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Abstract

By Taylor R. Rabara

University of the Pacific
2019

The novel knob-socket (KS) model provides a construct to interpret and analyze the
direct contributions of amino acid residues to the stability in a-helical protein structures. Based
on residue preferences derived from a set of protein structures, the KS construct characterizes
intra- and inter-helical packing into regular patterns of simple motifs. The KS model was used in
the de novo design of an a-helical homodimer, KSa1.1. Using site-directed mutagenesis,
KSal.1 point mutants were designed to selectively increase and decrease stability by relating KS
propensities with changes to a-helical structure. This study suggests that the sockets from the
KS Model can be used as a measure of a-helical structure and stability.

The KS model was also used to investigate coiled-coil specificity in bZIP proteins.
Identifying and characterizing the interactions that determine the dimerization specificity
between bZIP proteins is a crucial factor in better understanding disease formation and
proliferation, as well as developing drugs or therapeutics to combat these diseases. Knob-Socket
mapping methods identified Asn residues at a positions within the helices, and were determined
to be crucial factors in coiled-coil specificity. Site-directed mutagenesis was conducted to
investigate the role of the Asn residues, as well as the role played by the neighboring residues at

the g and b positions. The results indicate that the Asn at the a position defines coiled-coil



specificity, and that the Knob-Socket model can be used to determine bZIP protein quaternary

interactions.
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CHAPTER 1: INTRODUCTION

Over the last several decades, scientists have looked to solve the protein-folding problem
as an in-road to protein design [3, 4]. Classically, the protein-folding problem investigated the
path of folding [6], but the focus of the protein-folding problem involves being able to predict
the native protein structure from a given sequence [7, 8]. Although protein primary and
secondary structure is well defined, the way in which the individual amino acid residues interact
to form higher ordered structures remains relatively unknown. This lack of understanding of
amino acid residues interactions also extends to an inability to accurately predict changes in
structure or stability based on single mutations in a protein sequence [9-12]. To make progress
in this fundamental area of protein design, the underlying physical principles between amino acid
residues in a protein needs to be better characterized. The properties that define residue
interactions are the hydrophobic force and a continuum of electrostatic interactions: long range
charge attractions between positively and negative charged residues to short range polar
hydrogen bonding and charge attraction/repulsions of van der Waals forces [13-15]. However,
with a wealth of sequence information from genomic initiatives, the major advancement in the
field has been the development of computational methods to predict and model protein folding
based primarily on statistical analyses of the large sequence and structure databases [16-18]. By
utilizing massive computing resources, successful design, synthesis and testing of mini-proteins
has been reported [19, 20]. Following in the same approach, a deep dive into the residue packing
interactions of the protein structures deposited in the Protein Data Bank [21] discovered a simple
motif that describes the packing interactions between residues called the Knob-Socket motif [1,
2,22,23]. The goal of the work described in this thesis is to experimentally validate the ability

of the Knob-Socket model to accurately analyze, predict, and design protein structure. The
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experimental work can be divided into 2 main studies; investigating o-helix stability as well

as characterizing the determinants of specificity in a-helical coiled-coils.
Protein Structure

The study of protein structure stretches back almost 70 years with an initial recognition
that protein structure can be generally divided into 4 general levels [24, 25]. From the backbone
to the structure and chemistry of each of the 20 coded amino acids as well as post-translational
modifications, the primary structure of proteins is very well understood. At this level of
structure, a single protein polypeptide is composed of a linear chain of amino acids linked
together through peptide bonds. This peptide linkage between an amino group of one residue
and a carboxyl group of another residue occurs through a dehydration reaction. Biologically,
these bonds are formed during the process of translation from a mRNA transcript, which
produces an expressed protein product from the genetic code. The peptide bond between each
amino acid residue was recognized as possessing a unique planar structure [26, 27] which
constrains the backbone and provides a structural basis for the next level of protein structure.

Because the planarity locks the peptide bond’s ® torsion angle at 0° or 180°, each residue

possesses 2 torsion angles ¢ and \ that are free to rotate, and the set of residue ¢ and y torsion
angles can be plotted to provide an indication of protein backbone conformation formally named
a Ramachandran plot [28]. Early on, the hydrophobic effect was recognized as the dominant
force driving a protein to a folded state [15, 29-32]. In addition, the order of amino acids and
therefore, the chemical interplay between the sidechain residues was shown to determine a
polypeptide to a single structure [33, 34]. These interactions determine the remaining 3 levels of

protein structure; however, the rules governing higher order protein structure still remain to be
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defined, even though the forces involved in protein folding have been well known for a number
of years [15].

Because of this lack of knowledge, the higher levels of proteins structure are less well
characterized, and predictions at these levels of structure rely heavily on statistical analyses of
sequence and structural databases. The hydrogen bonding pattern of the main chain polar groups
making up the peptide bond define secondary structure of proteins. Well before the first protein
structures were solved [35-37], the different types of secondary structure had already been
modeled based on hydrogen bond configurations [38-40]. Essentially, protein secondary
structure can be divided into 2 general classes or regular and irregular secondary structure. The

regular secondary structure of a-helices and B-sheets exhibit patterns of hydrogen bonding as

well as defined backbone dihedral angles. Right-handed a-helices are the most well
characterized secondary structures, and are defined by the repeated hydrogen bonding pattern
between the backbone carbonyl of an amino acid, i, with the amino group of the i+4 residue [41].
Extended backbone strands make hydrogen bonds with each other to form parallel and anti-
parallel B-sheets[42]. Additionally, irregular secondary structure is called random coil, which
includes everything not classified as regular. Often, random coils are split into the subsets of
turns which are short (3 to 4 residue) hydrogen bonded segments between regular secondary
structure, and loops which are the longer irregular coils. While a great deal of work has been
invested in understanding secondary structure [43-45], the best methods for predicting protein
secondary structure remain statistical methods based on deep sequence alignments and matching
[46,47]. One of the reasons behind this difficulty is the need for a better understanding of how

individual residues contribute to protein secondary structure.
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However, protein secondary structure is intimately entangled with the next level of
protein structure called tertiary structure, where these secondary structure segments pack to form
higher ordered structures. While there are several intramolecular forces at play [15], tertiary
structure is primarily driven by the hydrophobic effect [48, 49], where non-polar groups bury in
the core to allow an increase in water entropy. As with secondary structure, protein tertiary
structure has been extensively studied and characterized [50-54], however, the best methods have
been computational knowledge-based methods for predicting and understanding protein tertiary
structure [16, 55, 56]. At the final level of protein structure, protein-protein interaction between
two or more folded proteins is described as protein quaternary structure [15, 57-59]. These
interactions are composed of the same non-covalent forces used to hold the individual peptide
chains together in the lower ordered structures such as the hydrophobic effect, but it has been
found that specificity is mediated by certain polar side-chains [60-62]. Prediction and modeling
at this level has required the help of experimental data [63] as well as computational modelling
[64, 65].

To make progress in the protein structure field, an underlying need in understanding the
higher levels of protein structure is to relate protein sequence to structural arrangements in space.
In many ways, this requirement is obvious yet has remained the crux of the problem in
determining structure from a protein sequence. Current successful main-chain centric methods
of structure prediction build models by segmenting the protein sequence into a library of
statistically likely backbone fragments and guiding large-scale, stochastic sampling of fragment
combinations with knowledge-based scores of common protein features [66, 67]. The packing of
side-chain residues is usually the last step in the prediction process, although it is the chemistry

between the side-chain residues that determine a protein’s fold [10]. While correlations between
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pairs of protein residues have been found, finding consistent packing patterns has been
challenging for pair-wise approaches. The main problem in studying protein side-chain packing
has been finding a way to identify order from interactions that largely result from non-specific
van der Waals forces between side chains. One of the goals of this thesis work is to provide
better experimental characterization of protein packing for protein prediction and design.
Stability Studies in Protein Structure: o-Helices

For years, methods of studying and predicting secondary structure stability have been

highly sought after. The structure of a-helical peptides was first described by Pauling et al,

which began a search for the key to protein stability [41]. The stability of a-helices has long

been an important subject in protein folding problem since a-helix provide simplest regular
secondary structural unit of protein. Helical peptide stability has since been studied extensively.
Initially, helical formation was modeled using polymer theory to assign helix-coil transition
parameters by Zimm-Bragg [68] and Lifson-Roig [69]. These helix-coil transition theories were
developed based on experimental data to describe a-helix formation in homopolypeptide chains,
and then parameterized to the different amino acids residues. The approach has been to analyze
and correlate the energetics involved in the formation of a-helices with their respective stabilities
and free energy measurements, and also account for side chain interactions [70-72]. The original
helix-coil theories ignore certain aspects of helices such as charged residue-helix macro-dipole
interactions [73, 74] and the side chain interactions [75]. Modifications to original theories have
been made to address the terminal capping phenomena as well as these shortfalls [71, 76-86].
Initially, the Coa atoms of individual residues are classified as helical or non-helical conformation
and the free energies of helical conformations relative to non-helical conformations are described

by nucleation and propagation parameters. The free energies of helix formation were calculated
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by statistically weighing the residue conformation distributions in the peptide. The side chain
charge—helix dipole interaction, interactions between side chains of residues, and the N-terminal
capping effects of amino acids are included in modified versions of helix-coil transition theories.
The helix propensities of amino acid helix propensities are experimentally determined in several
different conditions [77,79, 87-92]. However, the values are not consistent, depending on the
reference states, experimental conditions, and model peptides.

Computational and experimental methods are commonly used together, to select for the
most promising mutants and therefore decreasing library size. A new approach includes deep
sequencing technologies combined with experimental selection methods. This methodology has
been used to characterize protein fitness landscapes as well as to determine binding affinities
[93-96]. Programs have since been developed and written to predict the AAG of protein folding
or for mutant variants of a single protein [97]. The better-known programs include Rosetta,
FoldX, CC/PBSA, and Eris [98-101]. A study was done by Potapov et al to evaluate the
precision of these programs in predicting changes in protein stability for a library of over 2000
mutants [102]. This study showed that while the correlations for the predicted values and
experimentally determined values were positive, the values themselves had large margins of
error. Successful approaches to stabilizing proteins is directed evolution, where random
mutations are introduced into a particular enzyme sequence, and the functionality of the resulting
enzymes is used as a selection method [103]. The stability of proteins can be measured using
methods including DSC, pulse-chase, CD spectroscopy and fluorescence based assays [104-107].

