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Investigating bZip Recognition of DNA Sequences Through a Knob-Socket Perspective

Abstract

By Aaron H.Q. Tran
University of the Pacific
2023

To investigate whether higher order packing interactions confer protein-DNA specificity,
a modified Knob-Socket (KS) model was used to analyze the interface of bZIP-DNA crystal
structures. The KS analysis identified a nine-residue quadripartite recognition core consisting of
four contiguous KS pockets P1, P2, N3, and N4 that each pack one of the four DNA half-site
bases in the target sequence. Only one base per base pair packs, and these interactions are split
across the DNA strands: the first two positive strand positions 1p and 2p pack into P1 and P2
while the last two negative strand positions 3n and 4n pack into N3 and N4. Amino acid
sequence analysis of the four KS pocket regions indicates that the primary mechanism
recognition is packing or non-packing of the 5-methyl group of d T as well as 5-methylcytosine.
P1 shows little packing of dT; P2 packs d T but including two Asn residues in this pocket seems
to block packing in this region; N3 also packs d T, but including a Phe also blocks packing; N4
consistently packs dT. This analysis demonstrates that there is an amino acid code to DNA

recognition, allowing for multi-residue recognition and packing of the 5-methyl group.
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Protein transcription factors regulate gene expression by binding to specific DNA
sequences. While DNA-binding domains vary in binding mechanism, sequence length, and
recognition sequence to cis-regulatory gene sequences (1), a code for protein recognition of DNA
has only been found in one system (2). Even with numerous crystal structures of proteins bound
to DNA (1), a general code for how the twenty amino acids recognize the four nucleotide bases
in duplex DNA has been difficult to uncover for numerous reasons. The goal has been to find a
base readout mechanism for nucleotide recognition by protein residues using radial cutoffs to
identify pairwise hydrogen bonds and hydrophobic contacts. However, amino acids interacting
with DNA through hydrogen bonds demonstrate no preference for any particular nucleotide base,
and in many cases, the hydrogen bonding requires a water molecule to mediate the interaction
(3). Most of the protein-DNA interactions occur between amino acids and the repetitive sugar-
phosphate backbone through hydrogen bonds. Because the DNA backbone is identical at every
position, such interactions provide affinity, but no discernable specificity. It is difficult to identify
specificity in protein-DNA using pairwise base readout approaches, perhaps due to the challenge
of capturing the spatial diversity of shape and packing between amino acids and nucleotides.
Instead, protein-DNA specificity may involve the shape readout of bases by amino acids through
higher order, multi-body packing interactions. In this work, the Knob-Socket (KS) description of
protein residue packing (4-7) has been modified to consider the structure of duplex DNA and
applied to investigate the multi-body contributions of packing to specificity between protein and
DNA. In particular, the modified KS analysis provides a framework to identify the higher order
structural arrangements of groups of amino acids as well as nucleotide bases that determine

binding of proteins to a DNA sequence. As an initial study to investigate a packing-based model
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of protein-DNA binding, the modified KS approach was used in the comprehensive analysis of
one of the simplest protein-DNA interfaces: an a-helix binding into the major groove of DNA as

found in the basic leucine zipper (bZip) family of transcription factors.

Figure 1

Structure and Knob-Socket Packing Topology Map of a bZIP Transcription Factor Bound to
DNA

ool arg

Note. A) Crystal structure of a bZIP-DNA complex PDB: 1dh3 (35) is depicted from two views

for clarity: the top is viewed from the side and the bottom is viewed from down the axis of the
DNA duplex. In each, the two protein bZIP monomers are colored in light blue and magenta,
respectively. For the single DNA duplex, the strand starting 5’ on the left in the top figure and
coming out of the page in the bottom figure is colored in orange, and the strand starting 5’ on the
right in the top figure and into the page on the bottom figure is colored in green. DNA base pairs
are colored dark blue. Each bZIP monomer’s N-terminal basic region binds only half of the

(Continued, Figure 1) binding site, or half-site, in the DNA major groove, while the C-terminal
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leucine zipper region regulates dimerization of monomers. Images were created using Chimera
(59). B) A representative Knob-Socket packing topology map of only the DNA -protein
interactions is shown. On the left is a simplified 2D DNA lattice of the cognate recognition
sequence, while the right two lattices represent the N-terminal basic regions of the two a-helical
bZIP monomers. On each of the lattices, filled circles represent knobs packing into areas of gray
that indicate packing sockets, while open circles are residues that act as knobs in the packing
interface. Thus, for the DNA helix on the left, the filled sockets originate from one of the two
bZIP monomers and are colored respectively: Chain C in light blue and Chain D in magenta. The
packing across the entire cognate recognition sequence is divided into two areas of packing or
half-sites that are almost identical in pattern. The open circles around nucleotides indicate these
bases pack into the corresponding a-helix monomer. On the right, each of the bZIP monomer a-
helical socket lattices of chains C and D show the packing of the DNA knobs, where interactions
are color coded based on the strand each knob belongs: Chain A in orange and Chain B in
green. The packing of each DNA half-site into the individual protein a-helices is very similar
between chains C and D. The packing topology map also reveals that half-site packing involves
bases originating from both strands of the DNA, although it is commonly assumed that each

bZIP monomer recognizes the 4 contiguous half-site bases on only one DNA strand.

The basic region leucine zipper transcription factors (bZIPs) form homo- and
heterodimers to bind a wide range of palindromic and pseudo-palindromic DNA sequences,
allowing for higher-order regulation through combinatorial dimerization (8). As shown in Figure
1A, bZip proteins are a-helical dimers, where each 50 to 60 amino acid monomer consists of a

basic DNA binding region of 20 to 25 residues and a leucine zipper dimerization region of 30 to
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40 residues (9). The basic region of a bZIP a-helix binds into the major groove of a DNA duplex,

splitting the DNA cognate site into two half-sites (10), while the leucine zipper region regulates
coiled-coil dimerization between bZIP monomers (8). The bZIP dimer binds perpendicularly to
the DNA cognate site in a T-like structure, where the protein basic regions clamp into the DNA
duplex. In binding DNA, each bZip monomer’s basic region recognizes four adjacent nucleotides
in the major groove of the double helix structure and makes up one half of the overall
recognition site, which is commonly referred to as a half-site (10). Therefore, the full recognition
site for a bZIP protein dimer involves eight total DN A bases consisting of two half-sites from
each monomer. In homodimers, the two half-sites consist of the same four-base sequence, while
in heterodimers, the two half-sites are likely different. The majority of bZip binding sequences
are contiguous and therefore eight bases long. However, some recognition sites are seven bases
long with a one base pair overlap while other sites are nine bases long with a one base pair
separation. In each of these cases, the helices of the bZIP dimer clamp onto opposite sides of the
DNA duplex into the major groove, extending from the center of the DNA site outward (Figure
1A).

To investigate the basic regions specificity for DNA, structural studies of bZIP-DNA co-
crystals have identified interactions, including hydrogen bond networks and hydrophobic
interactions, between protein residues and DNA nucleotides (10-15). These studies identified
differing pairwise interactions that may contribute to DNA base/sequence recognition schemes
regardless of homologous sequences. Common hydrophobic interactions found within bZIP-
DNA complexes describe the recognition of the methyl group of dT and its analogues (10-12,14-
21). Specificity of the bZIP-DNA interaction has also been studied through binding assays to

determine the effects of altering the bZIP sequence, correlating bZIP residue number and
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composition to consequential changes in protein-bound DNA sequences. Mutational studies
targeted specific bZIP residues to affect DNA specificity, mutating base-contacting and
conserved residues in the bZIP domain (11,13,22-25). Previous structural and binding studies
have identified residues that contact DNA bases directly, generally ranging from four to five
residues per bZIP helix depending on the subfamily (11,26-28). Most identified residues
significant to DNA specificity have been proximal to the invariant Asn and Arg, though the
number of significant residues differ between bZIP dimers and DNA sites (10-13,17,23-25,29).
Analogously, other studies have mutated the DNA cognate site to probe the rigidity of the DNA
sequence specificity and observed nucleotide variances at specific positions within the cognate
site (14,21,22). Specific positions within a consensus sequence display a higher tolerance for
nucleotide mutations than others, implicating a hierarchy between nucleotide positions
(8,13,15,30-34). The variable number of DNA-contacting residues appears to limit possible bZIP
engineering to each subfamily or sequence, though a general recognition model between bZIP
and DNA would expand these sets of residues to apply across the bZIP superfamily. Overall, the
recognition of DNA bases depends on the nucleotide position within the cognate site, and the
pairwise interactions mentioned are not inherently specific between a single amino acid and
nucleotide pair (8,13,31,32,34). While bZIP residues have been shown to interact with both
strands of a half-site, no consensus for binding specificity has been found to distinguish which
and how DNA bases are recognized in the half-site. These results suggest that bZIP-DNA
recognition is more complicated and requires the consideration of higher order, multi-bodied
interactions. Therefore, current understanding would benefit from a general recognition model
between bZIP dimers and the respective DNA consensus sequences, regardless of bZIP

subfamily.
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Figure 2

Knob-Socket Model and Motif Involving a-Helical Packing

A

Note. A) Knob-Socket motif formed in the leucine zipper region of bZIP-DNA complex 1dh3
(35), categorized as a 2:1+1 relative packing clique (RPC). Residues X, Y, and H are in the same
local secondary structure; X and Y are covalently bonded (solid black line), while X and H are
hydrogen bonded (dashed red line) and Y and H contact via Van der Waals interactions. These
three sockets are denoted as a 2:1 socket, which is the most common socket for a-helical
packing. B packs and interacts with the entire socket to create the tetrahedral 2:1+1 motif, where
B is represented by “+1.” B) A simplified 3D representation of Figure 2A, where residues are
represented by circles or nodes, and contacts are represented by the various lines connecting the
nodes. C) A 2D representation of the knob-socket motif, where filled sockets are shaded in, with

the knob, B, found in the center. This socket representation is often used for packing maps.

In this study, the contribution of higher order packing interactions to bZIP-DNA

specificity is investigated using the KS model, which simplifies biomolecular packing into easily
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interpretable maps of three- and four-body motifs. Packing graphs are constructed from residue
contacts, which are calculated using Voronoi polyhedral and Delaunay tessellations. Packing
surface areas for each residue-to-residue contact are further calculated and associated with each
edge between residues. Cliques of residues, or subsets of mutually contacting nodes, are
extracted from packing graphs to define protein packing and structure. These relative packing
cliques (RPC) can indicate stability or packing preference of three-body sockets. The KS model
of packing provides a clear topological depiction of packing between two macromolecules by
defining a regular surface for each molecule as repetitive patterns of three-body sockets. Figure 2
supplies an example of the most common packing motif for a-helices, the 2:1+1 clique. The
socket is formed from three residues from the same secondary structure, forming a 2:1 socket.
The two adjacent residues (XY) are represented by “2” as the distal residue (H) is by “1”; the
distance between the two covalently bonded residues and the distal residue is displayed as “:” to
form the 2:1 socket. B is another residue or body that is from a separate secondary structure that
packs into the 2:1 socket, acting as a socket within the knob-socket motif. The knob packing,
indicated by the “+1,” fills a socket and forms a common tetrahedral RPC. The majority of a-
helical packing can be defined by repetitive and defined 2:1 and 2:1+1 sockets. These three-body
sockets pack knob residues specify distinct locations for quaternary packing of protein residues
or DNA bases.

As an example, Figure 1B shows an example KS packing topology map of the CREB
homodimer bound to its DNA recognition site (35) using the modified analysis. Contrasting the
conventional treatment of protein residues in prior KS analyses, the modified KS analysis
considers DN A bases and backbone separately as knobs due to the differences in their sizes and

roles in protein-DNA recognition. Three lanes are recognized as a result, where sockets form



21
within both positive and negative backbone strands and between both strands. While this

modification will be discussed in more detail below, the separation into three lanes can be seen in
the lattice representation of DNA on the left of Figure 1B. The two types of packing lattices
shown in Figure 1B are the result of the repetitive three-residue socket formation by the
macromolecular structures. Packing of protein knobs into the modified DNA lattice is shown on
the left of Figure 1B. In a nearly symmetrical pattern, the two CREB a-helices have residues that
pack into the DNA duplex lattice and extend outward from the central base pairs of the CREB
recognition site. For DNA packing into the protein, the symmetrical and palindromic CREB
nucleotide half-site packs into their respective monomer protein helices virtually identically
(Figure 1B, right). This symmetry in packing can be clearly seen in both the amino acids packing
into the DNA lattice and the nucleotide backbone and bases packing into the two o-helical
lattices. The consistent packing patterns between the homodimer and palindromic DNA sequence
demonstrates that KS analysis of bZIP-DNA complexes are consistent with sequence
composition. Furthermore, the KS analysis identified a regularity of packing for both half-site
interfaces in terms of knob positions and the patterns of sockets as well as the composition of
amino acids and nucleotide bases. The symmetry and regularity indicate the role of multi-body
packing interactions in protein-DNA recognition. The modified KS analysis of both DNA
nucleotide knobs packing into protein a-helical sockets and protein a-helical residue knobs
packing into DNA sockets provides a framework to relate amino acid and nucleotide packing
composition preferences to recognition specificity. Using this approach to characterize the
individual half-sites from the 43 crystal structures of bZIP-DNA complexes taken from the PDB

database (10-12,15,17,18,29,35-57), a model of bZIP a-helical recognition of DNA was
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developed that identifies common mutual packing patterns between the two biomolecules with

clear regions of affinity and recognition specificity between the protein and DNA duplex.
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CHAPTER 2: MATERIALS AND METHODS

