditions for communication of the p73 dimer without the OD. This result naturally
extends to p73 tetramer conformation, such that full-site response elements would be able
to dictate p73 conformations based on the flanking quarter-site sequences; importantly,
only one guanine-rich flanking sequence in the full-site response element would be
necessary to direct the p73-RE complex to the closed conformation. The second finding
shows a unique dimer conformation that was adopted by the weaker binding sequence,

namely GAACA, which gave some insight into the nature of an unbound p73 dimer and
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to the possible connectivity of the OD. Using this conformation, a plausible model for
p73 response element and nonspecific DNA recognition was developed. Both findings
have helped, in concert with the known experimental data, to deduce attributes of the p73
protein that can be extended to other little known domains of p73 and the p53-family area

of research and hopefully aid in an effort for better understanding.
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P73 Bound to RE with a Guanine-Rich Quarter-Site

P73 Bound to RE with no Guanine-Rich Quarter-Site

Figure 5.1. Conformational arrangement of p73 tetramer with and without guanine-rich quarter site.
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Nonspecifically Bound Dimer Conformation

Figure 5.2. Dimer and Helix H2 Rotation between Specifically and Nonspecifically bound Dimers.
Shown left, are the dimer rotation angle for each respective conformation. Shown right, are the
distances between helix H2 of monomers A and B. H2 helix-helix distances are measured using Glu-
306 from both monomers.
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Figure 5.3. Distances between helix H2s of a a crystal structure of p73-DBD Tetramer Bound to a 0-
Spacer Full-Site Response Element. H2 helix-helix distances are measured using Glu-306 from both

monomers.



ODs

p73 Dimer in Absence of RE

KBooocoos

334

L W
RE D\
DBD |
? 2 Aw; /
33A § RO —»\
ke DBD
H2
2
DB U
ODs
s

KBococoo s

334

IOA
DY
DBD |
B "
s H2
33 A § ODS 0 0
& DBD | ODs
H2
2
DB LU
a0A
-------------- ’

p73 Tetramer Conformation with Dimer-Dimer OD Connectivity

108

Figure 5.4. Possible p73 arrangements of OD in unbound and bound states. Top, OD connects from
helix H2 of one monomer to helix H2 of other monomer (value shown is the distance measured
between Glu-306 of helix H2 monomers A and B taken from a snapshot of the copy 1 GAACA_4g82
system). Middle, p73 tetramer conformation is shown with intra-dimer OD connectivity. Bottom, p73
tetramer conformation is shown with dimer-dimer OD connectivity. Distance values shown for
tetramer arrangements are from p73 tetramer crystal structure(0-spacer PDB id: 3vdo0)

measurements between Glu-306 of helix H2.
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ODs
p73 Dimer Recognition of Nonspecific DNA.

Nonspecific DNA
Recognition

Nucleotide-Specific
RE Recognition

Dimer Interface

p73 Dimer Recognition of Response Element.

p73 Tetramer Recognition of Response Element.

Figure 5.5. Possible Mechanism for p73 Recognition of Nonspecific DNA and Response Element.
Top, p73 dimer recognizes nonspecific DNA by phosphate backbone. Middle, p73 dimer recognizes
response element by nonspecific and nucleotide-specific interactions. It is also able to contact
between monomers by forming a dimer interface. Bottom, p73 tetramer recognizes response element

similarly to the dimer. Additionally, OD connectivity changes from contacting within a dimer to
across dimers of the adjacent side to response element.
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Open Conformation