For a-helices, stable single a-helices[108-110] were identified in naturally occurring proteins,

which were used to be misidentified as coiled-coil [111]. These isolated a-helices are very rich

in Arg (R), Lys (K), and Glu (E) and are stabilized by multiple salt bridges. Simple heptad
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repeats of AEEEXXX (were X is K or R) motif was used to design stable long single a-helices

[109]. It was found that K:R ratio is important in stability of single a-helix, and peptides with
high arginine were aggregated. Arginine is more flexible in forming salt bridge than lysine to
increase helical stability, and it can promote the tertiary interaction to bundle up the helices.
However, all these success in creating de novo helical peptides, our understanding of natural o.-
helices are limited. Naturally occurring helices are not simple heptad repeats with mostly
charged amino acid residues. To understand single o-helical stability of natural protein and to
design peptides like natural proteins, we need a new approach deciphering residue interactions
within a helix as well as between helices, which allow us to design a helix that can stay as a
stable single o-helix.
Protein Design

Most current methods of protein design require the use of structure-prediction algorithms
such as Rosetta [112]. Advancements in structure prediction programming have been made due
to the growth of the PDB, and the development of higher quality sequence alignment search
tools. One subset of computer-based structure prediction is template-based modeling which
assumes similar sequences found in the PDB will assume similar native structures. Another
newer subset is called fragment-based modeling, where the protein sequence is not found in the
PDB. For fragment-assembly, the protein sequence is broken into smaller fragments, and a
search is done on the shorter sequences. For either method, the structures and sequences are
assessed using a scoring algorithm to determine the predicted structure with the lowest energy
function [113-115]. Another area of research is the inverse protein-folding problem, which
involves the selection of a specific protein structure, and predicting a sequence that will fold into

the desired shape [116, 117]. One way to approach this problem is through the use of
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combinatorial libraries [118-120]. However, because randomly generated sequences rarely
become well-folded protein structures, rational design methods must be used to narrow the
sequence space of the libraries. A combinatorial library has been constructed through the use of
a binary code of polar and non-polar amino acids that favor particular secondary structures,
while exposing the hydrophilic residues and burying the hydrophobic residues. This design
technique relies on the explicit placement of polar and non-polar residues but can vary the
identities of these residues to obtain a desired secondary structure. Each of these methods are
largely knowledge based, and each requires extensive sampling and energy scoring for a large
number of favorable conformations [114, 115]. Additionally, the field of structural biology
continues to rapidly expand, increasing the need for a structure prediction method of single and
more complex protein structures.
Modeling of Protein Packing

As explained above, the major difficulty in developing a useful characterization of
protein tertiary structure has been in discovering an effective construct that produces order from
non-specificity of packing interactions. The simplest approach has been to investigate pair-wise
contacts [121-129], which has shown success in finding amino acid correlations. However, a
pair-wise treatment of residue interactions is too simplistic and cannot capture the 3-dimensional
complexity of packing (Fig. 3A) [130]. More elaborate analyses of protein packing, including
our own, consider multi-body arrangements of residues [130-137]. While these studies have
generally found side-chain interactions to be broadly regular and tetrahedral, none so far has
been able to develop a coherent description of protein packing. Another approach employs
graph theory to organize protein interactions in hopes of identifying some common patterns

across fold types. As the graphs are quite fold specific, this strategy has difficulty in finding
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common motifs across fold families [138-141] and is therefore more suited to distinguishing
between protein families [142, 143]. As a new perspective on protein packing, this proposal will
demonstrate that the knob-socket motif addresses the multi-body residue interactions and
simplifies packing to uncomplicated pattern representations. Even in the well-studied system of
side-chain interactions between a-helices [144-147], this thesis extends the classic analyses of o-
helical packing: Crick’s knobs-into-holes [148] and Chothia et al’s ridges-into-grooves [149].
Similar to the analysis of tertiary structure discussed above, recent investigations of a-helix
packing have characterized amino acid propensities [121, 122, 137, 142] and energetics [150,
151], but have not significantly advanced the insight into a-helical packing beyond the initial
knob-into-hole and ridge-into-groove models. The knobs-into-holes translates to primary
structure as the well-known heptad repeat [152], but this pattern is limited to helix coiled-coils
[153, 154]. To describe other types of helical packing, an elegant implementation of knobs-into-
holes has been developed recently that computationally assesses helical packing [155, 156]. As
an alternative, the helical lattice superposition model views packing as the interlacing of side-
chain Ca positions [157]. In conjunction with the helical wheel [158], these approaches have
been used to dissect helix-helix packing interfaces [159-163], yet only a few examples of
designed a-helices have been successful. From the pioneering work on redesigning a-helical
packing [164-166] and modulating helix oligomerization state [167, 168] to more recent design
of a-helix oligomers [169-173], the designed proteins in these studies have been largely built
from known scaffolds and sequences. Even with such advances in design, the understanding of
o-helix packing remains primarily the residue repeats indicated on a helical wheel by the

canonical knob-into-hole coiled-coil or ridge-into-groove packing. The simplification of packing



23

by the knob-socket motif into discrete patterns presents an entirely new approach to interpret all
a-helical packing and design new oligomers or even unique folds.
Quaternary Specificity of a-helical Coiled-Coils
Early on, the packing of 2 a-helices forming a coiled was recognized as a simple

representative of protein packing [148]. Currently, a-helical coiled-coils have been calculated to
make up 5 to 50% of the genome [162] with a wide diversity of coiled-coil based folds [174].

At the quaternary level, these coiled-coil structures have been recognized as the dimerization
component in many transcription factors and in particular basic leucine zipper (bZIP) proteins
[175], where the basic portion of the a-helix binds DNA and the leucine zipper forms the coiled-
coil [176]. The first solved structures of coiled coils identified the pseudo-heptad repeat of
abcdefg [177, 178], where the a and d positions are hydrophobic (/) residues and the remaining
are polar (p) residues to form a heptad repeat pattern of hpphpp [179]. The heptad repeat
sequences are commonly overlaid on a helical wheel to represent coiled-coil interactions [158,
168] and have been successfully applied in modifying and designing coiled coil sequences [180-
182]. While leucine (Leu) residues have a high propensity at both the a and d positions of the
heptad repeat [183], Asn residues were found only at the a positions, but the initial Asn to Leu
mutational studies changed oligomerization state from a dimer to higher numbered bundles [167,
184, 185]. Because the coiled-coils still interacted, this change in oligomerization state was
called structural specificity [186] in contrast to changing binding or sequence specificity.
Investigations to stability of different amino acids at both the a and d positions generally
identified that hydrophobic residues increased stability, while polar and charge groups decreased
stability [187, 188]. Because the bZIP transcription factors exhibited distinct specificities for

homodimerization and heterodimerization [176], and newer extended knob-into-holes model of
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packing [155] that recognized the importance of the neighboring positions of g with @ and d with
e in packing brought about further residue characterizations of these positions’ contributions to
specificity and stability [189-191]. As shown in a comprehensive experimentally determined
interaction map of 492 bZIP proteins [192], the coiled regions demonstrated distinct specificities
between certain groups, where certain sequences homodimerized and heterodimerized and others
only homodimerized. Structurally, the Asn residues were shown to form intermolecular
hydrogen bonding between sidechain Asn residues from different chains [193-195]. A number
of studies investigated the nature of Asn specificity to structural and sequence specificity and
identified energetic [187, 196] and genetic [197] evidence for Asn specificity in a coiled coil.
Yet, the exact determinants of structural versus sequence specificity remain elusive [198].
Although certain rules have been found for structural specificity [199], the successful methods to
design specific coiled coil structures still rely heavily upon application of statistical analysis of
structural and sequence data [200-203].
The Knob-Socket Model

Through many years of research investigating the packing in protein structure, my group
has developed the knob-socket construct that characterizes specificity and simplifies the
complexity of residues interactions. This model is comprehensively explained for protein 3°
structure packing in three published manuscripts [1, 2, 5], with a fourth manuscript under
revision [204]. The knob-socket motif was developed by building basic packing constructs from
pairwise residue contacts. Voronoi polyhedral [130, 205, 206] were used to more accurately
define residue contacts. From these pairwise contacts, graph theory cliques identified groups of
residues that all interacted with each other [132], and contact order was used to classify residue

relationships [207]. The list of packing constructs produced from this procedure was pared down
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based on redundancy with each other. In the end, a single tetrahedral packing clique between
two elements of 2° structure was able to account for the residue packing within proteins: the
knob-socket construct (Fig. 1). As the name implies, the packing construct consists of 2 parts: a
knob (B) residue from one 2° structure element packing into a surface formed by a three-residue
socket from another 2° structure element (Figs. 1A-D). The challenge has been to identify the

socket configuration in the different types of 2° structure, particularly the repetitive regular o-

helices and -sheets compared to the irregular coil and turn. For the regular a-helical [1] and -
sheet [2] sockets, the two neighboring residues X and Y interact with another hydrogen-bonded
residue, H, to form the XY:H socket (Figs. E&F, respectively). For coil and turn sockets [5],
the three X, Y and Z residues are consecutive in sequence to create the XYZ socket (Figs. 1
G&H, respectively).

As a basic unit of packing, the knob-socket motif reduces the degrees of freedom by
defining the specificity in protein 3° structure as the pairwise interaction of individual knob
residues into three residue sockets. From a structural perspective, 2° structure elements present
patterns of sockets that pack single residue knobs from another 2° structure element (Fig. 2A)
[204]. The socket patterns create a surface topology that indicates the preferences of knob
residue packing, and moreover, a means to better understand and characterize packing of
residues in protein structure. As an example, the knob-socket model characterizes and produces
clear and intuitive maps of the canonical packing between elements of secondary structure (Fig.

2B-C). Even though canonical packing between two a-helices has been described in detail [148,

149, 153, 154], the knob-socket’s packing surface topology maps of a-helical packing [1]

provides a more precise depiction of the residues involved in the packing (Fig. 2B) beyond the
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standard repetitive sequence patterns [152] or a helical wheel. In contrast, canonical packing

involving -sheets
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Figure 1. The Knob-Socket Motif. On the left are XY:H sockets from regular a-helix and B-sheets 2°
structure, while on the right are XYZ sockets from irregular turn and coil 2° structure. Note: as these are all
packing cliques, all residues’ side-chains are packed with each other. A) The regular knob-socket tetrahedral
packing clique is shown in abstract by spheres for regular 2° structure. The knob B residue from one 2°
element packs via vdW interactions (thin broken lines) into the XY:H socket formed by 3 residues from the
same regular 2° element. For the 3 residues in the socket, the solid line between X and Y indicates covalently
bonded neighboring residues, while residue H is more distant in sequence of the same 2° structure, which is
denoted by the “:”. The broken red line indicates a main-chain hydrogen bond between X and H residues and
the broken black line indicates only vdW packing between Y and H. B) An example of knob-socket packing
between a coil knob with a regular XY:H helical socket.[1] C) The knob-socket tetrahedral packing clique is
shown in abstract by spheres for irregular 2° structure.[2] Again, the knob B residues from one 2° element
packs via vdW (thin broken lines) into a XYZ consecutive residue socket from an irregular 2° structure
element. The solid lines indicate covalent interactions between X and Y as well as between Y and Z, while
the broken line indicates only a vdW packing between X and Z. E) The XY:H socket of an a-helix. X and Y
are x1 from each other, while X and H are +4.[1] F) The XY:H of a 3-sheet. X and Y are +2 from each other
due to the alternating residue arrangement on B-strands.[2] X and H are from different B-strands, so their
sequence separation is variable. G) & H) Examples of XYZ socket from irregular 2° structure of coil and
turn, respectively.[5]

does not exhibit strong sequence patterns, but knob-socket packing surface topology maps

exhibit the intricacies of canonical packing in 3-sheets structure [5]. Most remarkably, the
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packing surface topology maps reveal that packing specificity not only involves sockets filled
with a knob residue, but just as important are the non-packing sockets that are free of interactions
with a knob residue. Therefore, as shown in Fig. 2, the pattern of the filled sockets in the context
of the free sockets defines how 2° structure will form, and further how the proteins will pack

against each other.