Selection, Preparation, and Knob-Socket Analysis of Crystal bZIP-DNA Structure
Complexes
The PDB database was scoured through for all crystal structure complexes of bZIP or
bZIP-like proteins and DNA duplexes, resulting in a total of 43 crystal structures: 1a02 (37),
ldge (36), 1dh3 (35), 1fos (18), 1gd2 (10), 1gtw (44), 1gud (39), 1gu5 (42), 1h88 (39), 1h&9
(39), 1h8a (39), 1hjb (38), 1io4 (38), 1jnm (40), Inwq (41), 1s9k (45), 1skn (29), 112k (43), lysa
(17), 2¢91 (46), 2c9n (46), 2dgc (12), 2e42 (48), 2¢43 (48), 2h7h (47), 2wt7 (52), 2wty (52),
3a5t(50), 4auw (49), 4eot (51), 5szx (53), 5t01 (53), Svpe (54), Svpf (54), 6mgl (15), 6mg2 (15),
omg3 (15), 7aw9 (11), 7aw7 (11), Tnx5 (56), 714v (55), 7x5f (57), 7x5e (57), and 7x5g (57).
Supplementary Table S1 lists each PDB’s protein sequence and DNA recognition sequence. Each
PDB file was processed into an index file in which all residues and nucleotides were denoted by
single-letter code, number, chain, and secondary structure for all chains. The standardized crystal
structure file was input into the Knob-Socket program, outputting an atomic contact file and
packing clique file.
Mapping Knob-Socket Packing on Helical and Duplex Lattices

For all bZIP-DNA complexes analyzed utilizing the Knob-Socket model, all Knob-Socket
packing between bZIP protein and DNA duplexes were mapped onto the respective lattices. The
helical lattices display the four- and five-body cliques that a DNA knob packs into a protein
socket or pocket. Similarly, the DNA duplex lattices map all four- and five-body cliques that

contain a protein knob packing into a DNA socket or pocket. All maps were collated and
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compared for common packing trends, especially around the invariant Asn and Arg. Maps are
included in the Appendix as Supplemental Figure S1.
Standardization of bZIP-DNA Half-Site Packing

The bZIP proteins were standardized based on the invariant asparagine and arginine, with
the two residues renumbered as -4 and 4, respectively; the rest of the residues in the chain were
labeled relative to the invariant protein residues. The DNA sequence information was
renumbered for each protein chain, allowing for a different numerical translation based on the
specific protein chain packing to a half-site. The DNA sequence numbering was modified to
consider the central base pair(s) as the first base pair, increasing with each base pair moving
away from the center of the DNA sequence. Outside of the main four base pairs, the base pairs
were numbered +/- depending on the flanking region: the base pairs before bp 1 were numbered
with —, while the pairs after bp 4 were numbered with +. This numbering system follows the
numbering convention seen in prior studies of bZIP-DNA complexes. The DNA strand that
follows the numbering scheme in a 5’ to 3> manner is considered the positive strand (“p”) for that
interface between a bZIP helix and the half-site, and the other strand is labeled as the negative
strand (“n”). Standardizing both the protein and DNA sequence for each packing interface
between a bZIP monomer and its respective half-site permits direct comparison of packing
interactions and patterns.

Packing Localization of Standardized DNA Nucleotides

The proposed packing regions (P1, P2, N3, and N4) are scanned in each half-site for any

DNA knob that packs into a region. All DNA knobs packing into a region are then grouped based

on the region it packs, independent of sequence or composition. The resulting heatmaps correlate
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packing of the standardized nucleotides with specific packing regions to further understand
localized packing between bZIP helices and the respective DNA half-site.

Packing of DNA Knobs Involving Protein Sequences and Nucleotide Compositions

All bZIP sequences and packing regions were grouped into a bar plot to compare
frequency of sequences found at each region. For each half-site, the packing of the respective
nucleotide at each position was recorded based on packing mechanism (e.g., 2p packing into P2,
etc.). Base packing DNA knobs were labelled as “Base,” Backbone packing DNA knobs were
labelled as “Back,” and if the respective DNA knob did not pack into the corresponding region,
the knob was labelled as “Non-Packing.” DNA knobs that pack both base and backbone were
considered “Base” as well. The results from all 85 half-sites were collected and grouped based
on region, pocket region sequence, and packing mechanism. For each region, three LOGOS plots
were created to compare relative packing mechanisms between specific nucleotides and packing
region sequence. The sum of nucleotide packing patterns differs based on the region and
sequence, since the bar plot displays an uneven occurrence of various packing region sequences.
Analysis of Pairwise Contacts of bZIP-DNA Packing Surfaces
With all bZIP residues and DNA nucleotides standardized, the individual atom contact

files were filtered and condensed to produce individual pairwise contacts for a single half-site.
Packing between the two macromolecules required selecting pairwise contacts involving both a
protein residue and DNA nucleotide, which was then filtered for contacts between residues and
DNA bases. The majority of protein contact of DNA bases involves bp 1 to 4. The protein to
DNA base pairwise contacts were used to create heatmaps for each base from bp 1 to 4, resulting
in eight heatmaps. The heatmaps correlate nucleotide composition to protein pairwise contacts to

determine if specific nucleotides have higher packing preferences with varying protein residues.
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Frequency Collation of bZIP-DNA Cliques

Each packing clique file was analyzed and parsed for cliques involving both protein and
DNA, excluding cliques consisting solely of either bZIP proteins or DNA. The filtered packing
cliques were collated and grouped according to clique size and type. Each RPC size was plotted
in a stacked bar plot to visualize common RPC sizes, with each column further partitioned based
on socket type count; recurrent socket types were compared by stacking the RPC types per RPC
size column, with the infrequent socket types further combined under the miscellaneous label
“Other.” The bar plot was organized and created in R.

Deconstruction of Standardized bZIP-DNA Cliques

As the ratio between protein residues and DNA nucleotides differ per socket size and
type, RPC types were modified based on the macromolecule with less contributing residues to
consider the clique as interactions between multiple knobs and a residue group, with each knob
packing considered independent from one another. Two broad categories were created: protein
knobs packing into DNA nucleotide groups and DNA knobs packing into protein residue groups.
Therefore, a five-body RPC between two DNA and three protein residues would be considered
two four-body packing groups between each DNA knob and the corresponding three protein
residues. If the ratio between protein and DNA for a clique equated to one, the clique was
included in both categories, maintaining the data to both broader categories. After all half-site
packing cliques were modified and subdivided, all duplicates were removed from the dataset to
prevent under- and overcounting. Furthermore, smaller packing groups are subsumed into larger
cliques if all vertices in a smaller group are found in a larger packing group. The packing groups
were then standardized: protein residues based on the invariant asparagine and arginine, and

DNA nucleotides based on the bZIP chain packing into the half-site. This process modifies all
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collated cliques equally, modifying the filtered cliques to analyze the packing patterns of each

knob involved in the bZIP-DNA packing interface. All bZIP-DNA half-sites were standardized
and analyzed, resulting in 85 half-sites from the 43 crystal structures. The output packing groups
were filtered based on knob type, creating two datasets: DNA knob into protein helix and protein
knob into DNA duplex.
Packing Analysis of DNA Knobs into Protein Helices

The DNA knob data was grouped by the standardized knob and its packed protein residue
group, simplifying the DNA knob by number, chain, and type (e.g., base, backbone, etc.) and the
packing group by residue position. The resulting frequency table provides insight to frequently
packed groups or sockets on the protein helix occupied by DNA knobs, where the consistently
filled sockets were mapped onto two separate composite protein helix lattices depending on
whether the DNA knob was a sugar-phosphate backbone or a nitrogenous base. The consistent
DNA knobs were found based on packing frequency and average packing area, where the
common packing areas were bordered with a color corresponding to the DNA knob. The
resulting two lattices compare DNA base packing patterns against DNA backbone packing
patterns. The individual DNA knob interaction data were collated into Supplementary Figure S2,
displaying all the DNA knobs found to pack with at least two protein residues.
Sorting through the packing data emphasized the importance of base 1p, 2p, 3n, and 4n; by
combining the packing areas of these four bases, the recognition core was formed. The
quadripartite core region consists of four smaller regions corresponding to a respective DNA
base (e.g., 1p packs into P1, whereas 3n packs into N3), with regions P1 and N3 expanded into a
2:2 pocket to resemble the recognition area of P2 and N4. The packing data for each half-site

was then filtered based on which DNA knobs interact with the nine-residue recognition core and
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the peripheral area in every bZIP-DNA half-site. By grouping the packing data of all 85 half-

sites, the frequency of a DNA knob packing into the recognition core or peripheral border was
compared, limited to a maximum value of 85. The data was then mapped to a modified DNA
duplex with the DNA knobs represented by circles, with the packing frequency of the knob
represented by a circle’s shade and number. Two modified DNA lattices display knob packing
frequencies into either the protein helix recognition core or the peripheral region outside the
core.

For each half-site, the amino acid sequence for the four smaller regions (P1, P2, etc.) and
the nucleotide sequence for the four primary DNA nucleotide positions were recorded to count
the times a region is composed of a specific amino acid sequence while the corresponding DNA
position is occupied by a specific nucleotide. Collating this data allows for comparison between
packing frequency and maximum possible packing frequency between a DNA base knob and its
expected packing region depending on sequence data. The half-site data was then analyzed for
cliques involving the DNA nucleotide position; each base position is considered packed into its
corresponding region if it contacts at least three residues out of the four-residue region. Packing
frequency was then compared to the maximum possible packing frequency to determine possible
factors determining a region’s packing preference for specific nitrogenous bases.

Packing Analysis of Protein Knobs into DNA Duplexes

The protein knob data was grouped by the standardized knob and its packed DN A socket
or group, simplifying the protein knob by number and the DNA contact group location and
duplex lane. For each half-site, each protein residue number was scanned for which DNA lane
with which it packs. The resulting data table was mapped onto the modified protein lattice to

correlate protein residues to DNA lanes; each protein number is represented by a circle of
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varying shade and frequency number, displaying the most common protein knobs per lane. Three
modified protein lattices are mapped for the PL, ML, and NL. Based on the results, the protein
knob data is split based on i+4 ridges. The numbering for the ridges is based on the invariant
residues, which occupy an i+4 ridge, with the other three i+4 ridges named based on the
numbering: either a residue before (-1) or after (+1) the invariant asparagine and arginine. As the
last ridge points away from the DNA duplex and into the solvent, these residues occupy the
solvent ridge. Similar to the DNA knob data, the protein knob data was then grouped based on
protein knob number and DNA contact socket, providing insight to commonly packed areas on
the duplex. The resulting frequency data was then mapped onto three DNA duplexes
corresponding to the -1, 0, and +1 ridges. The duplexes show the frequently packed sockets and
areas along with the residue knob that packs it, disregarding sequence data. The common
packing patterns for each knob, based on residue number, are bordered with a color
corresponding to the bZIP knob. Based on the results and the common residue contacting the
four primary DNA base pairs, the protein knob data was further filtered to only include packing
interactions with protein residue 0 as the knob.

Scanning the standardized amino acid and DNA sequence for each half-site accounted for
all residues found at residue number 0, along with the DNA sequence between adjacent base
pairs (e.g., base pair 1 to 2, 2 to 3, and 3 to 4), considering all possible DN A regions in the ML
for the protein knob to contact per amino acid occupying position 0. Analyzing each half-site
protein knob data for residue 0, the protein knob would be considered to pack into an adjacent
base pair region when the residue contacts three of the four nitrogenous bases that make up the
ML region. The collated data from all half-sites were compared to the possible combinations

between residue 0 and DNA adjacent base pair region; by comparing packing frequency to
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maximum possible occupancy, possible specific packing patterns may elucidate protein knob
preferences within the primary four base pairs of a half-site.