Static Model of p73 RE Recognition

Closed Conformation

Dynamic Model of p73 RE Recognition

Figure 5.6. P73 RE Recognition Models Based on OD Connectivity. Top, static model retains
monomer-monomer OD interaction of the first dimer RE half-site recognition. Dimer adopts
conformation sensed by nucleotide sequence. Empty half-site is recognized by second dimer that
adopts the same conformation as the previously bound dimer. Bottom, dynamic model looses OD
interaction within the dimer after RE recognition. Conformation of dimer-half-site complex is
transient. Binding of the second dimer allows OD interaction across dimer for adjacent monomers on
the same side of response element. Tetramer conformation is informed by the sequence of all four
quarter-sites.
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Figure A.1. Distance between Ala-296 and position-4 phosphate. Distance monitored from backbone
nitrogen, N, of Ala-296 to oxygen, O2P, of phosphate 4.
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Figure A.2. Distance between Asn-259 and position-4 phosphate. Distance monitored from nitrogen,
ND2, of Asn-259 to oxygen, O1P, of phosphate 4.
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Figure A.4. Distance between Arg-293 and position-5 phosphate of GGGCA_3vdl and
GGGCA_4g82 swap systems. Distance monitored of four contacts: NH1-O2, NH1-O1, NH2-02,
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Figure A.5. Distance between Arg-293 and position-5 phosphate of GAACA_4g82 and
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GGGCA_3vdl system. Each contact is identified by position and type of contact, the electron donor
atom, the monomer, and copy(i.e. R300NH1-nuc4pN7 of monA cpl).
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Figure A.9. Distance between Arg-300 and guanine complimentary to position four cystosine for
GAACA_3vdl_swap system. Each contact is identified by position and type of contact, the electron
donor atom, the monomer, and copy(i.e. R300NH1-nuc4pN7 of monA cpl).
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Figure A.10. Distance between hydrogen bond partners of contacts concerning intraloop L1(top), and
between loop L1 and helix H2(bottom) for GGGCA_3vdl system. The intraloop L1 contact is
monitored for the four monomers corresponding from both simulation copies. The contacts between
loop L1 and helix H2 are monitored for the two contacts(Arg-300 and Lys-138, and Gly-299 and Lys-
138) per monomer(all four monomers reported).
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Figure A.11. Distance between hydrogen bond partners of contacts concerning intraloop L1(top), and
between loop L1 and helix H2(bottom) for GGGCA_4g82_ swap system.



124

12 T T T T

10 —

<
[
o
c
©
]
=]
2
A1370-A140N of monA cpl —#— A1370-A140N of monB cp1 —&— A1370-A140N of monA cp2 —=&— A1370-A140N of monB cp2
I L | 1 | |
0
0 20 40 60 80 100 120
Time [ns]
12 T T T T T
<
[}
o
c
©
]
o

2 —
R190N-K280 of monAcp1 —#— R392N 2300 of monB cp1 R190N-K280 of monAcp2 —#— R392NK2300 of monB cp2 —#
G189N-K280 of monAcpl —#— G391NK2300 of monBcp1 —#— G189N K280 of monA cp2 G391N 2300 of monB cp2
1 | | | 1 1
0
0 20 40 60 80 100 120
Time [ns]

Figure A.12. Distance between hydrogen bond partners of contacts concerning intraloop L1(top), and
between loop L1 and helix H2(bottom) for GAACA_4g82 system.
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Figure A.13. Distance between hydrogen bond partners of contacts concerning intraloop L1(top), and
between loop L1 and helix H2(bottom) for GAACA_3vdl_swap system.
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for the GGGCA_3vdl system. Corresponding monomers were aligned and RMSD of loop L1 was
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Figure A.15. RMSD of loop L1 with respect GAACA(top) and GGGCA(bottom) crystal structures

for the GGGCA_3vdl system.
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Figure A.20. Principal axis angle between dimer and DNA for all systems.
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Figure A.23. Monitoring residue distances across monomers representing van der Waal interactions

in the dimer interface for the GGGCA systems.
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Figure A.24. Monitoring residue distances across monomers representing van der Waal interactions
in the dimer interface for the GAACA systems.
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Figure A.25. Monitoring of potential hydrogen bond partners in the dimer interface, Part 1.
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Figure A.26. Monitoring of potential hydrogen bond partners in the dimer interface, Part 2.
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Figure A.27. Monitoring of potential hydrogen bond partners in the dimer interface, Part 3.