Figure 2. Packing Surface Topology Maps & Canonical Packing. In each of these maps, the grey
triangles indicate filled sockets, while the white or open indicate free sockets. A) The repetitive nature
of regular secondary structure produces a ordered lattice for an a-helix (top in green)[1] and -sheet
(bottom in purple).[2] B) Canonical packing of 2 parallel a-helices.[1] Left handed parallel coiled-coil
pattern of helix packing with crossing angle of 25 degrees. Knobs from the other a-helix are shown by
circles. C) Canonical B-sheet packing at parallel -30 degree & anti-parallel 150 degree crossing
angles.[5] D) Canonical a-helix/B-sheet packing at -35 degree parallel and 140 degree anti-parallel.[5]

The existence of the filled and free sockets strongly indicates that knob-socket model can
directly relate packing structure to specific amino acid sequences. For the amino acid

composition of each socket, the frequency was computed for whether that socket was filled with
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a knob (Fig. 3A, top) or that socket was free without a knob (Fig. 3A, bottom). While this was
done for the four 2° structure socket types shown in Figs. 2E-H [1, 2, 5], Fig. 4B shows the
results for the top twenty from the analysis of 8,000 a-helical sockets. Clearly, amino acid
composition can dictate the state of a socket being filled or free. The top three filled a-helix
XY:H sockets AL:V, AL:L, and AL:L have very high frequencies of being packed with a knob
residue and are seldom found as free sockets (Fig. 3B, top histogram). The trend for free sockets
is even stronger, where the top three free a-helix XY:H sockets AE:K, EE:K and EK:R are
predominantly found without a knob and hardly ever pack with a knob (Fig. 4B, middle
histogram). These compositions are not surprising as they contain the well-known a-helical
stabilizing pairwise i to i+4 salt-bridge between X and H residues. Interestingly, there are some
socket amino acid compositions like AE:L and AK:L that can are strongly both free and filled.
While the top two histograms of filled and free sockets both favor a-helix conformation in the
XY:H socket, the bottom histogram of Fig. 4B shows the amino acid compositions of sockets
that are not prevalent in a-helices. In terms of negative design, these are sequences that disfavor
o-helix formation. Taking the analysis a step further, amino acid preferences are found for both
knob residues and the amino acid composition of their respective pockets. Essentially, this
model provides a tetrahedral amino acid code that relates protein sequence with knob-socket

structural configurations.



29

o
S O Filled
4 O Free
o
o
o
o
|2} o
3 g1
- -
5 ] 4
[} H
0] E °rrrrrrrrrrrrr T
= 3232323025222 35¢253393¢
© @ ERE SRR T RS I
—_ B o
H =
= 2
o=
o “ |
So
= 9O
a8
o
N8
= O
T =2
ol
S
o J
= NN T ITrJdXOoONXDIOJOoWWE X »>Wox Jd
o w X X o ww < uw Ox “owqX
LY frAol<YSEgeaaelo=z
0
o i
i
Az '
[53 & K
[}
|75) o
53 i K
8 “,
“, Q = A IITWwe>zWLg ¥z
S : . og%oggoorroooigoggoogg
X/Y 0OZ28C05300I500050082003F
Sockets

Figure 3. An Amino Acid Code for Protein Packing. a) The filled (top) and free (bottom) types of regular
2° structure XY:H sockets are shown by examples from protein structure (left), reduced ball representation
(middle), and 2D mapping triangles (right). Filled sockets indicate 3° packing interactions between two
elements of 2° structure: a knob B residue from one and a 3 residue XY:H socket from another. In 2D, the
triangles are greyed to indicate packing. Free sockets disfavor packing with knob residues and indicate only
2° structure packing between the XY:H socket residues. In 2D, these are left white or unfilled to show no
packing. b) Socket composition relates sequence preferences to structural arrangement. The propensity
(frequency of socket composition normalized against amino acid prevalence) is shown for filled, free, and
disfavored sockets in a-helices.[1] The top 2 histograms reveal that certain residue combinations favor
filled sockets, while others prefer free sockets. The bottom histogram shows low-propensity (<20 counts
out of ~800,000) socket compositions not containing Gly or Pro. These are considered disfavored or non-
socket combinations.
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Experimental Validation of the Knob-Socket Model

Despite recent advancements, understanding the nature of protein folding problem is far
from satisfaction. Since protein stability depends on the protein folded structure, understanding
protein folding problem is highly dependent on the understanding protein stability. As explained
above, the Knob-Socket model provides a construct to rationally interrogate the packing
contributions of amino acid residues. To verify the effectiveness of a Knob-Socket analysis, two
experimental investigations have been pursued in modeling protein secondary structure stability
and predicting protein quaternary structure specificity. The first study involves characterizing a
set of single and double mutants of the designed a-helical peptide KSal.1 [1] and correlates
experimentally measured helicities and stabilities against Knob-Socket changes to propensities
based on the helical lattice shown in Fig. 2A. Although not a 1 to 1 mapping, the correlation was
demonstrated that the Knob-Socket analysis can indicate the direction of stability of a mutation
in a helix primarily based on contacting residues. In the second study, the mapping of an a-helix
coiled-coil protein quaternary interface by the Knob-Socket model (Fig. 2B) provide unique
insight into the specificity of coiled-coils. Based on this analysis, a number of mutations were
performed on 3 coiled-coil proteins with different specificities. The mutations were chosen to
change the specificities of the coiled coils so that they would no longer dimerize with the wild-
type sequence, but specifically change to heterodimerize with a different specificity. The
predictions showed that the Knob-Socket analysis identified how a-helix coiled-coil determine
specificity. The successful results of both experimental studies demonstrate that the Knob-
Socket model provides insight into the fundamental packing determinants at both the levels of

secondary and quaternary protein structure.
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CHAPTER 2: MATERIALS AND METHODS

Stability Relationship of Knob-Socket Propensities Measured in the KSa1.1 a-Helix
Wild-Type KSal.1 Construct
The KSal.1 wild-type sequence was cloned previously into a pET-28a(+) plasmid
containing an N-Terminal 6X Histidine and SUMO tag. The wild type construct was confirmed
through sequencing (Sequetech), and the nucleotide and amino acid sequences are shown below

in Table 1, and plasmid map shown in Figure 4.

Table 1

Nucleotide and Amino Acid Sequences of Wild-Type KSal.l. The 6X
Histidine tag is shown highlighted in magenta, the SUMO tag in black
bolded text, and wild-type KSal.1 is shown bolded in teal.

KSal.l Wild-Type Construct
Nucleotide Sequence (5’ to 3°)

GCAGCGGCCTGGTGCCGCGCGGCAGCCATATGGCTAGCATGTCG
GACTCAGAAGTCAATCAAGAAGCTAAGCCAGAGGTCAAGCCAGAAGTCAAGCCTGAGACTCAC
ATCAATTTAAAGGTGTCCGATGGATCTTCAGAGATCTTCTTCAAGATCAAAAAGACCACTCCT
TTAAGAAGGCTGATGGAAGCGTTCGCTAAAAGACAGGGTAAGGAAATGGACTCCTTAAGATTC
TTGTACGACGGTATTAGAATCCAAGCTGATCAGACCCCTGAAGATTTGGACATGGAGGATAAC
GATATTATTGAGGCTCACAGAGAACAGATTGGTGGATGGGGTGAACGCCAGGCGAAAGCGGTG
GCGGATGCGCTGACCGCGCTGGAAAGCGCGATGGCGCGCATTGCGAAAGAACTGTGA

Amino Acid Sequence

FHERHS SGLVPRGSHMASMSDSEVNQEAKPEVKPEVKPETHINLKVSDGSSEIFFKIKKTTP
LRRLMEAFAKRQGKEMDSLRFLYDGIRIQADQTPEDLDMEDNDIIEAHREQIGGWGERQAKAV
ADALTALESAMARIAKEL

Site-Directed Mutagenesis
Mutagenesis was performed on the pET-28a(+)_KSal.1 construct to determine the
changes in secondary structure and stability with the incorporation of different amino acid point

mutations. Specific amino acids were selected for site-directed
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Hindlll (173)

6xHis
Ncol (615)

ATG
RBS
T7 promoter
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pET28a(+) + His-SUMO-KS«x1.1
5690 bp

Figure 4. Plasmid map of pET28a(+) containing the 6X His-SUMO+KSal.1
insert. Plasmid contains the 6XHis-SUMO-KSa1.1 insert. Insert is flanked by
cloning sites at positions 615 (Ncol) and 173 (Hindlll). Genes are preceded by a
T7 promoter.

mutagenesis (SDM) based on the packing pattern of KSal.1. Primers for point mutants were
designed according to the QuikChange Lightening II Site-Directed Mutagenesis Kit (Agilent)
primer design protocol and are shown below in Table 2. PCR reactions were run in a 50 pL total

reaction volume containing 1X Reaction Buffer, 125 ng/primer, 10 ng template DNA, 0.5 mM
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dNTP mix, 3 pL. of QuikSolution, and 2.5 U of PfuUltra Polymerase. The PCR program was
created with the following parameters: initial denaturation at 95°C for 50 seconds, denaturation
at 95°C for 50 seconds, annealing at 54°C for 1 minute, extension at 68°C for 10 minutes and
returning to the denaturation step for a total of 18 cycles. PCR reactions were then Dpnl
digested for 1 hour at 37°C, and transformed into XL10-Gold® Ultracompetent cells that had
previously been incubated with a proprietary BME mixture (Agilent) at 4°C for 30 minutes. The

transformed

Table 2
Primer Sequences for Site-Directed Mutagenesis of Wild-Type

KSal.l. Primers were designed using the online Agilent primer
design tool. Base pair mismatches for each primer set are bolded and

highlighted in yellow.
Mutant Primer Sequences
Q5L F: 5' CCGCTTTCGCCAGGCGTTCGCCC 3’
R: 5’ GGGCGAACGCCTGGCGAAAGCGG 3’
AGE F: 5' GCCACCGCTTTCTCCTGGCGTTCGC 3’
R: 5’ GCGAACGCCAGGAGAAAGCGGTGGC 3’
VOR F: 5’ GCGCATCCGCCTCCGCTTTCGCC 3’
R: 5' GGCGAAAGCGGAGGCGGATGCGC 3’
AL0R F: 5’ CAGGCGAAAGCGGTGCGGGATGCGCTGACCGC 3’
R: 5’ GCGGTCAGCGCATCCCGCACCGCTTTCGCCTG 3’
L13I F: 5’ CTTTCCAGCGCGGTTATCGCATCCGCCACCG 3’
R: 5’ CGGTGGCGGATGCGATAACCGCGCTGGAAAG 3’
T14V F: 5' GGCGGATGCGCTGGTCGCGCTGGAAAGC 3’
R: 5’ GCTTTCCAGCGCGACCAGCGCATCCGCC 3’
L16F F: 5’ CCATCGCGCTTTCGAACGCGGTCAGCGCA 3’
R: 5’ TGCGCTGACCGCGTTCGAAAGCGCGATGG 3’
E17D F: 5’ GCGCTGACCGCGCTGGATAGCGCGATG 3’
R: 5’ CATCGCGCTATCCAGCGCGGTCAGCGC 3
N F: 5' GCGCTGGAAAGCGCGCTGGCGCGCATTGCGA 3’
R: 5’ TCGCAATGCGCGCCAGCGCGCTTTCCAGCGC 3’
AZIE F: 5' CTTTCGCAATGCGCTCCATCGCGCTTTCC 3’
R: 5’ GGAAAGCGCGATGGAGCGCATTGCGAAAG 3’
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cells were recovered in SOC broth for 1 hour, and plated on LB agar plates containing 50 pg/mL
kanamycin. After incubation at 37°C overnight, colonies were picked and purified via miniprep
(Qiagen) and confirmed through sequencing (Sequetech).