All possible sequences for the four base-recognition regions were collected based on the
invariant asparagine and arginine, as well as the middle residue 0. The middle residue in the
collated crystal structures either had an alanine, valine, glutamine, and serine. Since all four
regions had an invariant residue and the middle residue in its respective pocket region, each
region had four separate heatmaps for the four possible middle residues. The x- and y-axes then
represented all possible permutations of the remaining two variable residue positions in a region.
P1 consists of -3, 0, 1, and 4, where 0 and 4 are set and -3 and 1 are variable. When P1 has the
“template” sequence x:Ay:R, residue 4 is R and residue 0 is A. Amino acids “x” and “y”
represent -3 and 1, respectively, along with the corresponding x- and y-axes. The heatmap data
itself is calculated from the collated packing propensity data gathered from across the PDB. A
socket can be free or filled, resulting in a percentage based on the total found socket in the
databank. Furthermore, a socket has a “Total” value depending on the occurrence the socket is
found, either free or filled. The product of the “Total” and filled value is used to determine
possible stability and packing propensities. Each pocket sequence was given a packing
propensity based on the Knob-Socket data, which was the sum of the sockets making up the
pocket. These propensities were mapped and visualized in the heatmap. The heatmap cells
corresponding to all region sequences found in the bZIP-DNA dataset were bordered and

colored. Each box was colored according to the most common base found in the region when the

region sequence matches the corresponding sequence.
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CHAPTER 3: RESULTS AND DISCUSSION

KS model of protein o-helix
Figure 3

Description of the a-helical Knob-Socket Topology Lattice Map

Note. Protein structure images were created in Chimera (59). A) Protein a-helix structure with

the sidechains is displayed. Residues 16-40 are shown from the bZIP Chain D of the 1dh3 crystal
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(Continued, Figure 3) structure (35). B) An o-helix binding surface can be simplified based on

repetitive pattern of three residue sockets defined by a clique of residues X, Y, and H. There are
two types of arrangements of these residues in a-helices: the high-H (upper image) and low-H
(lower image) 2:1 sockets. High-H indicates that the H residue is highest in the sequence of three
residues X, Y, and H, while low-H indicates that the H residue is lowest. Individually, these
sockets are categorized as “free”, capable of interacting with another residue. “Filled” sockets
pack with another residue from a different secondary structure, also known as a knob, resulting
in a tetrahedral four-body packing clique. Both socket types are examples of relative packing
cliques, which define mutual contacts between all residues in a subset. The lines represent the
varied types of interactions between the residues: the black dashed lines represent van der Waals
packing only, solid black lines represent covalent bonds and packing, and dashed red lines
represent hydrogen bonds and packing. C) 2D representations of the high-H and low-H 2:1
sockets, with the side chains of residues X, Y, and H protruding out of the page. D) The 2:1
sockets mapped onto the simplified o-helical backbone. In this manner, these free sockets define
the discrete binding surface or areas of packing interaction on an a-helix. E) A 2D representation
of an a-helix mapped as 2:1 sockets, where the cylindrical o-helix is “cut” along an i to i+4 ridge
and laid flat. The residues on the edges repeat on each side to account for the cylindrical nature
of an a-helix. In the bZIP helix, the cut occurs on the i+4 solvent ridge (see next section) so that
this solvent ridge is on the edge, which places the primary packing i+4 ridge 0 in the center of
the lattice. F) Protein helical wheel representing the i to i+4 ridges, clarifying that the a-helix can
be “cut” along a ridge to result in a 2D protein lattice. In addition, the wheel shows the four sides
of an o-helix that interact with DNA major groove, and each i+4 is identified in relation to this

packing. Dark blue represents residues that centrally pack into the DNA bases and represents the
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(Continued, Figure 3) 0 ridge. Orange and green are residues that interact with the positive and
negative strands of the DNA recognition region and so are named the +1 and -1 ridges,
respectively. Light blue indicates residues that point primarily out into the solvent, away from

the major groove and is named the solvent ridge.

An o-helix is a protein secondary structure formed through a consecutive series of
repetitive hydrogen bonds between residues 7 and i+4 (Figure 3A). Figures 3B-E shows how the
KS model provides a simplified topological binding surface map of an a-helix (4). When
calculating residue-to-residue contacts within an a-helix, the a-helix binding surface can be
represented as a recurring pattern of two types of discrete three-residue sockets. Figure 3B
displays the two examples of the standard 2:1 three-residue socket. All three residues are from
the same local secondary structure, but each of the three pairs of residues shares a distinct set of
interactions as indicated by the line between them. While all three residues contact each other
through van der Waals packing, residues X and Y are adjacent protein residues that also share a
peptide bond, which is indicated by a solid black line. Likewise, in addition to van der Waals
packing, residues H and X share the characteristic o-helical hydrogen bond, which is shown by
the dashed red line, and are therefore four residues apart. Unlike the previous two pairs, the Y
and H residues only share van der Waals interactions, which is indicated by a dashed black line,
and are always three residues apart. For the 2:1 socket nomenclature, adjacent residues XY are
represented by the “2”, while the distant residue H is represented by the “1” and separation by a
hydrogen bond by the “:” The primary difference between the two types of 2:1 sockets in a-
helices is the sequence position of the X residue in relationship to the H residue. In the lower 2:1

socket of Figure 3B, the X residue is highest in sequence, so that Y is at position i-1 and H is
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lowest at i-4. Conversely, in the upper 2:1 socket of Figure 3B, the X residue is lowest in
sequence, so that Y is at position i+1 and H is highest at i+4. With these interaction and position
relationships between the socket residues established, the two types of a-helical sockets can
simply be abstracted as triangular surfaces, which is shown in Figure 3C. These sockets are
discrete binding surfaces which can pack a fourth knob residue or nucleotide in tertiary or
quaternary packing. As shown by the backbone trace in Figure 3D, the intrahelical packing of an
a-helix is a consistent, repetitive alternating pattern of the two types of sockets. Therefore, the
potential binding surface of an a-helix can be clearly depicted in two dimensions by building up
the alternating triangular surfaces of Figure 3C. The result is a simple two-dimensional lattice
shown in Figure 3E for 25 residues, where each number represents a protein residue in the o-
helix. The solid lines represent packing and the covalent i to i+1 ridge; the broken black lines
represent the packing of the i to i+3 ridge; and the broken red lines represent packing and
hydrogen bonding of the i to i+4 ridge. To account for the cylindrical nature of an a-helix, the
residue numbers repeat at the edges. In effect, this a-helical lattice essentially converts the three-
dimensional a-helix by cutting down one of the i to i+4 ridges of a helical wheel (Figure 3F) and
to lay the surface flat in two-dimensions. In Figure 3E, the protein helix is cut along the i to
i+4 ridge consisting of residues -10, -6, -2, 2, 6, and 10. Flattening the three-dimensional a-helix
into a plane simplifies visualization and mapping of packing by knobs residues or nucleotides
that pack into the discrete areas defined by the three residue sockets, as shown by the nucleotide
packing in the right side of Figure 1B.

Because of its simplicity, the a-helical lattice in Figure 3E can be ordered to highlight any
particular set of residues as a feature of a-helical structure. Throughout the analysis of crystal

structures, every bZIP protein contained a highly conserved Asn and Arg separated by eight
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residues, and a relatively conserved middle residue directly between the two along the i+4 ridge.
This conservation standardizes each monomer’s residues based on the middle residue as residue
0 and the invariant Asn at -4 and Arg at 4. Therefore, the numbering scheme shown in Figure 3E
will be used as a reference for residue positions to compare between the different bZIPs. For
orientation based on packing, the middle i+4 ridge packs deepest in the major groove of the
DNA duplex and is called i+4 ridge 0. The next ridge over to the right of the 0 ridge packs into
the positive strand and is called the +1 ridge, while the previous ridge to the right packs the
negative strand is called the -1 ridge. The edge i+4 ridge that repeats on both sides is the solvent

ridge and faces away from the major groove.
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Modified KS model of the DN A double helix

Figure 4

Explanation of the Knob-Socket Representation of the DNA Duplex Helix Packing Lattice and
Orientation of Two Protein Binding Half-site Regions

Note. Example mapping and crystal structures were constructed using 1dh3 (35). Structures
imaged using Chimera (59). A) The crystal structure of a DNA duplex with nucleotides shown
with the ball-and-stick model for both positive (orange) and negative (green) strands. B) To
differentiate between non-specific backbone interactions and specific base interactions, the DNA
backbone and DNA nitrogenous base are considered separate vertices in the modified Knob-
Socket analysis. Therefore, an outside backbone vertex involves any atom from the phosphate-
sugar backbone, whereas the inner nucleotide base vertices include interactions with any atom on
a nitrogenous base. Sockets can form between the backbone and base within a DNA strand as

well as between base pairs in a duplex, where vertices are designated X, Y and H. Again, these
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(Continued, Figure 4) three residue sockets are cliques consisting of vertices that all pack with
each other, and lines indicate type(s) of interactions. The dashed black lines indicate only
packing interactions, while the solid black lines identify vertices that are packed and covalently
bonded with each other. The dashed red lines are residue pairs that pack and hydrogen bond with
each other. C) 2D representation of the DNA sockets with the major groove protruding outward.
The two primary types of backbone sockets exclusively consist of black solid and dashed lines or
only packing and covalent interactions. Sockets for bases consist of all three types. D) Sockets
superimposed onto the DNA duplex show three columns or lanes where sockets form: the
positive lane (PL) involves the backbone and base vertices of the positive strand, the negative
lane (NL) exists similarly within the negative strand, and the middle lane (ML) involves bases
from both strands in a DNA duplex. E) 2D DNA duplex KS packing lattice represents the regular
pattern of sockets belonging to the major groove, which faces out of the plane. The duplex lattice
visualizes the duplex unwound into 2D, creating three lanes where sockets may be filled, and
produces a clear definition of the surfaces and areas that can be packed into by quaternary
interactions. Vertices of the backbone and base are circles, and their interactions are indicated by
the type of line connecting them, following the description in part B. The primary difference is
that the solid black lines between residues on the same strand are colored solid orange or solid
green to indicate the positive and negative strands, respectively. Numbering is centered around
the binding nucleotides of the half-site referenced to the positive strand, where a “p” indicates
positive strand and “n” negative strand. In the lattice, the numbering starts two base pairs before
the recognized four nucleotide half-site sequence and ends two nucleotides after the half-site
sequence. The fourth residue of the recognition sequence is referred to as 4p for the positive

strand nucleotide and 4n of the negative strand. Interactions with the backbone at position 4 are
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(Continued, Figure 4) referred to as 4pB for the positive strand and 4nB for the negative strand.

F) Packing interface between the bZIP dimer and the cognate DNA sequence in duplex is shown.
For the two bZIP a-helices in light blue and magenta, correspondingly, only the DNA binding
region is shown as a ribbon diagram without their respective leucine dimerization regions. The
DNA duplex shows fourteen nucleotide pairs: the eight base pair cognate sequence and an
additional three flanking nucleotide pairs on each side. Each o-helix packs into the major groove
of a DNA half-site, and both extend outward from the center of the DNA site. G) The KS DNA
duplex lattice of a bZIP-DNA complex, where both bZIP proteins pack into the major groove of
the duplex. The overlaying protein helices reveal the orientation of the bZIP helices if the DNA
duplex was unwound. In contrast to the depiction in part F where the twisting of the DNA shows
the dimerization of the two a-helices’ C-terminal zipper regions, topologically, the a-helices on
the 2D lattice run antiparallel to each other. In addition, each strand flips from between positive
and negative strand relative to the orientation of the packing o-helix, as expected with a

palindromic recognition sequence.

Duplex DNA (Figure 4A) forms sockets differently than proteins due to the distinct
molecular structure of paired nitrogenous bases arrayed between two strands of sugar-phosphate
backbones. The double helix also has two sides with the major and minor grooves. Because the
bZIP-DNA interactions occur only within the major groove, the KS modeling in this work only
considers the major groove. Within proteins, each residue is considered a vertex of a socket as
well as a potential packing knob. In duplex DNA, the packing interactions dictate that the sugar-
phosphate backbone and nitrogenous base of a single nucleotide should be treated separately as

socket vertices and potential packing knobs. As shown in top of Figure 4B, three vertex DNA
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sockets form between backbone and bases of the same strand classified as a backbone socket,
where all the vertices share van der Waals packing interactions and two pairs of vertices are also
covalently bonded. A base socket is shown at the bottom of Figure 4B, where the duplex
structure forms a three-vertex socket between the pairs of nitrogenous bases. Between the three
vertex pairs of the base socket, more standard KS socket interactions occur: only packing,
packing with hydrogen bonding, and packing with covalent bonding. Like with protein a-helices,
each of these backbone and base sockets are found in two types within duplex DNA. Since these
sockets represent interaction surfaces, they can be abstracted from their three-dimensional
structure into two-dimensional triangles shown in Figure 4C. Overlaying both types of sockets
onto the 3D DNA duplex in Figure 4D illustrates the intramolecular packing surface of the
double helix in the major groove. Similarly to how protein a-helices are comprised of repetitive
2:1 sockets (4), the DNA duplex can be represented by a lattice of repetitive sockets that
indicates the potential surfaces for protein knobs to pack and bind. Shown for a single half-site,
the DNA duplex’s binding surface can be easily flattened in two-dimensions (Figure 4E), which
clearly shows that the major groove consists of three interaction lanes formed from DNA
sockets. The positive orange and negative green strand each form a column of backbone sockets
and will be referred to as the positive lane (PL) and negative lane (NL), respectively. Between
those two lanes are base sockets involving nitrogenous bases from proximal base pairs that create
a middle lane (ML). By figuratively unwinding the DNA duplex, the 3D structure represented as
the DNA duplex lattice shown in Figure 4E exhibits the general direction of packing resulting
from the duplex twist. Separating the backbone and base sockets allows an explicit classification
of packing interactions that contribute only to affinity (backbone sockets) and those that also

contribute to specificity (base sockets). Because the phosphodiester backbone is constant for all
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nucleotides in the DNA strand, the PL and NL formed by backbone sockets involves primarily

non-specific affinity interactions and minimal interactions with specific bases. In comparison,
packing in the ML formed by base sockets involves contacts that can differentiate between
nucleotides and therefore contributes significantly to bZIP-DNA specificity. Therefore, the DNA
lattice of sockets shown in Figure 4E represents the duplex with the major groove protruding
from the plane, where bZIP residues pack into the major groove of the duplex. This modification
of the KS model types of sockets allows a lattice representation of a DNA duplex’s major groove
in Figure 4E that can now be analyzed with bound protein o-helices from a bZIP dimer.

Figures 4F and 4G help orient the depiction of the DNA lattice with respect to two the protein
bZIP a-helices, since the flattening out of the DNA duplex twist changes the topological
orientation of the protein o-helices. As shown by the crystal structure of the bZIP-DNA complex
(35) in Figure 4F, a bZIP dimer packs into the major groove of the DNA cognate site, with each
monomer packing into a respective half-site from the center out. Structurally, the twist in the
duplex allows for parallel dimerization of the a-helix monomers and therefore, the C-termini to
approach each other from the same side of the DNA. As shown in Figure 4G, unraveling of the
DNA duplex into a 2D lattice with the major groove pointing out of the plane topologically
positions the helices with separated C-termini and anti-parallel to each other. Numbering
conventions for the nucleotide bases are also shown in Figure 4F. Half sites conform to 1234
convention, where DNA residues are numbered based on nucleotides pairs in relation to the
central pair(s). The cognate site is usually palindromic or pseudo-palindromic and numbered
from the central base pair(s) outward. Common palindromes consist of eight nucleotides and are
represented in a 4321 | 1234 fashion with each half-site interacting with separate bZIP a-helical

monomers. For pseudo-palindromic DNA cognate sites that are 7-bp long, the central base pair is
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considered position 1 for both half-sites. The 4321 | 1234 numbering scheme flips the positive

strand between the two half-sites, which can be seen in the change in orange and green strands
on the 2D DNA lattice under the two packing o-helices in Figure 4G. Location is indicated
through the label of “p” for positive chain (Figure 4G, orange strands) or “n” for negative chain
(Figure 4G, green strands). The positive strand increases from 5’ to 3’ as the base pair number
increases, while the opposite goes for the negative strand. In Figure 4G, the protein knobs are
packing into the lattice of the major groove. The relative orientation of the two protein a-helices
superimposed over the untwisted DNA duplex lattice show that each a-helix monomer packs
anti-parallel to each other with the C-termini distal from each other in contrast to the three-
dimensional structure. However, the orientation of each a-helix is the same with respect to their
half-site nucleotides. Residues proximal to the C-terminus interact with the bases towards the
center of the DNA cognate site. As the protein residues continue packing outward from the
central base pairs, the protein knobs are more proximal to the N-terminus. This common packing
trend supports the standardization of all DNA half-sites to view packing from the central base
pairs onward. Using this numbering scheme and labeling the positive and negative strands
according to standard conventions allows a consistent comparison between all bZIP-DNA half-
sites and extraction of the common features of recognition and specificity between protein -

helices and duplex DNA.
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DNA Packing Regions on the bZIP Helices

Figure 5

Heatmaps of DNA Nucleotide Knob Packing into the Four Proposed Protein Packing Regions
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Note. The x-axis displays the four helical pocket regions: P1, P2, N3, and N4; P1 and P2 are
colored in shades of orange while N3 and N4 are colored in shades of green, indicating the DNA
strand that packs most often in said regions. The y-axis displays all DNA nucleotide positions
that pack into these four pocket regions. Both the pocket sequence and nucleotide type are not

considered in these heatmaps, emphasizing only the standardized protein residues and DNA
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(Continued, Figure 5) nucleotides. The highest packing value will be 85, as a total of 85 half-

sites were analyzed from the 43 bZIP-DNA complex structures. P2 and N4 pack consistently
with 2p and 4n, respectively. There is little crossover where a different nucleotide position packs
into P2, N3, and N4. P1 and P2 shows less consistent DNA knob packing.

After mapping out the knob-socket packing motifs onto the protein helical lattice, the
common packing scheme centralizes four DNA knobs around the invariant asparagine and
arginine. 1p packs with -3, 0, 1, and 4; 2p packs with -7, -4, -2, and 0; 3n packs with 0, 3, 4, and
7; 4n packs with -4, -1, 0, 3. The packing maps are included in the Supplemental Figures
section, displaying the common packing patterns between bZIP helices and the DNA duplex. The
packing patterns for all four DNA knobs involves a pocket region, where a knob may fill in a
socket (2:1), elongated socket (:3), or a pocket (2(2:1)). These regions were classified as regions
P1, P2, N3, and N4, which packs their respective bases 1p, 2p, 3n and 4n. All four regions
surround the conserved bZIP helices, sharing edges and residues between the packing regions;
the recognition regions, therefore, span nine residues total. With this definition of the four
regions, all half-sites were then collated to compare packing locations for the four primary
standardized DNA nucleotides across the four distinct helical regions. Figure 5 represents these
packing preferences as a heatmap, where the four regions were commonly packed by a single
DNA nucleotide. Region P2 has slight packing overlap with nucleotide 2p and 3p, as region N3
has with 3n and 4n. Similarly, P1 has extended overlap with nucleotides -1p, 1p, and 2p. Despite
slight overlaps, each region is primarily packed by their respective DNA knobs. Furthermore, P1
and N3 has less packing compared to P2 and N4, indicating possible differences in packing

conservation and roles in DN A-bZIP specificity.



Figure 6

44

Analysis of Packing Mechanisms for DNA Knobs

Analysis of Packing Mechanisms of DNA Knobs into Region Pockets
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(Continued, Figure 6) Note. The plots are dependent on nucleotide and pocket composition and
sequence. A) Bar plots for each region compare the occurrences of each displayed pocket region
composition found throughout the bZIP-DNA half-sites. The number of differing pocket
compositions vary for each protein region, with P1 being the most variable and N4 being the
least variable. These bar plots assist in understanding Figure 6B, since the small crystal structure
dataset results in a skewed composition distribution. B) LOGOS plots for each protein region
compares the packing mechanism of a DN A nucleotide knob with specific region compositions.
For each region, there are three LOGOS plots, labelled as “Base,” “Back,” and “Non-Packing,”
for instances where a DNA knob either packs the base moiety, sugar-phosphate backbone, or
neither portions. There were several instances of 5-methylcytosine occurring in the half-site, as is

represented by “M” in the LOGOS plots.

The localization of DNA knob packing verifies specific areas on the protein helix that
DNA nucleotides pack. However, the packing between 1p and P1, as well as 3n and N3,
indicates a lower packing propensity between the DNA knob and the protein pocket.
Additionally, Figure 5 only displays the regions where a DNA knob packs into, independent of
the specific DNA nucleotide and the protein region sequence. While multiple bZIP proteins may
differ in amino acid sequence, consistent and localizes packing regions implicate that conserved
pocket sequences for a specific region should maintain DNA nucleotide packing specificity,
regardless of variances beyond said protein packing region. Therefore, each half-site was then
analyzed for the type or mechanism of packing between each nucleotide position and the
respective base. For clarification, a nucleotide can pack the backbone or base portion of the DNA

knob into its corresponding protein packing region and is classified as “Base” or “Backbone”
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packing. If the DNA knob packs both backbone and base, it is classified as “Base” packing as

well; if a DNA knob does not pack either backbone or base, it is labelled as a “Non-Packing”
base. This labelling scheme was applied across all half-sites and corresponding packing
interfaces between a DNA nucleotide and the resulting pocket region. The resulting data will
examine the packing mechanism between a nucleotide position and its protein region in an
attempt to elucidate the sequence dependencies of packing between a mononucleotide and the
pocket region sequence.

There are several issues to address prior to the analysis. For a complete analysis of
packing between a specific protein region and its respective nucleotide base, there should be an
even amount of each nucleotide expected to interact with said region; due to the limited bZIP-
DNA co-crystal structure dataset collected, the number of sequences at each bZIP region is
uneven, with a skewed frequency of nucleotides expected to pack into said region. An example
of this difficulty is the large amount of C/EBP homodimers packing the DNA sequence 5’-
TTGCGCAA-3’ found in the PDB dataset, thus causing a skew in the sequence frequency at
each protein region, as well as in the DNA knobs expected to pack into the helical lattice. To
emphasize the frequency of packing interactions, the bar plot in Figure 6 shows the frequency of
different pocket composition at each recognition region, from P1 to N4. The highest occurring
sequence at each region is the result of the skewed dataset, specifically the inclusion of the
C/EBP homodimers. Since each proposed packing region is a 2(2:1) pocket, the combined
high- and low-H socket takes on an H:XY:H structure, where X and Y are adjacent protein
residues, with the two H residues hydrogen bonding to either X or Y in an i to i+4 pattern. The
LOGOS plots in Figure 6, in contrast, display the packing behavior of each pocket composition

at one of the four regions. The added total of each column should equate to the number of
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occurrences displayed in the bar plot on the left. Each region and its compositions are further
split into three LOGOS plots, representing the three possible binding modes previously defined:
base-, backbone-, and non-packing. For all four regions, each socket composition was shown to
prefer base or backbone packing, as well as the specific packing preference based on a specific
nucleotide.

Of all four regions, P2 and N4 packs the base most often; N3 either packs the base of dT
or does not pack with dG, while P1 packs mostly backbone or does not pack neither base nor
backbone. Across P2, N3, and N4, the commonly packed base is dT, while other bases are less
likely to be packed. Additionally, P2 (R:NN:V and R:NN:A) also packs SmC, represented by M,
which is a methyl-containing cytosine analogue. The least consistent packing regions, P1 and
N3, also correlate with Figure 5, yet P1 consistently packs the backbone of its respective 1p
nucleotide. Phosphate-sugar backbone moieties are constant across the DNA nucleotides and are
more involved in stability and electrostatic interactions than specificity. Therefore, the binding
mechanism that likely contributes to specific bZIP-DNA packing involves base packing over
backbone or non-packing interactions. This emphasis on base packing highlights the importance
and consistent packing of dT over dG, dA, and dC. Furthermore, regions P1 and N3 are less
significant to DNA-binding specificity, yet the relative conservation of position 1p and 3n seems

to contradict the lack of base packing.



Pairwise Packing of bZIP-DNA Interfaces Depending on Nucleotide Composition
Figure 7

Heatmaps of Pairwise Contacts Between DNA Nucleotide Positions and Protein Residues
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(Continued, Figure 7) Note. Each heatmap is grouped from pairwise contacts between a DNA

nucleotide knob’s base and the bZIP helix, filtering out all backbone contacts. The amino acids
occupying each residue position is not considered. The x-axes represent the five nucleotides,
consisting of the four conventional deoxyribonucleotides along with 5-methylcytosine. The y-
axes involve the protein residue positions that contact the nucleotide position, ranging from base
pair 1 to 4 on both the positive and negative strand, resulting in eight heatmaps. The percentage
of contact between residues to a specific nucleotide reveals possible packing preferences based
on the nucleotide occupying the DNA position. Packing involves the DNA knobs contacting

three residues minimum, which may reveal the packing location of knobs as well.

The base packing shown in Figure 6’s LOGOS plots seem to lack nucleotide-to-sequence
specificity, so nucleotide-to-residue pairwise interactions were collated and observed. Similar to
Figure 5, the pairwise interactions were gathered and sorted based on standardized protein
residues, regardless of the amino acid occupying a position. The heatmaps of Figure 7, however,
are split based on the four primary base pairs, from pairs 1 to 4 spanning both the “p” and “n”
strand. Each heatmap has an x-axis for each nucleotide, and the y-axis represents all protein
residue numbers that contact the base of the corresponding nucleotide position at least once.
While these heatmaps reveal residue contacts for each DNA knob position, the specificity
revolving around the protein residue composition is not shown. Each region matches its
respective nucleotide position: P1 packs 1p, N4 packs 4n, etc. Most interactions are seen for
nucleotides 1p, 2p, 3n, and 4n. These four nucleotide positions contact three or more residues

consistently, though specific bases contact said residues more consistently than others. Just as

seen in Figures 5 and 6, the most consistent residue contacts involve 2p and 4n, while 3n packs
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moderately. 1p contacts residues -3, 0, and 4; 3n packs 0, 3, and 4; and 4n packs -4, -1, 0, and 3.

All residues contact match the proposed protein packing regions P1, N3, and N4, respectively.
2p, however, contacts residues -7, -4, -3, and 0 frequently, along with residue 4. The first four
residue positions match the proposed pocket region P2, yet residue 4 is not considered part of the
region. Since 2p packs with -3, 0, and 4, 2p would also be counted as a P1-packing DNA knob in
Figure 5 and 6, yet the counted cliques of 2p packing into P1 is minimal. Additionally, the
pairwise contacts grouped in Figure 7 involves base contacts only. The heatmap of P1 has
consistent base contacts with residue 0 and 4, and moderately frequent contact with residue -3.
Packing with three protein residues of region P1 would be considered packing, yet the P1
LOGOS plots of Figure 6 indicate that little to no base packing occurs. These two examples
arising from pairwise interaction analysis contradicts the findings of the clique analysis of
Figures 5 and 6, indicating possible loss of packing data that may otherwise supply information
of packing specificity. Focusing on four-body knob-socket motifs and five-body knob-pocket
cliques are insufficient to fully understand bZIP-DNA specificity, therefore requiring a different

approach to the packing clique data.