Double mutant variants of KSal.1 were also created for downstream structural and
stability change analysis. Mutations were chosen in locations that were predicted to further
increase the helical content and stability of the KSal.1 single mutants. The two double mutants
selected for analysis were T14V/M20L and T14V/A21E. SDM primers used to create these
mutant constructs are shown in Table 3. SDM was conducted as described for the single

mutants, and constructs were confirmed through sequencing (Sequetech).

Table 3

Primer Sequences for Site-Directed Mutagenesis of Double
Mutants. Primers were designed using the online Agilent primer
design tool. Base pair mismatches for each primer set are bolded
and highlighted in yellow. The confirmed single mutant M20L and
A21E plasmids were used as template for the corresponding SDM

reactions.
Mutant Primer Sequences
TMVIML | GenmceageacaaccaGeGeaTeCgeC 3
TMVIA2E. |5 Genpnccaccocshcohscscatcace 3

Large Scale Induction of Recombinant Proteins
Wild type and mutant pET28a(+)-KSal.1 constructs were transformed individually into
BL21(DE3)pLysS competent cells (Invitrogen) and grown overnight at 37°C in 250 mL pilot

culture flasks of LB media containing 50 mg/mL kanamycin. The 250 mL saturated cultures
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were combined with 1 L of fresh LB media containing 50 mg/mL kanamycin. The resulting 1.25
L culture was supplemented with 100 mM isopropyl-f3-D-1-thiogalactopyranoside (IPTG) to a
final working concentration of 1 mM IPTG to induce protein expression. After incubation for 4
hours at 37°C with shaking, the protein inductions were pelleted in 250 mL centrifuge bottles.
Pellets were resuspended and lysed in 10 mL of a 9:1 ratio of Native Lysis Buffer (NLB; 50 mM
NaH,PO,, 300 mM NaCl, 10 mM imidazole, pH 8.0) and FastBreak Lysis Buffer (Promega) and
further sonicated for at 15 second intervals for 2-4 minutes to ensure complete cell lysis. Crude
lysates were clarified through centrifugation at 10,000xg for 10 minutes. Clarified lysates were
collected for affinity chromatography.

Lysates were added as 20 mL fractions to a chromatography column (BioRad) along with
2 mL of Ni-NTA agarose resin (Gold Biotechnologies) and incubated for 1 hour on a rotating
mixer. After incubation, the flow-through fraction was collected in a 50 mL conical tube, and the
nickel resin was washed with 40 mL of Binding/Wash Buffer (20 mM NaH,PO,, 0.5 M Na(Cl, 20
mM imidazole, pH 8.0) in two 20 mL increments and was collected in four 10 mL fractions in 15
mL conical tubes. Proteins were then eluted using 15 mL of Elution Buffer (20 mM NaH,PO,,
0.5 M NaCl, 300 mM imidazole, pH 8.0) into three 5 mL fractions in 15 mL conical tubes. The
fractions were analyzed using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) analysis with Mini-PROTEAN® TGX gels (BioRad) to ensure the presence of proteins
of correct size in the elution fractions. After confirmation, the elution fractions were combined
and injected into a 15 mL 2,000 MWCO Slide-A-Lyzer (Thermo) dialysis cassette using a
serological pipette. The cassette was incubated in 1 L of Dialysis Buffer (50 mM NaH,PO,, 300
mM NaCl, pH 8.0) at 4°C on a stir plate for 24 hours with buffer changes at 3- and 6-hour time

points. After the first dialysis buffer change, purified Ubiquitin-like protease 1 (ULP-1) was
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added to the dialysis cassette to remove the SUMO-His tag from the recombinant proteins. To
prepare the ULP-1 samples, ULP-1 plasmids were transformed and expressed as described
above. The pellets were resuspended and lysed in 20 mL of a 9:1 ratio of NLB and FastBreak
Lysis Buffer and sonicated. Crude lysates were clarified through centrifugation at 10,000xg for
10 minutes. Clarified lysates were collected for purification via FPLC. Clarified lysates were
purified using an AKTA Start chromatography system (GE Healthcare) loaded with a 1 mL
HisTrap FF nickel column. The purification parameters were programed as follows: 20 mL of
sample loaded flowed through column and collected as 10 mL of flow through, immobilized
proteins were then washed with 20 mL of Binding/Wash Buffer and collected in four 5 mL
fractions, and finally protein was eluted from column using 20 mL of Elution Buffer and
collected in four 5 mL fractions. A Frac30 fraction collector was used to collect flow through,
wash, and elution fractions. The elution fractions were concentrated using a 2,000 MWCO
VivaSpin 15R concentrating tube (Sartorius). Aliquots of 1 mg/mL ULP-1 were stored at -80°C
for future use.

After 24 hour incubation in dialysis buffer and SUMO-His tag cleavage, the protein
sample was added to a clean chromatography column along with 1 mL of Ni-NTA agarose beads
and incubated for 1 hour at 4°C. The flow-through, now containing a pure cleaved protein
sample, was collected in a 15 mL conical tube. The resin was washed and SUMO-His tags were
eluted as described previously. The fractions were analyzed using sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) analysis with Mini-PROTEAN® Tris/Tricine
gels (BioRad) to ensure the presence of cleaved KSal.1 proteins of correct size in the flow-

through fraction.
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Protein Visualization via SDS-PAGE Analysis

Collected fractions were prepared for TGX (Tris/Glycine) SDS-PAGE with the addition
of 30 pL of Laemmli Sample Buffer (20:1 ratio of 2X Laemmli Sample Buffer to [3-
mercaptoethanol) to 30 uL of protein. After boiling for 5 minutes at 95°C, the samples were
loaded into a 12% Mini-PROTEAN® TGX SDS-PAGE gel and electrophoresed at 200 V for 30
minutes. The gel was then removed from the plastic casing and placed into a staining container

with 20-30 mL of Imperial™ Protein Stain (ThermoFisher) and stained and de-stained according

to the manufacturer’s protocol. De-stained gels were dried and cast using a DryEase™ Mini
Cellophane casting system (ThermoFisher).

Collected fractions were prepared for Tris/Tricine SDS-PAGE with the addition of 30 pL.
of TTS Sample Buffer (20:1 ratio of 2X TTS Buffer to 3-mercaptoethanol) to 30 uL of protein.
After boiling for 5 minutes at 95°C, the samples were loaded into a 16.5% Mini-PROTEAN®
Tris/Tricine SDS-PAGE gel and electrophoresed at 95 V, 35 mA for 90 minutes. The gel was
then removed from the plastic casing and placed into a staining container with 20-30 mL of

Imperial™ Protein Stain (ThermoFisher) and stained and de-stained according to the

manufacturer’s protocol. De-stained gels were dried and cast using a DryEase™ Mini
Cellophane casting system (ThermoFisher).
Preparing Purified Samples for Circular Dichroism

Confirmed cleaved KSa 1.1 samples were concentrated and desalted using 2,000 MWCO
VivaSpin 15R concentrating tube (Sartorius). Desalting was done by adding a total of ~30 mL
milliQ water to the protein sample between spins. Protein was concentrated after desalting to a
final volume ranging from 0.5-2.0 mL. Concentrated samples were stored in 10 mM potassium

phosphate (pH 7.0). A280 concentrations were measured for each concentrated sample using a
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NanoDrop 2000c (Thermo). Samples were then diluted to 200 uM in 10 mM potassium
phosphate. All samples were analyzed using a Jasco J-180 Spectrophotometer with a Jasco
MPTC-490S light source with a 1 mm Quartz cuvette. Before analyzing the protein sample, the
instrument was blanked using 200 pL of 10 mM potassium phosphate. The parameters for the

full spectrum scan are shown in Table 4.

Table 4

Parameters used for full spectrum circular dichroism analysis.
Circular dichroism was measured using a Jasco J-180 instrument
along with the Spectra Measurement program within the Spectra
Manager™ Suite. The same parameters were used on each 200 uM
KSal.l variant sample.

Parameter Value
Wavelength 260-190 nm
Data Pitch 0.5 nm
Start Mode Immediately
Scanning Mode Continuous
Scanning Speed 50 nm/minute
Channels #1: CD, #2: HT
Sensitivity Standard
DIT 1 second
Bandwidth 1.00 nm
Number of Accumulations 3

Circular Dichroism Data Analysis
Raw circular dichroism data was deconvoluted using an online platform called
DichroWeb [208] to determine relative amounts of a-helical content in each KSa.1.1 variant.

Files collected from the Jasco Spectra Manager™ Suite were exported at text files (.txt) to be
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used in the analysis. Concentrations in mg/mL and mean residue weights (MRW) were
calculated for each protein variant. To ensure an accurate percentage of helical content, the data
was subjected to three analysis programs (CDSSTR, CONTIN-LL, and SELCON-3) and
averaged. All analysis programs used the same reference set, SMP180 (190-240 nm).

Parameters and equations used in the data deconvolution are listed in Table 5.

Table 5

Parameters used for Dichroweb Deconvolution. The listed parameters were
used for each KSal.1 variant. MRWSs were calculated using the protein
variant molecular weight (MW) in Daltons and the total number of amino
acids in the sequence (n). Protein concentrations were converted from 200
uM to their respective concentrations in mg/mL using the protein variant
MW in Daltons. Path length refers to the width of the cuvette used in the
analysis. The online DichroWeb tool can be accessed with the following
link: http://dichroweb.cryst.bbk.ac.uk/html/home.shtml

Parameter Value
File Format Free with Preview (.txt)
Input Units Millidegrees
Initial Wavelength 260 nm
Final Wavelength 190 nm
Lowest nm in analysis 190 nm
Wavelength Step 0.5 nm
Analysis Programs CDSSTR, CONTIN-LL, SELCON-3
Reference Set SMP180 (Optimized for 190-240 nm)
Scaling Factor 1.0
Output Units Delta epsilon
Mean Residue Weight (Da) Proteir(lnlt/[l\)V (Da)
Protein Concentration (mg/mL) M%M
Path Length 0.1 cm




40

Denaturation Studies

Chemical denaturation studies were done using increasing amounts of guanidine
hydrochloride (GuHCI). Proteins were expressed and purified as described previously.
Solutions of protein at 200 uM were prepared in 10 mM potassium phosphate buffer
supplemented with denaturant ranging from 0.0 M to 3.0 M final GuHCI concentration in 0.2 M
increments. Solutions were mixed gently and incubated at room temperature for 15 minutes prior
to circular dichroism analysis. The change in circular dichroism at 222 nm was recorded and
graphed against the respective denaturant concentration. Parameters are shown in Table 6.