Modified Knob-Socket Analysis of bZIP-DNA Packing
Figure 8

Knob-Socket Quaternary Packing Between bZIP Protein and DNA
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(Continued, Figure 8) Nofe. Structure images were created in Chimera (59). A) Stacked bar plot

counts frequency of RPC sizes for all cliques involving both bZIP protein and DNA within the
dataset. Four-body RPCs are most frequent while three- and five-body cliques significantly
contribute to packing as well. Each RPC size is split further into local/non-local packing
configurations to display the frequency of the clique configurations. For the nomenclature,
residues/bases on the same local structure are grouped together and contiguous groups are
summed. Furthermore, a “:” indicates hydrogen bonding between residues/bases and a “+”
indicates interactions between two residues/bases from different structures. For example, a 2:1+1
RPC indicates three residues on a local structure, where two are contiguous and one is hydrogen
bonded, and these three vertices pack with a residue or base from another non-local

structure. 2+:2 RPC’s are common 4-body RPC’s, forming between two protein residues and
two DNA residues. Therefore, a protein residue in 2+:2 cliques can contact only two DNA bases
maximum, rather than the conventional three. The 2+1+1 and 3+1 cliques commonly involve a
protein knob packing into a DNA socket, with 2+1 sockets forming between base pairs and 3
sockets forming between backbone and base of a single strand. 2:1+1 cliques describe the classic
three residue a-helical socket, shown in Figure 3B and 2A, packing with a DNA knob through
the common knob-socket motif. Additionally, three- and five-body RPC’s contribute to
describing bZIP-DNA packing on a higher-level analysis. The :2+1 cliques describe a DNA knob
packing into two protein residues, while the 2+1 cliques describe a protein knob packing into two
DNA residues. 1+1+1 cliques involve a protein residue contacting two DNA bases on two
different strands. While packing and specificity generally involve a knob packing into three or

four residues, multiple 3-body RPC’s of the same knob may further describe packing

mechanisms. Five-body RPC’s consist mostly of 4+1 knob-sockets, which is a protein knob
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packing with two DNA bases and two DNA (Continued, Figure 8) backbones of the same strand;

2+2+1 packing cliques form from a protein knob packing into four DNA bases within the duplex.
Infrequent and sparse packing clique types were combined into a general “Other” category and
are variable in structure and configuration. B) Examples of DNA knobs packing with protein
socket/knobs. The a-helical protein lattice is shown with four representative individual sockets or
paired adjacent sockets (pockets) packed with DNA knobs that face into the plane and labeled a
to d. Adjacent sockets packing the same knob form pockets, increasing the packing interface and
possible residues involved in specificity. Below this lattice are displayed 3D examples of four
types of DNA knobs packing into a-helical sockets/pockets, accordingly labeled from a to d.
Figures show position numbers corresponding to the a-helical and also half-site positions for the
DNA. For (a), a classic a-helical diamond pocket formed from adjacent low-H and high-H
sockets packs with a DNA base knob at position 4n packs, which is denoted a 2(2:1)+1 knob-
socket. For (b), the :3+1 is shown and involves a :3 elongated socket of hydrogen bonded
residues -3, 0, and 4 packing with DNA base knob at position 2p. For (c), the knob-socket motif
2:1+1 is shown where a DNA base knob at position 2p packs into the a-helical 2:1 socket. For
(d), a five-body clique of 1+2:2 differs from pockets formed from contiguous filled sockets. The
DNA knob packs into a four-body protein pocket rather than two separate adjacent sockets. C)
Examples of protein knobs packing with DNA sockets/pockets. The DNA duplex lattice
representing the major groove is shown with protein knobs packing into DNA sockets and
pockets, and the four examples are labeled from a to d. Some of the examples are five-body
RPC’s, where the DN A pocket is not the result of two sockets but rather involved directly in the
mutual contact clique. Below the DNA lattice are displayed corresponding 3D examples of the

protein knobs packing into the respective socket from PDB 1DH3. Protein residues and positions
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along with DNA half site positions are noted. In (Continued, Figure 8) (a), the 1+1+2 clique

involves a protein knob packing into the 1+2 DNA socket, formed between adjacent base pairs.
One such socket consists of the base at position 3p from one strand, its base pair at position 3n,
and the base from position 4n on the other strand. In (b), the 1+2+2 clique is built from two
adjacent 142 sockets packed by the same 1+ knob, resulting in the 2+2 pocket between 3p, 4p,
4n, and 5n. In (¢), a protein residue packs into the pocket of adjacent sockets to form a 1+2+2
knob-socket. While similar to the previous pocket, the adjacent 1+2 sockets come from the
adjacent base pairs: 1p, In and 2p, 2n, and thus form a more rectangular pocket that packs the 1+
protein knob. In (d), a pocket of adjacent DNA sockets forms between a base and backbone of
two adjacent DNA nucleotides of the same strand to pack an a-helical knob and forms a 1+4

knob-socket.

From the modified KS analysis of the 43 bZIP-DNA crystal structures, the relative
packing clique (RPC) data is grouped and shown in Figure 8A. An RPC is a set of protein
residues and DN A backbone and/or base vertices that all contact and pack with each other (4).
All RPCs involving both protein and DNA are sorted by size, where the size is the number of
vertices within the RPC. Figure 8A shows a histogram of these RPCs between protein and DNA
grouped based on clique size and further categorized by contact order of the members in the
clique (58). Prior analyses of protein packing identified the importance of three-body and four-
body cliques and the lack of two-body pairwise interactions (4-7). Protein interactions with DNA
macromolecules also require consideration of three-body and four-body cliques as well as five-
body cliques to accurately depict the contact and packing interfaces between the bZIP proteins

and the DNA consensus sequences. Besides the two-body cliques, each RPC size consists of
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multiple clique configurations between protein and DNA based on contact order of interacting
clique members. For example, 2+1 cliques represent two adjacent residues or nucleotides
packing with one residue or nucleotide from a different structure, while 1+1+1 represents contact
between three residues or nucleotides from distinctly separate structures. In Figure 8A, the
predominant interactions occur between an o-helical monomer and the DNA. Figures 8B and 8C
illustrate the common packing sockets and pockets on respective 2D a-helical and DN A major
groove lattices, where pockets are a shorthand term for a set of contiguous sockets packing the
same knob. In both protein and DNA socket lattices, sockets or pockets packing a knob residue
means that the respective socket or pocket is filled.

Figure 8B displays the common DNA knobs packing into bZIP sockets and pockets on an
a-helix socket lattice. Both Figures 8B.b and 8B.c are examples of sockets, where three residues
are in mutual contact, that are filled by a knob, either a nucleotide backbone or base. Figure 8B.b
has a filled socket of residues -3, 0, and 4 packing with the DNA knob 2p. This :3 socket type is
considered “elongated” since the three residues are not adjacent to one another. Figure 8B.c
displays the standard socket, formed from residues -4, -3, and 0, and filled by the DNA knob 2p.
The standard 2:1 socket is both common and discrete throughout most protein helices and is
categorized as either a high-H or low-H socket, where high and low refer to relative sequence
position. The 2:1 socket in Figure 8B.c is a high-H socket, where -4 and -3 are covalently
bonded, -4 and 0 are hydrogen bonded, and -3 and 0 contact through van der Waals interactions.
Because the distal hydrogen-bonded residue 0, is downstream from the other two residues, this
specific example is a high-H, or XY:H, socket. Low-H sockets are represented by H:XY, where
residue H comes before residues X and Y. Besides single filled sockets (Figure 8B.b and c), two

adjacent sockets can be filled by the same knob, which is considered a pocket (Figure 8B.a),
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which mimics the classic coiled-coil packing between two a -helices (4). Note that the two 2:1

sockets between protein residues -4, -1, 0, and 3 are adjacent high- and low-H sockets that form a
rhomboidal pocket H:XY:H that share residues -1 and 0, while residues -4 and 3 are the two H
residues that contribute to their respective sockets in this pocket. Another less common pocket
packed by a DNA knob is shown in Figure 8B.d, where a low-H socket packs the same knob as
the next consecutive high-H socket. In this case, the rhomboidal pocket Y:XH:Y shares X and
H residues -7 and -3 with residue Y at positions -6 and -4. However, not all pockets are formed
from two adjacent four-body clique sockets, some are formed by a five-body clique directly
where a knob packs into the mutual four-body pocket directly; both types of pockets are
considered equally. For example, the DNA nucleotide knob 4n in Figure 8B.a could also pack
with all four protein residues instead of two sockets. The same is found in the interactions shown
in Figure 8B.d, where a DNA backbone knob 2p could pack into sets of four protein residues.
Both examples increase the packing interface between the DNA knob and the bZIP helix. In all
four examples in Figure 8B, a DNA knob packs into either sockets or pockets, highlighting the
importance of multibody contacts. The knob packs with all residues forming the socket or
pocket, while said residues also interact with one another. These higher-order packing
interactions indicate how knob-sockets can define specificity when applied to a single DNA knob
packing into a protein helix. Because the DNA backbone is standard between all nucleotides, the
specificity most likely derives from protein socket and pockets packing DNA base knobs.

Figure 8C shows the common filled sockets and pockets of the DNA duplex lattice with
protein knob residues. In Figure 8C.a, an Ala protein knob residue packs with a three-body base
socket formed by base residues from positions 3p, 3n, and 4n. Since this is a clique interaction,

the protein knob packs with the three DNA bases, which are also in mutual contact with one
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another. Protein knobs can pack into a single three-body socket or into a four-body pocket. The
protein knob may also pack into two adjacent knob-socket motifs that act as a pocket as in Figure
8C.b or directly into the four-body protein pocket displayed in Figure 8C.d. Analogous to Figure
8B, DNA pockets can be formed by combining two sockets, just as a five-body RPC of a protein
knob packing into a four-body residue set may be divided into two pseudo-sockets. Figure 8C.b
demonstrates how an Asn protein knob packs into two adjacent sockets, where bases 4p and 4n
are shared between the sockets formed respectively by 3p and 5n bases positions. These sockets
form a pocket where the Asn contacts four DNA bases total. In contrast, Figure 8C.c and 8C.d
display five-body cliques where Arg and Ala residues contact four DNA vertices and indicate
that the protein knob packs into a set of mutually contacting DNA vertices. These KS clique
results allow for specific knob-socket propensities to be analyzed. DNA sockets and pockets
form between base pairs of a duplex or between adjacent backbone vertices within a single
strand. Packing cliques formed between the base and backbone of adjacent nucleotides within a
positive and negative strand involves the positive lane (PL) and negative lane (NL). Cliques
formed between base pairs are located in the middle lane (ML). Figure 8C.d is located in the NL,
while Figures 8C.a, 8C.b, and 8C.c involve the ML. Since the DNA backbone is standard
between all nucleotides, specificity likely depends significantly on base interactions and
highlights the importance of the ML. The packing examples are shown structurally below the
protein and DNA lattices, emphasizing the variety of packing mechanisms between the two
macromolecules.

All RPCs involving both biomolecules were analyzed and classified based on knob and
socket combinations as explained in Materials and Methods, and this approach allows a precise

investigation of recognition between the protein o-helix and duplex DNA. The DNA nucleotide
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knobs packing into the protein o-helical socket lattice allows an investigation of protein
recognition of DNA bases. Conversely, the knobs from protein a-helix residues packing into the

DNA major groove duplex lattice should reveal any DNA recognition of protein residues.
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Protein recognition of DNA: DNA Knobs Packing into Protein o-helical Sockets: Protein

Recognition Core
Figure 9
o-helical Recognition Core: Composite Packing Map of the a-helical Packing Surface with

Corresponding DNA Knob Position Frequencies
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(Continued, Figure 9) Note. Protein lattices are shown displaying the common sockets and areas
where DNA knobs pack into the helix, categorized by the base number and position. Nucleotide
and amino acid sequence composition is not considered for this lattice. The packing groups were
limited to common three- or four-residue groups, acting as sockets or pockets. Infrequent or
uncommon interactions were excluded from the lattice for clarity. Socket shading corresponds to
the highest frequency of a DNA knob packing into the socket, rather than packing overall.
Sockets corresponding to bases of the positive strand were shaded orange, while sockets packing
with negative strand bases were shaded green. The borders on the lattice represent the base that
frequently packs into the area, where the border color corresponds to the colored labeled box. A)
The o-helical lattice on the left involves DN A base knob packing only, primarily packs with
DNA bases 1p, 2p, 3n and 4n: two bases from the positive strand and two from the negative
strand. The DNA base at position 1p packs consistently into the elongated 3 socket region
defined by a-helical residues -3, 0, and 4. The DNA at position 2p also packs into this elongated
socket inconsistently. Base 2p primarily packs into the pocket region formed by -7, -4, -3, and 0
a-helical residues. The DNA base at position 3n packs definitively into just a socket of residues
0, 3 and 4. The DNA base at position 4n packs very consistently into a pocket made up of -4, -1,
0, and 3 residues on the a-helix. The protein lattice on the right displays the frequent packing
interactions where non-specific DNA backbone knobs pack into the a-helix. The representation
of the sockets and borders, each corresponding to a backbone knob position, is the same as the
lattice previously discussed. DNA backbone knob packing is very inconsistent across areas of the
a-helix, resulting in many overlapping borders. B) The left DNA duplex shows the frequencies
that each DNA knob packs into the proposed protein recognition core within the 85 packing

interfaces between a bZIP helix and the respective DNA half-site, considering a DNA knob as
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(Continued, Figure 9) packed if the total packing cliques involve the core region. Significant
knobs are bordered by the color corresponding to the protein lattices of part A, showing a
localized base preference compared to the backbone knobs. Base 3p and +1n seemingly pack
frequently into the recognition core, though most of the packing interactions involve two
residues compared to the common three-residue contacts seen in the four primary DNA base
positions. The right DNA duplex groups the frequencies of each DNA knob that packs outside of
the recognition core within the 85 packing interfaces between bZIP and DNA half-site. The DNA
base knobs pack inconsistently, while most of the DNA backbone packs outside of the
recognition core. Backbone packing is not localized, as shown by the expanded range of knobs
from -2p to +4n. C) The recognition core of the protein a-helix recognizes the DNA half-site by
packing four primary bases. The core is formed by the common o-helix packing areas denoted
P1, P2, N3, and N4 that correspond to the DNA base knobs from positions 1p, 2p, 3n, and 4n.
The regions P2 and N4 pack bases 2p and 4n. The two regions P1 and N3 pack bases 1p and 3n
and were expanded by an additional residue to span a pocket region to account for potential

influences of residues 1 and 7.

For all the DNA half-sites, the frequencies of packing groups between DNA knobs and
protein residue groups were mapped onto protein a-helical lattices without regard to amino acid
or DNA sequence, in order to reveal any consistent packing schemes. Because DNA in the
modified KS is defined to pack with two types of knobs: backbone and base, each type of knob’s
packing group was overlaid onto its own protein a-helical lattice, which created the two lattices
shown in Figure 9A. A full account of DNA knobs into bZIP a-helix sockets is shown in

Supplementary Figure S2. The distinct separation of packing patterns between the base knobs
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(Figure 9A, left) and backbone knobs (Figure 9A, right) highlights the importance of modifying

the KS analysis for DNA. In particular, specificity for recognizing the base knobs by the bZIP a-
helix is clearly identifiable outside of the disperse packing by backbone knobs. The other distinct
characteristic of DNA nucleotide packing revealed by the modified KS analysis is that the a-
helix does not recognize the half-site all on the positive strand as is commonly assumed. Instead,
the modified KS analysis reveals that the a-helix primarily packs the positive strand for the first
two nucleotides 1p and 2p and the negative strand for the last two nucleotides 3n and 4n. This
splitting across the positive and negative strands is especially evident in the nucleotide base knob
packing shown on the left part of Figure 9A and is mostly echoed by the nucleotide backbone
knob packing shown on the right part of Figure 9A.

For the nucleotide base packing (Figure 9A, left lattice), the collated DNA base to protein
interactions show distinct and localized DNA packing regions on the a-helical lattice for the four
half-site bases. The mapping using the aligned residue positions consistent between all bZIPs
identifies a clear packing area on the a-helical lattice. For reference, the conserved Asn is at
position -4 and the conserved Arg is at position 4. The recognition of the four base DNA half-site
consists of a core region in a quadripartite diamond pattern that spans o-helical positions -7 to 7.
For each of the four nucleotide bases acting as a knob, the most common packing pattern
involved three or four protein residues that formed filled sockets and pockets, respectively.
Following DNA base order, 1p packs into a three-residue socket localized around a-helical
residues -3, 0, and 4 that also occasionally packs with base 2p. This socket/pocket is in the upper
right quadrant of the diamond. In several half-site packing interfaces, 1p also packs two residue
pairs involving -3 to 0 and O to 4; as the base contacts three local protein residues, the two

residue pairs form a “pseudo-socket” with possible levels of specificity. In the bottom lower right
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quadrant, 2p packs into a pocket formed from adjacent sockets consisting of residues -7, -4, -3,
and 0; the low-H socket has lower packing frequencies with 2p then does the high-H socket. As
previously mentioned, 2p also packs into the elongated 3 socket with 1p, albeit at a much lower
frequency. This overlap may be the result of the orientation of bZIP helix and major groove, and
likely does not contribute to specificity as well as the packing between 1p and the elongated
socket. From these first two nucleotide bases on the positive strand, packing now switches to the
negative strand for the last two nucleotide bases. In the top upper left quadrant, 3n packs into a
low-H 2:1 socket including residues 0, 3, and 4 with little to no crossover. In the lower right
quadrant, 4n packs into the pocket consisting of residues -4, -1, 0, and 3; similar to the 2n pocket,
the 4n pocket is formed from two separate sockets. Packing of 4n has virtually no overlap with
other bases and is the most consistent packing base position of all four half-site bases. As
indicated by the darker shade of red and green, bases 2p and 4n, respectively, have near constant
frequencies, which strongly indicates their roles in DNA sequence recognition. In contrast, bases
1p and 3n have lower packing frequencies compared to 2p and 4n. The lower packing
frequencies and smaller packing area of both 1p and 3n implicate lower specificity stringency
and lower conservation of knob-to-socket propensities.

In the right lattice of Figure 9A, the packing of nucleotide backbone knobs into the bZIP
a-helix clearly shows the importance of modifying the KS analysis to consider the nucleotide
base and backbone separately. The common backbone knobs range from DNA positions -1 to +2,
which is far more than the four DNA base positions that are commonly considered involved in
sequence recognition. The frequency of backbone packing decreases overall while the packing
area and socket range increases, which implies that backbone packing is neither localized nor

specific to sequence. In other words, the packing of knobs from the backbone is less distinct with
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more overlaps between residues. Since the sugar-phosphate backbone groups are the same for all
nucleotides and therefore would not contribute to specificity, the lack of definition and
consistency in packing is to be expected. However, the DNA backbone knobs pack into areas on
the bZIP o-helix that are peripheral and complementary to the diamond recognition core of the
base knobs with minor overlap between the backbone of 1p and 2p into the core region. If
backbone and base knobs were considered together, the bZIP diamond shaped quadripartite
recognition core would become lost in the indistinct packing of the backbone knobs.

Figure 9B depicts the frequency distribution of corresponding DN A knobs that pack into
bZIP a-helix sockets discussed above. Therefore, the DNA knob frequency was classified based
on packing into the recognition core (Figure 9B, left) or into the peripheral socket regions around
the core (Figure 9B, right). The DNA lattices in Figure 9B show the frequency at which each
possible DNA knob packs into the major groove either in residue pairs, protein sockets, or
protein pockets. Both lattices in Figure 9B sort all packing cliques from each half-site to consider
if each DNA knob in the sequence packed the core or the peripheral region, where 85 is the
maximum frequency value. Consistent with the analysis of a-helix sockets, the majority of DNA
knob packing into the recognition core region was primarily due to base knobs 1p, 2p, 3n, and 4n
(Figure 9B, left), and again, bZIP recognition of half-sites is split across both positive and
negative strands. Also, the packing of base knobs at the first two positions on the negative strand
In and 2n is negligible. Although the bases of nucleotide position 3p and 4p pack frequently with
the protein, they primarily contact two residues rather than three, which does not significantly
contribute to specificity (Supplemental Figure S2A). While protein contacts with 3p and 4p are
semi-consistent, sockets and pseudo-sockets are not as consistent as the preceding base 2p; a

similar pattern occurs with base +1n, where consistent packing with residues -4 and -1 do not
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confer significant specificity, as residue -4 is invariant. The backbone knobs of -1p and 2p also
interact with the recognition core, although usually not into sockets or pseudo-sockets
(Supplemental Figure S2B). The backbone knob of 1p, as indicated in Figure 9A, packs in the
other elongated socket adjacent to the 1p base; the 1p base knob packs with -3, 0, and 4, while
the 1p backbone packs with -3, 1, and 4, essentially completing the thomboidal region.
Additionally, the base knobs of 3p and +1n contact the recognition core frequently as well,
although the contacts typically involve protein residue pairs rather than residue trios as
previously discussed (Supplemental Figure S2A). These base contacts are likely due to the deep
pocket packing of upstream DNA bases 2p and 4n, rather than specific recognition of 3p and 5n.
Additionally, although bases 1p and 3n pack into sockets, the general 2(2:1) filled pocket shape
of 2p and 4n may also apply to 1p and 3n, where residues 1 and 7 may play a role in specificity
that rejects nitrogenous base packing. Packing data additionally reveals the packing frequency
outside the recognition core, where the majority of knob packing was limited to DNA backbone,
as explained in the corresponding knob frequency DNA duplex lattice (Figure 9B, right). The
peripheral packing DNA frequency lattice has little to no base packing, supporting the localized
base recognition core model. A large range of DNA backbone knobs pack into the peripheral
region around the recognition core, spanning base pair -2 to +3. DNA backbone packing does not
have any major overlap with the regions packed by DNA knobs, as such, the packing between
DNA base and backbone are complementary to each other. Backbone packing around the
recognition core spans beyond the half-site sequence and is inconsistent compared to the packing
frequencies of the DN A bases into the recognition core, supporting the proposition that DNA

backbone packing contributes more to affinity rather than specificity.
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From these analyses of the DN A knobs packing into the bZIP a-helical socket lattice, a

simple model of protein a-helix recognition of DNA bases can be made (Figure 9C). The packing
of a four base pair DNA half-site is dependent on the bZIP quadripartite recognition core shown
in Figure 9C, where the four primary base knobs are packed into a specific region defined by the
invariant bZIP a-helical residues Asn and Arg at positions -4 and 4. The proposed nine-residue
DNA recognition core defines a quadripartite region that packs knobs from each of the four
positions in a DNA half-site. Rather than recognizing base positions along a single strand of a
half-site, bZIP a-helices specifically pack the first two bases on the positive strand of a half-site
and the last two bases on the negative strand. These base knobs are denoted 1p, 2p, 3n, and 4n,
and pack into the corresponding pockets on the bZIP a-helical socket lattice: 1p packs into P1,
2p into P2, 3n into N3, and 4n into N4, as noted in Figure 9C. The four pockets P1, P2, N3, and
N4 define the bZIP quadripartite recognition core that surrounds the invariant Asn at -4 and Arg
at 4 and mainly consists of residues -7, -4, -3, -1, 0, 3, and 4. While residues 1 and 7 are included
in the depiction of the recognition cores, base knobs 1p and 3n have limited interactions with
residues 1 and 7, respectively. These nine residues pack the four base positions consistently
across all analyzed crystal structures of various protein and DNA sequences. DNA recognition in
a bZIP-DNA complex is dependent on these four DN A nucleotides, split across the positive and

negative strand, and the nine-residue recognition core on the bZIP a-helix.
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Protein Pocket Composition Specificity of DNA Bases
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Region Base Packing Frequency Region Base Packing Frequency
P1 Ip P2 2p
-3:0 1:4 dA dT dG dC 5mC -7.-4-3.0 dA dT dG dC 5mC
K:AAR 1/1 4/6  1/1 R:NK:A 9/9
K:AR:R 1/1 R:NN:A 22 212
N:AR:R 4/4 L:NR:A 373
R:AA:R /1 01 R:NR:A 072 14/14
R:AQ:R 3/5 012 T:NR:A 9/9
R:AR:R /3 11 RNT:A 6/6
R:AS:R 12 2/5 18 K:NR:Q 2/2
T:AR:R 45 11 R:NR:S 373 1/1
R:QR:R 2/2 R:NN:V  6/6 2222 4/4
R:SR:R 02 272
N:VR:R 14/25  2/7
N3 3n N4 4n
0:34.7 dA dT dG dC  5mC 4-103 dA dT dG  dC 5mC
A:CR:K 0/5 N:AA:C 12/12
A:CR:R /1 2/15 N:YA:C 9/9
A:SR:A 4/4 N:AA:S 24/24 0/1 11
A:SR:F 0/2 N:AQ:F 2/2
A:SR:K 0/1  2/16 N:AS:C 2/2
A:SR:R 0/3 N:AS:S 2/2
Q:FR:K 1/2 N:AV:S 32/32
S:CR:F 0/2
S:SR:F 0/1 11
V:SR:A 27127 4/5

Note. Packing interactions separated by recognition core region as shown in Figure 9C. For each

half-site, packing interactions of DNA positions 1p, 2p, 3n, and 4n were grouped with the

respective region. Studies included the 4 standard bases of dA, dT, dG, and dC as well as 5-

methylcytosine (SmC). Each nucleotide base knob contacted at least three protein residues in the

packing region to be considered significant to specificity, regardless of packing mechanism and

orientation. So, when an entry shows 1/7, this indicates that the DNA base packed only one time

into a particular packing region’s amino acid composition out of the seven instances of that
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(Continued, Table 1) specific DNA base and region amino acid composition are found out of 85
half-site instances. The pocket composition corresponds to the given relative residue number
position in the bZIP a-helix recognition core. For example, when using the KS pocket
nomenclature and region N3 (0:3 4:7) is occupied by V:SR:A, the residues are Val at position 0,
Ser at position 3, Arg at position 4, and Ala at position 7, respectively. The packing frequency of
the DN A base composition into the corresponding region per sequence composition is compared
to the frequency the DNA nucleotide occupies the knob position while the respective region is
composed of said amino acid sequence. As a type of amino acid packing code for DNA bases,
these tables reveal the propensities a protein packing region is likely to be filled by a specific
DNA knob at the relative DNA position, where recognition of a DNA base differs based on
region composition. Most frequent and consistent packing involves recognizing dT and thymine
analogues, especially in regions P2 and N4. Region N3 also recognizes dT, though packing is

less frequent, paralleling the lower packing frequencies seen in Figure 9A.

To investigate protein sequence specificity for DNA bases, Table 1 summarizes all DNA
base knob to a-helical region packing frequencies split into four tables corresponding to the four
regions making up the quadripartite recognition core: P1, P2, N3, and N4, respectively. Each
table compares one of these 4 protein region’s amino acid sequence composition to each of the
five DNA bases dA, dT, dG, dC, and 5-methylcytosine (5SmC). Because these frequencies only
come from a non-exhaustive sample of 85 half-sites, the packing frequencies are only suggestive;
however, some inferences can be made. In this table, the KS nomenclature is used to simplify
the referencing between relative position in the bZIP o-helix recognition core and amino acid.