Thermal denaturation studies were done by monitoring the circular dichroism change of a
single protein sample at 222 nm over temperatures ranging from 10°C to 80°C. Proteins were
expressed and purified as described previously. Protein samples at 200 uM concentration were
prepared and kept on ice until circular dichroism analysis. The change in circular dichroism was
recorded every 0.5°C, and graphed against the respective temperature. The resulting curves were

analyzed further and used for AG calculation of each variant. Parameters are shown in Table 6.



Table 6

Parameters Used for Circular Dichroism Analysis Under
Chemical and Thermal Denaturation Conditions. Circular
dichroism was measured using a Jasco J-180 instrument along
with the Spectra Measurement program (chemical denaturation)
and Variable Temperature Measurement program (thermal
denaturation) within the Spectra Manager™ Suite. The same
parameters were used for each 200 uM KSal.1 variant sample.

Parameter \ Value
Chemical Denaturation
Wavelength 223-221 nm
Data Pitch 0.5 nm
Start Mode Immediately
Scanning Mode Continuous
Scanning Speed 20 nm/minute
Channels #1: CD, #2: HT
Sensitivity Standard
DIT 1 second
Bandwidth 1.00 nm
Number of Accumulations 3
Thermal Denaturation
Initial Temperature 10°C
Final Temperature 80°C
Sensitivity Standard
DIT 4 seconds
Channels #1: CD, #2: HT
Keep target temperature +/-
Start Mode 0p.10°%? for SI;econds
Bandwidth 1.00 nm
Monitor Wavelength 222 nm
Data Pitch 1.0°C
Baseline Correction None
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Knob-Socket Predictions and Knob-Socket Hexagon Analysis

The Helix Knob-Socket Preference Test (http://tsailab.chem.pacific.edu/helix-socket-

prediction.html) provides propensity information about protein sequences. This program will

display every socket present in the inputted protein sequence, along with free and filled
propensities, knob propensities, and a total helical propensity for each socket. When summed,
the total socket propensity was predicted to correlate with the overall helical content and stability
of a given protein. Helical lattice mapping analysis revealed that each single point mutation only
affected six surrounding sockets, leading to the term Knob-Socket Hexagon. Total propensity
values for each mutant KS Hexagon was calculated and compared to the wild type propensity
value. Based on the differences in total propensities, mutant variants were predicted to have
more or less helical content and therefore more or less stable, respectively. General trends
(positive or negative changes) in total propensity were compared to the DichroWeb helical
content values as well as the calculated AG values from thermal denaturation experiments.
Correlation Analysis

Values for total KS propensity, AG, and helical content were compiled for each mutant

and graphed in three permutations: 1. KS propensity vs. AG, 2. AG vs. helical content, and 3. KS
propensity vs. helical content. Each permutation was then analyzed via Pearson correlation for

statistical significance.
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Specificity of Quaternary Interactions in bZIP Coiled-Coils

bZIP protein interactions were investigated along with the amino acids within these
coiled-coil proteins that dictate dimer specificity. Through KS mapping analysis, residue
sequences that may play a role in coiled-coil specificity were identified, and their importance
was analyzed experimentally through site-directed mutagenesis and BACTH studies. To confirm
the KS analysis of bZIP specificity, a bacterial adenylate cyclase two hybrid (BACTH) system
coupled with a beta galactosidase assay was used to test dimerization of coiled-coils. A BACTH
system uses a protein interaction-mediated reconstitution of adenylate cyclase activity in E. coli.
The catalytic domain of adenylate cyclase is composed of two fragments, T25 and T18. When
separated, the enzyme is rendered nonfunctional. To take advantage of this, fusion proteins
consisting of one of the adenylate cyclase fragments and a bZIP protein were made. If the bZIP
proteins interacted during co-expression, the T25 and T18 fragments also interacted and returned
functionality to the adenylate cyclase enzyme, as was measured by cAMP production.
Construct Design for pKT25 and pUT18C Expression Plasmids

Gene sequences for three bZIP proteins were taken from NCBI and mapped onto Knob-
Socket helical lattices. The DNA binding region and leucine zipper regions for each
transcription factor were identified, and residues were labelled using a heptad repeat pattern
(abcdefg). The number and position of asparagine (Asn) residues along the leucine zipper region
differed for each bZIP protein. A partial amino acid code including the full-length leucine zipper
region and the two heptad repeats before the leucine zipper region were used for construct
design. The amino acid sequence was reverse translated and codon optimized for expression.

The optimized nucleotide sequence ends were modified to include a 5° BamHI restriction site



along with a single adenine insertion that would ensure the proper reading frame after cloning

into the BACTH expression vectors, as well as a 3° EcoRI restriction site preceded by an

Table 7
Modified bZIP Protein Sequences Used for BACTH Assay Construct Design.
Sequences for H. sapiens bZIP transcription factors cJun, p21SNFT, and CREB4
were obtained from NCBI with the listed accession codes. Partial amino acid
sequences shown were used based on the location within the coiled coil. Amino
acid sequences were reverse translated and modified to contain a 5° BamHI
restriction site shown in red, a single adenine (A)base pair insert highlighted in
gray, as well as a 3’ engineered stop codon (TAG) highlighted in cyan, and EcoRI
restriction site shown in blue.

bZIP Protein Accession Number

cJun BC009874

Nucleotide Sequence

5’ GGATCC A GCGGAACGCAAACGCATGCGCAACCGCATTGCGGCGAGCAAATGCCGCAAAC
GCAAACTGGAACGCATTGCGCGCCTGGAAGAAAAAGTGAAAACCCTGAAAGCGCAGAACAGCGA
ACTGGCGAGCACCGCGAACATGCTGCGCGAACAGGTGGCGCAGCTGAAACAGAAAGTGATGAAC
CATGTGAACAGCGGCTGCCAGCTGATGCTGACCCAG TAG GAATTC 3’

Amino Acid Sequence

AERKRMRNRIAASKCREKRKLERIARLEEKVEKTTL
KAQNSELASTANMLREQVAQLEKQEKVMNHVNSGC
QLMLTQ
bZIP Protein Accession Number
p21SNFT NP061134

Nucleotide Sequence

5’ GGATCC A GAAAAAAACCGCGTGGCGGCGCAGCGCAGCCGCAAAAAACAGACCCAGAAAG
CGGATAAACTGCATGAAGAATATGAAAGCCTGGAACAGGAAAACACCATGCTGCGCCGCGAAAT
TGGCAAACTGACCGAAGAACTGAAACATCTGACCGAAGCGCTGAAAGAACATGAAAAAATGTGC
CCG TAG GAATTC 3'

Amino Acid Sequence

EKNRVAAQRSREKKQTQKADKLHEEYESLEQENT
MLRREIGKLTEELKHLTEALEKEHEZKMCTP
bZIP Protein Accession Number
CREB4 EAW53252

Nucleotide Sequence

5’ GGATCC A CGCCGCAAAATTCGCAACAAACAGAGCGCGCAGGATAGCCGCCGCCGCAAAA
AAGAATATATTGATGGCCTGGAAAGCCGCGTGGCGGCGTGCAGCGCGCAGAACCAGGAACTGCA
GAAAAAAGTGCAGGAACTGGAACGCCATAACATTAGCCTGGTGGCGCAGCTGCGCCAGCTGCAG
ACCCTGATTGCGCAGACCAGCAACAAAGCGGCGCAGACCAGC TAG GAATTC 3°

Amino Acid Sequence

RRKIRNKQSA Q RRRKKEYIDGLESRVAACSA
QNQELOQEKKVQE RHNISLVAQLRQLQTLTIAQT
SNKAAQTS
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engineered stop codon. The bZIP sequences used for construct building are shown in Table 7.
The modified bZIP sequences were synthesized and cloned into a pET-24a(+) plasmid
(GenScript). Newly synthesized pET-24a(+) plasmids containing the bZIP inserts as well as
empty pKT25 and pUT18C plasmids (Risser lab, University of the Pacific) were transformed and
purified for cloning procedures.

In addition to the three sequences shown, a point mutant of CREB4 was also synthesized.
cJun and p21SNFT proteins contained a single Asp residue at positions a3 and a2, respectively.
CREB4 contained two Asp residues at positions a3 and a5. The point mutant synthesized
contained the a3 Asp, but the a5 Asp was mutated to a Leucine (Leu). This point mutant was
termed CREB4_N49L. This was intended to determine if specificity could be changed based on
Asp number and location within the binding region.

Construct Building for pKT25 and pUT18C Expression Plasmids with bZIP Inserts

Purified plasmid stocks of the empty expression plasmids, pKT25 and pUT18C, along
with purified pET-24a(+) plasmids containing the bZIP sequences were digested in 20 uL
reactions containing 1X CutSmart Buffer (New England Biolabs) and 20 U of both EcoRI HF
and BamHI HF restriction enzymes. The digestions were incubated at 37°C for 15 minutes, and
heat inactivated at 65°C for 20 minutes. Digested samples were electrophoresed on a 3%
agarose gel containing 1 pg/mL ethidium bromide (EtBr) at 100 V for 20 minutes. Bands were
visualized using a handheld UV lamp, excised and purified according to the QIAquick Gel
Extraction Kit protocol (Qiagen). Purified linearized plasmids and inserts were ligated in 10 pL
reactions containing 1X T4 DNA Ligase Buffer and 200 U of T4 DNA Ligase (New England

Biolabs) for 10 minutes at room temperature. The ligation reactions were transformed into
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XL10-Gold® Ultracompetent cells and plated onto LB agar plates containing either 50 pg/mL

kanamycin (pKT25 ligations) or 100 pg/mL ampicillin (pUT18C ligations), and incubated
overnight at 37°C. Resulting colonies were grown to saturation and plasmids were purified
according to the QIAprep Spin Miniprep Kit protocol (Qiagen). Purified plasmids were checked
for insert diagnostically via restriction digestion with EcoRI and BamHI and gel electrophoresis.

Positive clones were confirmed via sequencing (Sequetech) using the primers listed in Table 8.

Table 8
Primers used for pKT25 and pUTI18C Construct
Sequencing.
Construct Primer Sequences
pKT25 5’ GTTTTCCCAGTCACGAC 3’
pUT18C 5’ TATGCGGCATCAGAGCAG 3’

Site-Directed Mutagenesis

Mutagenesis was performed on the pKT25 and pUT18C constructs containing bZIP to
investigate coiled-coil specificity. Specific amino acids were selected for site-directed
mutagenesis (SDM) based on placement within the pseudo-heptad repeat pattern along the
binding edge. Primers for point mutants were designed according to the QuikChange Lightening
IT Site-Directed Mutagenesis Kit (Agilent) primer design protocol and are shown below in Table
9. PCR reactions were run in a 50 pL total reaction volume containing 1X Reaction Buffer, 125
ng/primer, 10 ng template DNA, 0.5 mM dNTP mix, 3 pL of QuikSolution, and 2.5 U of

PfuUltra Polymerase. The PCR program was created with the following parameters: initial
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denaturation at 95°C for 50 seconds, denaturation at 95°C for 50 seconds, annealing at 54°C for
1 minute, extension at 68°C for 10 minutes and returning to the denaturation step for a total of 18
cycles. PCR reactions were then Dpnl digested for 1 hour at 37°C, and transformed into XL10-
Gold® Ultracompetent cells that had previously been incubated with a proprietary BME mixture
(Agilent) at 4°C for 30 minutes. The transformed cells were recovered in SOC broth for 1 hour,
and plated on LB agar plates containing 50 pg/mL kanamycin or 100 pg/mL ampicillin. After
incubation at 37°C overnight, colonies were picked and purified via miniprep (Qiagen) and

confirmed through sequencing (Sequetech).