For example, region P1 is composed of residue positions -3, 0, 1, and 4 (see Figure 9C). When
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P1’s sequence is denoted N:AR:R, the region consists of Asn at position -3, Ala at 0, Arg at 1,

and Arg at 4. Also, all the regions include one position with either of the conserved amino acids
Asn at -4 and Arg at 4, so specificity for DNA base packing is determined and will be discussed
by the other 3 residues of the pocket. In region P1, dG is found predominantly 59 times or 69%
in this data set, but only packs into the region P1 pocket 36 times. In general, as shown in the left
of Figure 9A, P1 packs the DNA base at 46 of 85 or 54% of the time. The P1 region’s variable
pocket positions are -3, 0, and 1, but packing doesn’t include position (Figure 9C). Position -3
consists primarily of charge or polar residues Lys and Arg or Asn or Thr, respectively, and
position 0 consists of hydrophobic or polar residues Ala and Val or Ser and Gln, respectively.
However, the sequences do not show any DNA base preference when there is packing. For
instance the K:AA:R pocket composition packs dT, dG and dC. In contrast, the P2 region bases
pack 83 out of 85 half-sites. The only two instances of no packing are dA for the sequence
R:NR:A. Consistently for the P2 region, whenever there is a dT, there is packing. The dT bases
packs into seven different P2 -7:-4,-3:0 pocket compositions, where the variable positions consist
of the following amino acids: positions -7 and -3 are Arg, Lys, and Thr, and position 0 are Ala,
Val, Ser and GIn. Analyzing the two sequences that do not pack dT - R:NN:A and R:NN:V, it
seems that having an Asn at position -3 is specific to not packing dT, since having an Arg at
position 7 and Ala at position 0 are found in two other region pockets that pack dT. Interestingly,
both of these compositions can pack SmC, which has a methyl group similar to dT. For the N3
region, primarily dG and dT are found at 3p of the half-site sequence in the data set with only
one instance of SmC. Of the 49 instances that dG could pack into the N3 region, packing occurs
only 8 times. In contrast, dT packs in 33 of 35 possible instances and SmC packs in the one

instance. These results strongly suggest that dT is recognized, but the dG doesn’t demonstrate
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strong interactions and therefore, less specificity. Comparing N3 pocket 0:3,4:7 region sequences
for dT packing, a Phe at position 7 disfavors dT packing, whereas having a hydrophobic at
position 0 (Ala or Val) and position 7 (Ala) favors dT binding in the sequence compositions
A:SR:A and V:SRA. While the Ser at position 3 is also conserved, it is also found in N3 region
sequences that do not pack dT. It is surprising that position 7 in N3 seems exerts influence on
packing specificity, since it doesn’t directly pack (Figure 9A, left). These results suggest indirect
effects such as a bulky Phe at position 7 blocking dT packing and a small Ala allowing packing.
In the data set, region N4 almost always packs a dT, and similar to region P2, it packs dT 83 out
of 83 instances. For the other two, dC is not packed and SmC is. Because all the region N4
pocket -4:-1,0:3 sequence compositions pack dT, the only inference about packing is that
position -1 is always an Ala. Position 0 varies with Ala, Val, Ser, and Gln as does Position 3 Cys,
Ser, and Phe. Overall, the results strongly support that bZIP a-helix specificity for DNA bases
primarily occurs primarily through methyl group recognition on dT or 5-methylcytosine by the
four regions of the quadripartite recognition core.

By comparing the amino acid composition of sockets used for DN A base methyl
recognition to sockets that pack in proteins, insight can be found for the fundamental
requirements and possible mechanism of protein recognition of DNA. Supplemental Figure S3
compares the region sequences listed in Table 1 to packing propensities collated from o-helix
pocket packing in the PDB (4). The shading indicates the frequency at which a pocket is found
filled with another knob. The most common filled sockets and pockets are relatively hydrophobic
and are typically packed with another hydrophobic knob; the common amino acid in both knobs
and sockets is leucine. When comparing packing preferences in Table 1 to the results and

packing propensities in Supplemental Figure S3, the most prevalent and filled sockets are in
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region N4. Regions P1 and N3 consist of several pocket sequences that are slightly more
frequent than the other possible sequences, though the filled propensities are generally lower
than those of N4. Overall, no pocket sequence that packs DNA is highly common in protein
packing. Because of the conserved Asn at position -4 and the Arg at position 4, these results
make sense in the context that proteins binding DN A must bind in the environment of a double
helix’s charged sugar phosphate backbone. Any pocket including an Asn or Arg is not a strong
hydrophobic packing target, yet in the context of the DNA duplex, these are favorable. In
addition, hydrophobic pockets on an a-helix promotes protein-protein interactions, so in this
way, the composition of the pockets in the basic region of the bZIP a-helix favors DNA
interactions by disfavoring protein ones. Lastly, the amino acid composition of the quadripartite
region pockets does not strongly favor a-helix formation, which may play a role in the

metastable mechanism necessary to sample DNA sequences to find the right target sequence.
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Protein Residue Knobs Packing into DNA Backbone and Base Sockets

Figure 10

Protein Knob Packing into Socket of DNA Major Groove

-2p -2n  -2p -2n

L 1p 1n

2p 2n "

3p 3n L2

4p 4n <
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+2p +2n +2p— +2n  +2p +9n
#3p—— 480 +8p—— N30 +3p— 1430
+4p—— ——#4n +4pl— ——+4n +#4p——  ——+4n

Note. A) The a-helix lattices show the frequency each protein knob packing into the DNA duplex
throughout the 85 half-sites grouped according to knob packing into each of the 3 lanes of the

DNA major groove lattice: positive backbone strand lane (PL), middle base lane (ML), and
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(Continued, Figure 10) negative backbone strand lane (NL), where protein knobs are colored
shades of orange, blue and green, respectively, according to their frequency of packing. Knobs in
the protein lattice can be grouped according to i+4 ridges, which each correspond to a face of the
a-helix (see Figure 3F). In this model, ridges are categorized relative to the ridge packing into
the middle DNA base lane (ML), which is denoted as 0 ridge and is composed of -4, 0, and 4
protein residues. The +1 ridge is composed of the protein residues one position higher than those
of 0 ridge, while the -1 ridge is composed of residues one position lower than the 0 ridge.
Because of the circular nature of the o-helix, the +2 ridge is the same as the -2 ridge. Since this
ridge faces opposite towards the solvent than the centrally packing 0 ridge, it is considered the
solvent ridge. As shown in the first protein lattice, packing of protein knobs into the positive lane
primarily comes from the +1 ridge with some contributions from the 0 ridge. Similarly, as shown
in the third protein lattice, packing of protein knobs into the negative lane primarily comes from
the -1 ridge with some contributions from the 0 ridge. The middle lane formed by only DNA
base pairs is packed only by the protein knob residues on the 0 ridge: -8, -4, 0, and 4. While these
same residues are involved in packing into the positive and negative lanes, the middle lane is
packed solely by those four protein knobs. B) Three composite DNA lattice maps are shown
based on which ridge protein knobs originate. From left to right, areas packing the knobs from
the +1, 0, and -1 ridges are shaded orange, blue, and green, respectively according to

frequency. Only the highest packing frequency per socket area as well as how often each area is
packed by a specific protein knob is depicted. Packing by overlapping knobs is minimized for
clarity. The common areas of the DNA lattice where protein knobs pack are bordered. Clearly,
the +1 ridge only packs into the positive lane (left), and the -1 ridge packs only into the negative

lane (right). The middle lane (center) is often packed by the 0 ridge residues, but these residues
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(Continued, Figure 10) exhibit some overlapping packing area with the positive and negative
lanes. The majority of the middle lane packing involves the 0 ridge residues -4, 0 and 4. Note
that residues -4 and 4 are the invariant N and R, with residue 0 as the moderately conserved
amino acid. Overlap packing occurs with protein residues 4 and -8 that often pack into the

positive lane and negative lane.

In the same way that DN A knobs pack into specific areas on the protein lattice, protein
residue knobs pack into specific areas on the DNA duplex lattice. Figure 10A illustrates the
packing preference for each protein knob between the three DNA lanes, based on the
standardized bZIP-DNA half-sites. To help with position references, the recognition core is
shown in all the a-helical lattices, where positions can be found by referencing Figure 9C.
Protein residues packing into the PL and NL sockets primarily involve non-specific backbone
interactions, whereas the ML involves direct DNA base contacts. On the a-helix, the protein
knobs can be grouped based on the i+4 ridge that they occupy. The central ridge packs into the
DNA duplex and is denoted the 0 ridge, as it includes the residue at position 0 as well as the
invariant Asn at position -4 and Arg at position 4. The i+4 to the left contains residues -1 in
position to the 0 ridge and is denoted the -1 ridge. Likewise, the i+4 to the right is the +1 ridge.
Facing out towards the solvent, the ridges on the edge are the same due to the circular, repetitive
nature of an a-helix, and is called the solvent ridge. In general, packing into the DNA PL
involves only protein knobs from the 0 and +1 ridges; ML residues from only the 0 ridge; and
NL knobs from the 0, -1, and solvent ridges. The PL and NL consists of backbone sockets that do
not provide any specificity but are important for binding affinity within the charged phosphate

backbone. The PL is commonly packed with residues -7, -3, and 1; these three residues are one
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position higher than ridge 0 and are considered part of ridge +1. Residues -5, -1, and 3 pack into

the NL, therefore the i+4 ridge on which the three residues are found is considered ridge -1.
While the NL is also packed with residue 2, the packing is sparse and is not considered
significant. In contrast to the PL and NL, the ML consists of base sockets that allow
differentiation between DNA sequence positions. As a somewhat conserved position, residue 0
packs consistently into the ML and sometimes spills into the PL. The conserved residue Asn at
position -4 packs across all three lanes with a constant presence in the ML. Conserved residue
Arg at position 4 packs frequently into the ML, but also spans the PL just as frequently. Out of
residues -4, 0, and 4, residue 0 is the most central and specific to the ML. The conservation of
Asn at -4 and Arg at 4 between the different half-site specificities strongly suggests that they do
not strongly contribute to protein-DNA sequence specificity. The variation at residue 0 indicates
that this position is involved in DNA recognition of protein knobs. Lastly, the residue at position
-8 doesn’t pack consistently and when it does, it packs upstream of the recognition sequence.
The three packing i+4 ridges were used to split the protein knob data into the three composite
maps of Figure 10B. The higher frequency knob-socket cliques were mapped to reveal likely
areas where protein knobs recognize and pack into the DNA duplex. The DNA duplex lattices
reveal that the packing of the protein knobs is widespread and variable in comparison to the
DNA knob cliques. Ridges +1 and -1 pack into PL and NL, respectively, interacting with
backbone vertices to likely assist in the protein residue solvation into the DNA duplex major
groove. While these protein residues contact the base of the corresponding DNA lane, contacting
two DNA bases is not considered significant to base and sequence recognition. Ridge 0 packs
primarily into the ML, involving the most protein-base contacts between the macromolecules;

residue -8 packs into both ML and NL inconsistently, while residue 4 packs into the ML and PL.
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When comparing the overlap between -4, 0, and 4, it seems that the packing of -4 and 4 borders

and shifts with the packing mechanism of residue 0. Asn at position -4 and Arg at position 4 are
invariant while residue 0 is somewhat variable between 4 amino acids. Changes in specificity
and base recognition likely involves residue 0 over residues Asn at -4 and Arg at 4. The amino
acid occupying the Oth residue position is more involved in DNA recognition of protein knobs,
and ridge 0 is more involved in DNA recognition of protein knobs than ridges +1 and -1. The
packing region for residue 0 encapsulates base pairs 1 through 4, the nucleotide positions also

involved in DNA packing into bZIP helices.
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DNA Base Socket Packing of Protein Residue Knobs at Residue ()
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Base Pair Sequence

Residue 0 Packing Frequency

A Q S v
AA|TT 0/l
AT| TA 11
CA|GT 0/1 33
CC |GG 4/4
CT|GA 9/13 2
1, 2] GA|CT 13
GC | CG 072 8/18
GM | CG 0/1
GM | MG 02 0/4
GT|CA 11126 20 1”1
TT| AA 11
AA|TT 6/6
AC| TG 12
CA|GT 2 17/17
CC |GG 5/5
[2,3] MA | GT 2 4/4
MG | GM 11
TA | AT 2 2
TC |AG 33/39 33
AA|TT 5/5 2 2727
AG | TC 0/1
3.4] CA|GT 31/40 33 5/5
CG | GM 0/1
GA | MT 11

Note. Packing interactions are grouped by involved base pairs. For each half-site, packing

interactions of residue 0 were grouped with the respective adjacent base pair. Each protein knob

contacts at least three DNA residues in the base pair packing region to be considered significant

to specificity, regardless of packing mechanism and orientation. The base pair pocket

composition corresponds to the given base pair sequence (e.g., when [1, 2] has the sequence

AA|TT, 1p and 2p are both dA while 1n and 2n are both dT). The packing frequency of the

protein residue knob into the respective base pair pocket region per sequence is compared to the
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(Continued, Table 2) frequency the amino acid occupies the knob position 0, while the
corresponding base pair pocket is composed of said DNA sequence. These tables reveal the
propensities a protein packing region is likely to be filled by a specific DNA knob at the relative

DNA position, where recognition of a DNA base differs based on region composition.