Table 9

Primer Sequences for Site-Directed Mutagenesis of bZIP Sequences in pKT25 or
pUTI18C Plasmids. Primers were designed using the online Agilent primer design tool.
Base pair mismatches for each primer set are bolded and highlighted in yellow.

Mutant Primer Sequences
CREB4_H4SK/NA9L F: 5| CCACCAGGCTAATGAGCTTGCGTTCCAGTTCCTGC 3|
R: 5' GCAGGAACTGGAACGCAAGCTCATTAGCCTGGTGG 3
F: 5' CACCAGGCTAATGAGAGCGCGTTCCAGTTCCTGC 3'
CREEER R: 5' GCAGGAACTGGAACGCGCTCTCATTAGCCTGGTG 3'
F: 5' CCACCAGGCTAATGAGAGTGCGTTCCAGTTCCTGCA 3'
L) RN L R: 5' TGCAGGAACTGGAACGCACTCTCATTAGCCTGGTGG 3'
F: 5' CACCAGGCTAATGAGCTGGCGTTCCAGTTCC 3'
G LRSI R: 5' GGAACTGGAACGCCAGCTCATTAGCCTGGTG 3'
F: 5' TGCGCCACCAGGCTAGCGAGATGGCGTTCCAG 3'
e R: 5' CTGGAACGCCATCTCGCTAGCCTGGTGGCGCA 3
cJun VSIN F: 5' CTTTCTGTTTCAGCTGCGCATTCTGTTCGCGCAGCATGTTC 3'
- R: 5' GAACATGCTGCGCGAACAGAATGCGCAGCTGAAACAGAAAG 3'
J1SNFT La6N  LE 5' ATTGGCAAACTGACCGAAGAAAATAAACATCTGACCGAAGCGCTG 3
P - R: 5' CAGCGCTTCGGTCAGATGTTTATTTTCTTCGGTCAGTTTGCCAAT 3'
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Preparation of BTH101 Competent Cells

A LB agar plate containing BTH101 (F-, cya-99, araD139, galE15, galK16, rpsL1 (Strr),
hsdR2, mcrAl, mcrB1) cells was provided by the Risser lab (University of the Pacific). A single
colony was grown to saturation in LB overnight at 37°C. The saturated culture was added to 100
mL of fresh LB and incubated until an ODss, ~ 0.5 was reached. The culture flask was then
incubated on ice for 10 minutes. The cells were centrifuged in at 50 mL conical tube at 5,000

rpm for 5 minutes, and the supernatant was discarded. The pellet was resuspended in 15 mL of
pre-chilled TJB1 Buffer (100 mM RbCl, 50 mM MnCl,*4H,0, 30 mM KOAc, 10 mM CaCl,*

2H,0, 15% w/v glycerol, pH 5.8, filter sterilized). After another 5 minute incubation on ice, the
cells were centrifuged again at 5,000 rpm for 5 minutes. The supernatant was removed, and the

pellet was resuspended in 4 mL of ice cold TIB2 Buffer (10 mM MOPS, 10 mM RbCl, 75 mM
CaCl,*2H,0, 15% w/v glycerol, pH 7.0, filter sterilized). The resuspended solution was added to

pre-chilled 1.5 mL centrifuge tubes in 50 mL aliquots. The aliquots were flash frozen in an
ethanol bath and further stored at -80°C. Transformation efficiency of the cells was assessed
using standard transformation protocols.
Bacterial Adenylate Cyclase Two Hybrid (BACTH) Assay

In addition to the pKT25 and pUT18C plasmids containing bZIP sequences, positive and
negative controls were prepared. Positive control plasmids were obtained from the Risser Lab
(University of the Pacific), which were pKT25 and pUT18C constructs containing truncated
GCN4 sequences known to interact strongly. Empty pKT25 and pUT18C plasmids were
prepared and used for the negative control. BACTH assay buffers were prepared before

experiments were conducted, including Permeabilization Solution (100 mM Na,HPO,, 20 mM
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KCl, 2 mM MgSO,, 0.8 mg/mL CTAB, 0.4 mg/mL sodium deoxycholate), Substrate Solution
(60 mM Na,HPO,, 40 mM NaH,PO,, autoclaved) and Stop Solution (1 M Na,CO,, autoclaved).

Plasmids were co-transformed into BTH101 cells and plated on MacConkey agar
containing 20% maltose, 0.5 mM IPTG, as well as 50 pg/mL kanamycin and 100 pg/mL
ampicillin for selection of positive co-transformants. Interaction between the two hybrid
proteins leads to cAMP production, and gives a cya® phenotype to cells that are non-reverting
adenylate cyclase deficient (cya). Cya" colonies will appear red on MacConkey media, while
cya colonies will appear faintly pink or white. Plates were incubated at 30°C for 48 hours.
Colonies were examined after incubation for preliminary interaction data.

Plasmids were also co-transformed and grown on LB agar plates containing 1 mM IPTG,
50 pg/mL kanamycin and 100 pg/mL ampicillin for selection of positive co-transformants.
Plates were grown at 30°C for 48 hours. Colonies were selected and grown in triplicate reactions
in 3.0 mL of LB/IPTG/Kan/Amp media at 30°C overnight. Permeabilization Solution was
supplemented with 5.4 uLL/mL BME before use, and was aliquoted in 80 pLL volumes for each
sample to fresh 1.5 mL centrifuge tubes. Substrate Solution was supplemented with 1 mg/mL
ONPG and 2.7 pLL/mL BME. Co-transformed liquid cultures were removed from incubation,
and 20 pL of each sample was added to one of the 80 uLL Permeabilization Solution aliquots, and
inverted to mix. The samples and complete Substrate Solution were incubated at 30°C for 20
minutes. After incubation, the samples were ready for substrate addition. One-by-one, 600 uL of
Substrate Solution was added to each sample. Upon addition of substrate, a timer was started.
The sample was capped and inverted until the appearance of faint yellow color. Simultaneously,
700 uL of Stop Solution was added while the timer was stopped. The time was recorded in

minutes, and the process repeated for all remaining samples.
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300 pL volumes of each BACTH reaction were added to wells of a BioLite 48-well Clear
Bottom Multidish (ThermoFisher). Additionally, 300 uLL volumes of each bacterial cell culture
used in the assay was added to the 48-well dish. Using a Synergy HI Microplate Reader
(Biotek), the A420 of the BACTH reactions and A600 of each bacterial cell culture were taken
and recorded. Corresponding Miller Units for each interaction was calculated using the equation
in Figure 5. Miller Units in each experiment was analyzed using Prism 7 (GraphPad). Data was
analyzed for each set of triplicates via One-Way ANOV A with multiple comparisons, and

Tukey’s post hoc test was conducted as a correction for multiple comparisons.

(A420)

1000
X (A600 x 0.02 mL x reaction time)

Figure 5. Equation for Miller Unit calculation. The equation
below was used for calculation of Miller Units for each
sample. A420 and A600 readings were taken from the
Synergy HI Microplate reader, reaction volume was 0.02
mL, and reaction time was used in minutes.
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CHAPTER 3: RESULTS
Stability Relationship of Knob-Socket Propensities Measured in the KSa1.1 a-Helix

The KSa 1.1 amino acid sequence was previously designed on the Knob-Socket helical
lattice by creating free sockets surrounding a pattern of filled sockets as well as the predicted
knob residues that would pack in a parallel coiled-coil formation (Figure 6A). The helical lattice
also indicates the spatial relationships and bonding relationships between each KSa.1.1 residue in
a helical conformation. As shown by Figure 6B, a residue in the middle of a helix has direct
interactions on 6 residues, whose sockets form a hexagon of interaction. Point mutants were
selected, and Knob-Socket analysis was conducted using the Helix Knob-Socket Preference Test
online platform. This analysis defines that a single point mutant is affected by the six

surrounding sockets. These residues and their sockets make up Knob-Socket Hexagon (Figure

6B).

A

Figure 6. KSal.1 helical lattice mapping and the Knob-Socket Hexagon. (A) The KSal.l peptide sequence was
mapped onto a Knob-Socket helical lattice, with the residues colored blue. Covalent peptide bonds are represented
by solid black lines; hydrogen bonds are represented by red dashed lines; and Van der Waals interactions are
represented by dotted black lines. Free sockets are white, and filled sockets are shaded in gray. Knob residues
packing into the filled sockets are shown as white circles with a packing pattern of a parallel helical coiled-coil.
Numbers on either side of the lattice refer to the position of that residue within the sequence. (B) In an a-helix, each
residue directly contacts the 6 surrounding residues. As an example around the 11™ residue, the pattern of 6 sockets

involved in a Knob-Socket Hexagon is outlined in red.
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Computational Knob-Socket Hexagon analysis (Figure 7) of the point mutants led to a
value termed the ‘Socket Propensity Difference.” This was calculated by first totaling the
propensity values for the six participating sockets affected by the particular residue being
mutated in the wild type and mutant hexagons, respectively. Socket propensity values were
calculated based on socket amino acid composition over a comprehensive set of protein
structures [209]. To calculate the Socket Propensity Difference, the wild-type socket propensity
value was subtracted from the mutant socket propensity value. The sign of the difference served
as a preliminary prediction of whether the mutation would positively or negatively affect the
structure and stability of the wild type KSal.1. So, if the socket propensity value of the mutant
was lower than wild-type and therefore an indication of helix destabilization by the mutant, a
negative value would result for the Socket Propensity Difference. Conversely, if the socket
propensity of the mutant is higher than wild-type and therefore an indication of helix
stabilization, a positive Socket Propensity Difference would result. Of the 10 designed point
mutants, 4 were predicted to stabilize the wild type peptide, and 6 were predicted to destabilize

the wild type peptide (Table 10).

Figure 7. Knob-Socket Hexagons affected by each KSal.1 point mutation.
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Table 10

Knob-Socket Propensity Differences for Each KSal.l Point Mutation. The wild
type and mutant sequences are shown with their respective socket propensity
difference. Socket propensity differences were calculated by taking the total KS
propensity of a mutant variant and subtracting the wild type total propensity value.
Increases in propensity are colored blue, while decreases in propensity are colored

red.
Mutant Sequence Socke.t Propensity
Difference

Wild Type WGERQAKAVADALTALESAMARIAKEL | = --—--
Q5L WGERLAKAVADALTALESAMARIAKEL 24.690
AG6E WGERQEKAVADALTALESAMARIAKEL -11.620
VIE WGERQAKAEADALTALESAMARIAKEL -4.650
A10R WGERQAKAVRDALTALESAMARIAKEL -21.820
L13I WGERQAKAVADAITALESAMARIAKEL -32.310
T14V WGERQAKAVADALVALESAMARIAKEL 6.440
L16F WGERQAKAVADALTAFESAMARIAKEL -53.740
E17D WGERQAKAVADALTALDSAMARIAKEL -11.440
M20L WGERQAKAVADALTALESALARIAKEL 57.370
A21E WGERQAKAVADALTALESAMERIAKEL 0.600

KSal.1 fusion proteins were expressed and purified via nickel affinity chromatography.
The fusion proteins contained a 6X Histidine tag that was immobilized on Ni-NTA agarose resin.
After washing, the fusion KSal.1 proteins were eluted using a high concentration of imidazole.
The fusion proteins were then treated with ULP-1 to remove the 6X Histidine + SUMO tags.
The protease treated mixture was then subjected to another round of affinity chromatography. In
this phase, the cleaved KSal.1 protein was expected to be collected in the flow-through fraction,
while the 6X Histidine + SUMO tags would be found after elution with imidazole. Fractions for

each purification procedure were collected and analyzed using SDS-PAGE.
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SDS-PAGE for the initial fusion protein purification of wild-type KSal.1 is shown in
Figure 8. The gel was loaded with PageRuler Protein Ladder (Lane 1), flow through (Lane 2),
wash 1 (Lane 3), wash 4 (Lane 4), and elutions 1-4 (Lanes 5-8). After Coomassie staining,
bands of approximately 18 kDa were detected in all elution fractions. This matched with the
expected size of the KSaul.1 fusion protein (6XHis+SUMO ~ 15 kDa, KSa1.1- 2.9 kDa). This
result indicated that the fusion protein was isolated successfully and could be used for the next

phase of the purification procedures.
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Figure 8. Purification of 6XHis-SUMO-KSa1.1 fusion proteins.
The gel was loaded with PageRuler Protein Ladder (Lane 1), flow
through (Lane 2), wash 1 (Lane 3), wash 4 (Lane 4), and elutions 1-
4 (Lanes 5-8). A band of ~18 kDa corresponding to the fusion
protein is present in all elution fractions (Lane 5-8).

After the purification of the fusion KSal.1 protein and subsequent ULP-1 treatment, the

sample was analyzed via Tris/Tricine SDS-PAGE (Figure 9). This was done to improve
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resolution of the relatively smaller cleaved KSal.1 peptide, which is outside of the typical
resolving range for glycine gels. The Tris/Tricine gel was loaded identically to the glycine gels
with PageRuler Protein Ladder (Lane 1), flow through (Lane 2), wash 1 (Lane 3), wash 4 (Lane
4), and elutions 1-4 (Lanes 5-8). After Coomassie staining, a band of ~ 3 kDa can be seen in the
flow through fraction (Lane 2), which corresponded to cleaved KSal.1. 6X Histine + SUMO
tags can be seen in the wash and elution fractions around the expected size of ~15 kDa. This
result along with the absence of any other bands in the flow through fraction suggested that
protease treatment was successful, and that the cleaved KSal.1peptide had been purified away
from other proteins. The cleaved KSa1.1 peptide sample was concentrated, desalted and used

downstream in circular dichroism analysis.
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Figure 9. Purification of cleaved KSal.l proteins. The gel was loaded with
PageRuler Protein Ladder (Lane 1), flow through (Lane 2), wash 1 (Lane 3), wash
4 (Lane 4), and elutions 1-4 (Lanes 5-8). A band of ~3 kDa corresponding to the
cleaved KSal.1 protein is present in the flow through fraction (Lane 2).
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Circular dichroism (CD) was measured from 260 nm - 190 nm in 200 uM samples of
each KSal.1 variant and graphed using Plot2 (Figure 10). Each peptide signature showed

features of a-helical proteins with two minima at 222 nm and 208 nm, and a maximum around
195 nm. Most mutant signatures were similar in intensity to the wild type, with the greatest
deviants being point mutants Q5L and M20L. Raw CD data was used in deconvolution analysis
to determine the differences in helical structure. Fractional helical percentages were collected
from three analysis programs (CONTIN-LL, CDSSTR, and SELCON-3) and averaged (Table
11). Wild type KSal.1 was shown to contain 27.8% helical secondary structure, and the point
mutant variants ranged from 15.6% to 55.7% helical content. Averaged helical percentages for
each mutant were compared to the wild type value as well as to the predictions made from the
preliminary Knob-Socket Hexagon analysis. All ten predictions matched the DichroWeb results
in terms of positive or negative changes in helical content, where the four predicted stabilizing
mutations exhibited an increase in helical content and the six predicted destabilizing mutations
exhibited a decrease in helical content when compared to wild type. While the changes matched

in sign, the corresponding magnitudes did not appear to correlate.
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Figure 10. Secondary structure analysis of KSa1.1 protein and mutant variants via
circular dichroism. Circular dichroism for each 200 uM protein sample was
measured from 260-190 nm. Data was collected in millidegrees, and graphed
against wavelength. A typical CD signature for alpha helices is seen for all variants.
The inlaid plot is shown to resolve differences within the 230-205 nm range.

Table 11

Deconvolution of Raw Circular Dichroism Data using DichroWeb. Fractional alpha-helical
percentages were calculated using the DichroWeb online program using three analysis programs:
CONTIN-LL, CDSSTR, and SELCON-3. Values were averaged and colored according to an
increase in alpha-helical content (blue) or a decrease in alpha-helical content (red). Values that
could not be calculated are shown as dashed lines.

Mutant | WT | Q5L | A6E | VIE | A10R | L13I | T14V | L16F | E17D | M20L | A21E

CONTIN-LL | 0.289 | 0466 | 0221 | 0.223 | 0.172 | 0.218 | 0.243 | 0.190 | 0.161 | 0444 | -----
CDSSTR | 0310 | 0450 | ----- | ----- 0.080 | 0.220 | 0410 | 0.180 | 0.150 | 0.650 | 0.400
SELCON-3 | 0.230 | 0333 10297 | 0238 | ----- | ----- 0299 | --—-- | - 0.578 | 0.290
AVERAGE | 0.278 | 0416 | 0.259 | 0.231 | 0.126 | 0.219 | 0.327 | 0.185 | 0.156 | 0.557 | 0.345
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Relative stabilities of all KSaul.1 variants were also investigated through chemical and thermal
denaturation studies. The circular dichroism at 222 nm was monitored over ranges of chemical
denaturant or temperature ranges on 200 uM samples of each KSal.1 variant and graphed using
Plot2 (Figure 11). Chemical denaturation of KSa.1.1 variants was conducted using 0.2 M
increments of GuHCI, and thermal denaturation was conducted over a range of 10°C-80°C. As
seen in the full CD spectra, most mutant signatures remained similar to the wild type
denaturation curves, again with the exception of point mutants Q5L and M20L. However, Q5L
maintained the almost linear trend seen with the wild type and other mutants, while M20L

exhibited a more typical unfolding curve in both experiments.
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Figure 11. Denaturation studies of KSal.1 protein and mutant variants. The circular
dichroism at 222 nm was monitored over ranges of chemical denaturant (A) or
temperature (B) ranges on 200 uM samples of each KSa1.1 variant.
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Next, Knob-Socket Hexagon analysis and total propensities were calculated for the two
designed double point mutants, T14V/M20L and T14V/A21E. In both cases, the mutant
hexagons do not overlap with each other and therefore the resulting effects are additive. For
example, with the T14V/M20L double mutant, the single mutant Socket Propensity Differences
are 6.440 (T14V) and 57.370 (M20L) could simply be added to give a difference of 63.810 for

the corresponding double mutant (Table 12).

Table 12

Knob-Socket Propensity Differences for Each KSal.l Double Point Mutant
and Corresponding Single Mutants. The wild type and mutant sequences are
shown with their respective socket propensity difference. Socket propensity
differences were calculated by taking the total KS propensity of a mutant
variant and subtracting the wild type total propensity value. All resulting socket
propensity differences are positive and colored blue.

Mutant Sequence Socke.t Propensity
Difference

Wild Type WGERQAKAVADALTALESAMARIAKEL | = -—--—-

T14V WGERQAKAVADALVALESAMARIAKEL 6.440

M20L WGERQAKAVADALTALESALARIAKEL 57.370

A21E WGERQAKAVADALTALESAMERIAKEL 0.600
T14V/M20L WGERQAKAVADALVALESALARIAKEL 7.040
T14V/A21E WGERQAKAVADALVALESAMERIAKEL 63.810

Circular dichroism (CD) was measured from 260 nm - 190 nm on 200 uM samples of
each KSal.1 double mutant and graphed along with wild type and the appropriate point mutants
using Plot2 (Figure 12). As expected, each double point mutant peptide signature also showed
features of a-helical proteins with two minima at 222 nm and 208 nm, and a maximum around
195 nm. Additionally, each double point mutant signature displayed a stronger intensity than the

single point mutants. Raw CD data was used in deconvolution analysis to determine the
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differences in helical structure. Fractional helical percentages were collected from three analysis

programs (CONTIN-LL, CDSSTR, and SELCON-3) and averaged (Table 13).
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Figure 12. Secondary structure analysis of each KSol.l1 double point mutant and
corresponding single mutants via circular dichroism. Circular dichroism for each 200
UM protein sample was measured from 260-190 nm. Data was collected in millidegrees,
and graphed against wavelength. A typical CD signature for alpha helices is seen for all
variants.



Table 13

Deconvolution of Raw Circular Dichroism Data for KSal.l Double Mutants
and Corresponding Single Mutants. Fractional alpha-helical percentages were
calculated using the DichroWeb online program using three analysis programs:
CONTIN-LL, CDSSTR, and SELCON-3. Values were averaged and colored
according to an increase in alpha-helical content (blue) or a decrease in alpha-
helical content (red). Values that could not be calculated are shown as dashed

lines.
Mutant WT | T14V | M20L | A21E | T14V/M20L | T14V/A21E
CONTIN-LL | 0289 | 0243 | 0444 | -—-- 0.530 0.518
CDSSTR | 0.310 | 0410 | 0.650 | 0.400 0.690 0.430
SELCON-3 | 0230 | 0299 | 0578 | 0290 |  ----- 0.330
AVERAGE | 0278 | 0.327 | 0.557 | 0.345 0.610 0.426
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After deconvolution, it was determined that the double mutants contained a larger percent

of helical structure relative to their point mutant counterparts. Interestingly, when looking at the

magnitudes of increases in helical content among mutant variants compared to the wild type, the

changes were also nearly additive as seen with the Socket Propensity changes. For example,

when looking at the corresponding point mutants for the T14V/M20L double mutant, a 4.9% and

27.9% increase in helical structure was observed (T14V and M20L, respectively), giving a

predicted total increase of 32.8%. This predicted value from the hexagons is extremely close to

the experimentally calculated value of 33.2%. This suggests that the changes in socket

propensities have a defined effect on the overall change in helical content.
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Figure 13. Denaturation studies of each KSal.l double mutant protein and
corresponding single mutant variants. The circular dichroism at 222 nm was monitored
over ranges of chemical denaturant (A) or temperature (B) ranges on 200 uM samples of
each KSal.1 variant.

Again, relative stabilities of the KSo1.1 double mutant variants were investigated
through chemical and thermal denaturation studies as described previously. The circular
dichroism at 222 nm was monitored over ranges of chemical denaturant or temperature ranges on
200 uM samples of KSal.1 double mutant variants and graphed along with the corresponding

point mutant curves using Plot2 (Figure 13). As seen in the full CD spectra, the double mutant
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curves maintained similar shapes as their single mutant counterparts, but displayed a stronger
intensity. The double mutation containing M20L again displayed a more typical sigmoidal,
cooperative unfolding curve shape relative to the other more linear curves. A summary of the
computational predictions and experimentally derived helical percentages for all single and
double mutants are displayed in Table 14. Overall, it was observed that the differences (either
propensity or relative helical percentage) correlated in terms of positive or negative changes,

while the magnitudes did not appear to correlate as well.