Table 2 includes all packing frequencies between base pair pocket and protein residue
occupying position 0, analyzing how the protein knob packs into the three adjacent DNA
pockets: A, V, Q, or S. Each table details contact patterns between a four-body pocket between
the bases of adjacent base pairs. For example, [1, 2] describes the socket between 1p, 1n, 2p, and
2n, and is further described by sequence, where [1,2] CA|GT describes the socket formed from
dC 1p, dG 1n, dA 2p, and dT 2n. The DNA pocket composition and location are displayed along
with all found amino acid knobs for said region, analyzing the packing ratio for all residues at
position 0. There is little specificity for particular amino acids in the DNA recognition of protein.
This is expected since a 1 to 1 amino acid to nucleotide code has not been found (1,3).
Comparing the number of protein residues involved in bZIP-DNA contact interfaces compared to
the number of DN A nucleotides, recognition and specificity likely involves a greater number of

protein residues over its DNA counterpart.
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The bZip Recognition Core: Amino Acid Specific Packing of the Nucleotide Base 5-Methyl

Group

Figure 11

Generalized bZIP-DNA Recognition Model

A

Note. A) The nine-residue bZIP o-helix recognition core of a DNA half-site is shown. The four
pocket regions P1, P2, N3, and N4 packing the corresponding primary bases of the half-site 1p,
2p, 3n, and 4n form a quadripartite recognition region defined by nine residues: -7, -4, -3, -1, 0,

1, 3, 4, and 7. Pockets packing positive strand bases are colored in orange, while pockets packing
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(Continued, Figure 11) negative strand bases are colored in green. Protein residues of the
packing core are colored according to their i+4 ridge: -1 ridge in green, 0 ridge in blue, and +1
ridge in orange. These colors also correspond to which packing lane on the DNA that these
protein residues pack as knobs: residues -1, 3 and 7 pack into the positive lane; residues -4, 0 and
4 in the middle base lane; and residues -7, -3, and 1 in the negative lane. B) The DNA major
groove lattice is shown for the half-site. The numbering is based on the four positive strand half-
site nucleotides, where labels with “p” are positive strand, “n” are the negative strand, ““-”
indicate positions before the half-site and “+” indicate positions after the half-site. For further
correlation with part A, the backbone is colored orange for the positive strand and negative for
the negative strand. The first two bases 1p and 2p pack from the positive strand and are
correspondingly colored in orange, and the last two bases 3n and 4n pack from the negative
strand and are colored in green. The protein packing propensity into the DNA duplex is
dependent on the four half-site base pairs. The packing region into the DNA half-site is where the
majority of recognition is dependent on residue 0, the variable residue between -4, 0, and 4.
These three protein residue knobs are shown in their general packing pocket regions in the

middle base lane on the DNA lattice. Residue 8, despite packing into the middle lane, is far less

frequent compared to the conserved three residues and is therefore not shown.

From the KS sequence-dependent packing analysis shown in Figures 9 and 10, a bZIP-
DNA recognition model can be developed (Figure 11). The N-terminal basic domain of a bZIP a-
helix contains a quadripartite recognition core of four contiguous KS pockets (Figure 11A). The
recognition core surrounds the Asn at position -4 and Arg at position 4, two residues conserved

throughout the bZIP family. Localizing DNA base packing per half-site, DNA recognition by a
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bZIP protein is therefore dependent on nine residues total: -7, -4, -3, -1, 0, 3, 4, 7 based on the

relative numbering scheme, and includes three residues each from the +1, 0, and -1 i+4 ridges,
none of which are from the solvent ridge. Because they are contiguous to each other, there is a
certain symmetry relating the residues in quadripartite sequence to pockets. All the recognition
pockets include residue 0. Additionally, four residues are also shared between two adjacent
pocket regions: P1 and P2 share residue -3; P2 and N4 residue -4; N4 and N3 residue 3; and N3
and P1 residue 4. Lastly, residues -7, -1, 1, and 7 are unique to pockets P2, N4, N3, and P1. As
discussed above, though residues 1 and 7 do not consistently pack, these residues demonstrate
influence on dT recognition and are therefore included in the model. Each KS pocket interacts
with one of the four bases in the target DNA sequence half-site, but the bZIP a-helix recognizes
DNA bases split evenly across both the positive and negative strands: first two bases on the
positive strand and the last two bases on the negative strand (Figure 11B). Half-site recognition
involves four base positions: 1p, 2p, 3n, and 4n. Bases 1p and 2p are adjacent nucleotides in the
positive strand of the half-site, and 3n and 4n are adjacent nucleotides in the opposing negative
strand. The primary mechanism of specificity is the packing or non-packing of 5-methyl groups
of dT or SmC. In contrast, bZIP protein residue recognition by the DNA half-site duplex is far
more variable and inconsistent, centralizing around the middle residue between the invariant Asn
and Arg. Figure 10 and Table 2 reveals inconsistent protein knob packing into DNA duplexes,
contrasting the relatively consistent and frequent DNA base knob packing into bZIP helices
(Figure 9 and Table 1). The most consistent and localized packing involves residues -4, 0, and 4,
but based on their interactions, these residues primarily contribute to binding affinity rather than
recognition specificity. Packing of Asn at position -4 and Arg at position 4 bordered and

surrounded the packing pattern of residue 0, and likely does not contribute to specificity since
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both residues are highly conserved. Analysis of the single residue 0 does not yield a clear
recognition of protein residues, implicating a far larger contribution to specificity by DNA
packing into the recognition core on each bZIP helix than by protein packing into the DNA ML.
The analysis does show that a Val at position 0 limits packing of only 2 dT into the recognition
core.

DNA base packing interactions for dA, dG, and dC were inconsistent with no clear
recognition pattern that discriminately packs any of the three nitrogenous bases, regardless of
recognition core region. Due to the small number of crystal structures analyzed and bZIP-DNA
combinations, specific packing and recognition of dA, dG, and dC could not be correlated to
sequence dependencies between recognition core sequence and DNA half-site sequence. DNA
base packing was consistent for dT and 5-methyl containing analogues, such as SmC.
Recognition of half-sites heavily involves recognition of the methyl group of dT and similar
analogues, where dT is typically located at the 2p and 4n positions in the DNA sequence and
packed into the P2 and N4 region of the recognition core. dT is also occasionally found at the 3n

position packing into the N3 region, typically when dT does not occupy the 2p position.
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CHAPTER 4: CONCLUSION

Identifying the mechanism of protein-DNA specificity is a well-recognized challenge
even with the amount of experimental data and number of protein structures (1,3). As a step
forward, the KS model was used to classify quaternary packing in bZIP-DNA co-crystal
structures by considering multi-body interactions and lattice maps regularizing packing surfaces.
The KS analysis finds that the bZIP-DNA recognition is primarily mediated through packing and
non-packing of the 5-methyl group of dT, which is also found on the SmC nucleotide (Figure 9
and Table 1). Consistent with previous investigations, the DNA does not recognize specific
amino acids, but interactions contribute to binding affinity (Figure 10 and Table 2). While many
protein residues in the basic region of a bZIP a-helix interact with the DN A backbone to stabilize
binding Figure 9A, a quadripartite recognition core defined by nine amino acid residues was
identified as the primary packing regions for the target DNA bases (Figures 9A,C and 11). Using
the relative positions shown in Figure 9C, the recognition core surrounds invariant residues Asn
at position -4 and Arg at position 4 and consists of four KS pockets named P1, P2, N3, and N4
that each bind one of the four DNA bases in a target sequence’s half-site (Figure 11).
Interestingly, the sockets made do not have a high propensity to be a-helical (Supplemental
Figure S3), which may be important to the need for an unstructured state to sample target
sequences in the charged DNA duplex. Packing occurs only with one base in the base pair, and
the packed bases are split between the positive and negative strands. The first two DNA positions
1p and 2p on the positive strand pack into the P1 and P2 sites on the bZIP o-helix, and the last
two DNA positions 3n and 4n on the negative strand pack into the N3 and N4 sites, respectively.

Table 1 identifies packing and amino acid sequence preferences. At region P1, none of the bases
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pack or are significantly recognized. While dG is the primary residue found at P1, it only packs

into the KS pocket 36 out of 59 times or 61%, and a similar result is found for dC 8 of 22 or
36%. In region P2, dT and dC are found predominantly, where dT always packs. Interestingly, an
Asn at relative a-helix position -3 in this pocket consistently doesn’t pack dT. Residue -3 is also
shared with P1 pocket packing; however, an Asn does strongly influence P1 packing. KS pocket
region N3 only packs dT and dG, where a Phe at position 7 seems not to favor dT packing. While
position 7 doesn’t directly pack in the N3 pocket, the bulkiness at this position allows
recognition of dT. N4 only packs dT. So, dT is often packed into region P2 and N4. Prior studies
emphasize the importance of the dT methyl group (15,53,56), which P2 and N4 recognize and
pack. Similarly, 5SmC also packs into the a-helix region P2 as well as N4. Of the five nucleotide
types, dT and SmC, which both have a methyl group, have a clear recognition mechanism unlike
the other nucleotides. Throughout the four tables, dA, dG, and dC are shown to pack infrequently
and inconsistently to any of the four regions in the quadripartite packing core. In terms of the
packing regions, corroborating the findings shown by the Figure 9A, left, regions P1 and N3 are
packed inconsistently. Regions P2 and N4 contribute more to packing and specificity due to their
consistent packing patterns compared to the other two regions. Therefore, the primary

mechanism found by the KS model is the preference of packing the 5-methyl group from dT.
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Appendix
DNA Target Reference

PDB ID Name Sequence

1a02 Fos-Jun / AP-1 TGTTTCA (37)
1dgc GCN4 CRE (36)
1dh3 CREB CRE (35)
1fos c-Fos-c-Jun TRE (13)
1gd2 PAP1 TTACGTAA (10)
1gtw C/EBPB TTGCGCCA (44)
1gu4 C/EBPB TTGCGCAA (39)
1gu5 C/EBPB TTGGCCAA (42)
1h88 C/EBPB TGGCGCAA (39)
1h89 C/EBPB TGGCGCAA (39)
1h8a C/EBPB TGGCGCAA (39)
1hjb C/EBPB TTTCCAAA (38)
1io4 C/EBPB TTTCCAAA (38)
1jnm c-Jun CRE (40)
1nwq C/EBPa TTGCGCAA (41)
159k Fos-Jun TGTGTAA (45)
1skn Skn-1 GTCA (29)
1t2k ATF-2/c-Jun TGACATAG (43)
1ysa GCN4 TRE 17)
2c9l BZLF1 TRE (46)
2c9n BZLF1 TRE (46)
2dgc GCN4 CRE (12)
2e42 C/EBPB (V285A)  TTGCGCAA (48)
2e43 C/EBPB (K269A)  TTGCGCAA (48)
2h7h Jun AP-1/TRE 47)
2wt7 MafB-c-Fos TGACTCA (52)
2wty MafB T-MARE (52)
3a5t MafG TGAGTCA (50)
4auw MafB C-MARE (49)
4eot MafA MARE (51)
5szx Zta TCGCTCA (methyl) (53)
5t01 Jun TGACTCG (methyl) (53)
5vpe FosB-Jun-D TGACTCA (54)
5vpf FosB-Jun-D TGACTCA (54)
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6mg1 C/EBPB TTGCGCAA (15)
6mg2 C/EBPB TTGCGCAA (15)
6mg3 C/EBPB TTGCGCAA (15)

Table S1: List of PDB codes, bZIP names, target sequences, and their references.
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3" ACTGAGT 5’

4EOT

dG19 L.t . dc2

Supplemental Figure S1: Packing maps of bZIP-DNA complexes. 28 of the PDB files were used
in these maps, displaying packing trends throughout the bZIP-DNA complexes and half-sites

from four- and five-body packing cliques.
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Supplemental Figure S2: Individual Packing Patterns of the a-helical Packing Surface
Corresponding to DNA Knob Position Frequencies. Excised portions of protein lattices are
shown displaying the common sockets and areas where DN A knobs pack into the helix,
categorized by the base number and position. Nucleotide and amino acid sequence composition
is not considered for this figure. The packing groups are displayed before superimposition in
Figure 9, where infrequent or uncommon interactions were excluded from the composite protein
lattice. Socket shading corresponds to the highest frequency of a DNA knob packing into the
socket, rather than packing overall. Additionally, shaded bolded lines indicate contact groups

with two protein residues. Sockets and residue pairs corresponding to knobs of the positive
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strand were shaded orange, while sockets packing with negative strand bases were shaded green.
A) The individual packing patterns of DNA base knobs are separated by both position and strand,
allowing for direct comparison for similar packing mechanisms prior to superimposition. B)
Similar to part A, the individual packing patterns display the frequency and area of DNA

backbone packing.
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Supplemental Figure S3: Filled propensities of the four recognition regions. All possible pocket
sequences were found in previous filled-free propensity data, where the individual sockets’ filled
propensities were summed to display the stability and frequency of said pocket sequence
throughout the PDB database. The darker the shade of the heatmap cell, the more likely the
pocket is found and packed by a knob. The set of heatmaps are separated based on region: P1,

P2, N3, and N4. Each region has four separate heatmaps, representing the four amino acids (i.e.,
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A, V, Q, and S) found at residue 0 which is shared by all four recognition regions. The four P1

heatmaps, for example, are titled x:Ay:R, x:Vy:R, x:Qy:R, x:Sy:R, corresponding to the four
residues of the P1 pocket: -3, 0, 1, 4. The last residue of the socket sequences is the invariant
arginine, while the second residue of the sequences is the highly conserved residue 0. The “x”
and “y” residues of the P1 socket sequence are highly variable and are represented by the x- and
y-axes of the heatmaps. A similar numbering scheme is applied across all four regions. Within
the heatmaps of a single region, colored squares represent the region sequences found in the
crystal structure dataset. The border squares are colored according to the nucleotide most
frequently found in the respective DNA position: dA is green, dT is red, dC is blue, dG is yellow,

and 5mC is purple.
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