Table 14

Summary of Socket Propensity Differences and Averaged Fractional Alpha-
Helical Percentages for All KSal .1 Variants. Values are colored based on an
increase (blue) or decrease (red) relative to the wild type measurement. All KS
predictions matched in terms of sign with the experimental values.

Mutant Sequence Socl]()eitﬂ!:ll" zﬁ :leity DichroWeb
Wild Type WGERQAKAVADALTALESAMARIAKEL | = --—--- 0.278
QSL WGERLAKAVADALTALESAMARIAKEL 24.690 0416
AGE WGERQEKAVADALTALESAMARIAKEL -11.620 0259
VIE WGERQAKAEADALTALESAMARIAKEL -4.650 0231
A10R WGERQAKAVRDALTALESAMARIAKEL -21.820 0.126
L13I WGERQAKAVADAITALESAMARIAKEL 232310 0219
T14V WGERQAKAVADALVALESAMARIAKEL 6.440 0.327
L16F WGERQAKAVADALTAFESAMARIAKEL -53.740 0.185
E17D WGERQAKAVADALTALDSAMARIAKEL -11.440 0.156
M20L WGERQAKAVADALTALESALARIAKEL 57370 0.557
A21E WGERQAKAVADALTALESAMERIAKEL 0.600 0.345
T14V/M20L | WGERQAKAVADALVALESALARIAKEL 7.040 0.610
T14V/A21E | WGERQAKAVADALVALESAMERIAKEL 63.810 0.426

Lastly, statistical analysis was conducted to determine if there were in fact any significant

correlations between the predicted Socket Propensity Differences and experimentally determined



values. Permutations of total KS Propensity, socket propensity difference, stability (AG), and
helical percentage values (Table 15) were used in Pearson correlation analyses, and graphed
using GraphPad Prism 8 (Figure 14). In Figure XXXA & B, percentage of helical content
(DichroWeb) was correlated to the Socket Propensity Difference, or the total KS Propensity,
respectively. Total KS Propensity versus helical content was calculated to have a stronger
correlation with a R* = 0.8276, p < 0.0001, compared to Socket Propensity Difference versus
helical content with a R* =0.5339, p = 0.0046. In Figure XXXC & D, AG values were

correlated to helical content and total KS Propensity, respectively. Stability versus helical
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content was calculated to have the weakest correlation with a R* =0.3932, p = 0.0218. Total KS

Propensity versus stability correlated moderately well with a R* = 0.5042, p = 0.0065.

Table 15

Values Used in Pearson Correlation Analysis. Values used in statistical analyses for each
point mutant are shown below. Total Socket Propensity and Socket Propensity Differences
were calculated using the Helix preference test. Helical content values were taken from the
fractional percentages calculated using the DichroWeb program. AG values were calculated
from thermal denaturation curves.

Mutant SerrETE Total Soc.ket Socke't Propensity a-helical Stability
Propensity Difference Content (%) | AG (kJ/mol)

Wild Type | WGERQAKAVADALTALESAMARIAKEL 270.03 0.000 27.8 598
QSL WGERLAKAVADALTALESAMARIAKEL 294.72 24.690 41.6 5.90
AGE WGERQEKAVADALTALESAMARIAKEL 258 41 -11.620 259 023
VIE WGERQAKAEADALTALESAMARIAKEL 265.38 -4.650 231 432
A10R WGERQAKAVRDALTALESAMARIAKEL 24821 -21.820 12.6 6.13
L13I WGERQAKAVADAITALESAMARIAKEL 23772 232310 219 208
T14V WGERQAKAVADALVALESAMARIAKEL 27647 6.440 327 5.00
L16F WGERQAKAVADALTAFESAMARIAKEL 216.29 -53.740 185 265
E17D WGERQAKAVADALTALDSAMARIAKEL 258.59 -11.440 15.6 1.95
M20L WGERQAKAVADALTALESALARIAKEL 3274 57.370 55.7 8.56
A21E WGERQAKAVADALTALESAMERIAKEL 270.63 0.600 345 474
T14V/M20L | WGERQAKAVADALVALESALARIAKEL 333.84 7.040 61.0 6.70
T14V/A21E | WGERQAKAVADALVALESAMERIAKEL 277.07 63.810 42.6 4.59
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Figure 14. Correlation analysis. Pearson correlation analysis was conducted on the data
collected for each of the KSal.l variants. The correlations include (A) KS Propensity
Difference versus a-helical content, (B) Total KS Propensity versus a-helical content, (C)
Stability versus a-helical content, and (D) KS Propensity versus stability. Correlations were
calculated and graphed using GraphPad Prism 8.
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Specificity of Quaternary Interactions in bZIP Coiled-Coils

Preliminary analysis of the selected bZIP sequences began with mapping onto KS a-helical
lattices with free/filled propensity mapping. This method allows for visualization of free and filled
sockets based on KS propensities and a colorimetric scale. In this color scheme, darker colors
refer to sockets that strongly favor a-helical structure, while blue sockets prefer to be free or
unpacked and red sockets prefer to be filled with a knob. This representation readily reveals the
coiled-coil packing pattern of an a-helical sequence as well as identifies the knobs involved in
packing. Propensity maps for cJun, p21SNFT, and CREB4 are shown in Figure 15. Upon further
examination, Asn residues were identified within the leucine zipper regions of all bZIP proteins.
Interestingly, as has been seen before, all Asn residues were located at an a position within a heptad
repeat and disrupted the regular coiled-coil binding pattern with sockets with less of a propensity
to bind knobs and even turning a few into free sockets. Because of this, the location and number
of Asn residues was hypothesized to play a role in homodimer specificity. Asn residues are located
at position a; for cJun and p21SNFT and positions a; and a; for CREB4. Based on this observation,
point mutants of each bZIP protein were designed to investigate the role of the number and location
of Asn residues in bZIP binding specificity.

Previous studies had shown that cJun (a;) and p21SNFT (a;) are able to homo- and
heterodimerize with each other, while CREB4 (a;;) homodimerizes but does not interact with
either of the two. With this in mind, point mutations were designed to change binding specificities.
In cJun and p21SNFT, the a5 position was mutated to an Asn, and in CREB4 the a; position was
mutated from an Asn to a Leu. Propensity maps of the mutant versions of each protein were
generated and compared to their respective wild type maps (Figure 16). Introduction of an Asn

at the a; position in cJun and p21SNFT led to the presence of a light blue hexagon region within
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Figure 15. Propensity mapping of the bZIP wild type proteins. A colorimetric scheme
was developed to serve as a visual representation of a sockets helical propensity and
free/filled propensity simultaneously. A darker color represents a socket that greatly
favors helical structure. The different colors represent a free propensity of 65% or
greater (blue) or filled propensity of 65% or more (red). A socket that has free/filled
propensities between 35-65% are colored purple.
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the binding region of both proteins. Alternatively, the mutation of the as Asn to a Leu in CREB4
led to a darker red binding region. Heptad mapping of the wild type and mutant variants is shown

in Figure 17.
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Figure 16. Propensity mapping of the bZIP wild type proteins versus
corresponding point mutants.
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Figure 17. Heptad mapping of the bZIP wild type proteins and corresponding point
mutants. Residues at positions a and d within the heptad repeats are highlighted by
colored circles on the KS lattices for each protein. Asparagine residues at a
positions are colored pink, while all other a and d residues are colored yellow.
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To detect protein interaction between the wild type and mutant bZIP proteins, a bacterial
adenylate cyclase two-hybrid (BACTH) assay was used. BACTH assay use two expression
plasmids, each containing either the adenylate cyclase T18 subunit (pUT18C) or the T25 subunit
(pKT25). Interaction between these two subunits results in a functional adenylate cyclase enzyme.
Genes that are cloned into these expression vectors are expressed as fusion proteins, where a
protein of interest is “tagged” with either the T18 or T25 subunit. Interaction can then be assessed
by measuring adenylate cyclase function through either cAMP production or [-galactosidase
activity in adenylate cyclase deficient bacterial cells (cya-). Expression plasmid construction and
site-directed mutagenesis had to be done before interaction studies could be completed.
Synthesized pET-24(a)+ plasmids containing wild type bZIP sequences, and purified pUT18C and
pKT25 plasmids were used in subcloning procedures. Plasmids were checked via restriction digest
and confirmed through sequencing. Representative maps of pUT18C and pKT25 containing the

cJun sequence are shown in Figures 18-19.
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Figure 18.Plasmid map of pUT18C vector containing cJun insert. The sequence of the adenylate
cyclase T18 subunit is located from 165-715 bp, upstream of the cJun insert located from 741-

956 bp. The cJun insert was cloned using the 5° BamHI restriction site and 3’ EcoRI restriction
site.
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Figure 19. Plasmid map of pKT25 vector containing cJun insert. The sequence of the adenylate
cyclase T25 subunit is located from 321-1012 bp, upstream of the cJun insert located from 1026-

1241 bp. The cJun insert was cloned using the 5° BamHI restriction site and 3’ EcoRI restriction
site.
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After confirmation of the cloned pUT18C and pKT25 plasmids, preliminary interaction
studies were done to ensure homo- and heterodimer formation matched previous results.
BACTH assays were conducted using co-transformed BTH101 cells, and protein interaction was
monitored through B-galactosidase activity. Miller units were calculated for each homo- or
heterodimer and graphed using GraphPad Prism 8 (Figure 20). The data was analyzed using a
One-Way ANOVA with multiple comparisons and Tukey’s post hoc tests. Error bars were
reported as standard deviations. In Figure 20A, the brown bar (PC) represents the positive
control. This is the interaction between pUT18C-GCN4 and pKT25-GCN4 fusion proteins,
which are expected to bind tightly. The burgundy bar (NC) represents the negative control,
which is a result from the co-transformation of empty pUT18C and pKT25 plasmids. This was
done to determine any baseline [3-galactosidase activity or absorbance at 420 nm from the
samples. The following three bars represent homodimer formation of cJun, p21SNFT (p21), and
CREB4 (C4). One-Way ANOVA indicated that the positive control and all homodimers were
statistically significant from the negative control, as indicated by the asterisks. The three final
bars represent heterodimer formation between the three bZIP proteins. As expected, only cJun
and p21SNFT were able to form heterodimers, while permutations with CREB4 were not
statistically significant. Figure 20B shows a comparison of previous results gathered by Keating
et al. to the BACTH results collected. This result was promising moving forward in the

specificity investigation between these proteins.
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Figure 20. Preliminary BACTH results with wild type bZIP proteins. (A) B-
galactosidase assays were conducted in triplicate for each interaction, and Miller
units were calculated. Values were averaged and graphed using GraphPad Prism 8.
Error bars are reported as standard deviations (¥*** p < 0.0001). (B) Previous
interaction study results (left) are compared to the BACTH results (right) in a grid
format. Both color schemes are similar in that darker/blue color represents an
interaction, and ligther/yellow color represents little to no interaction.

Next, the point mutant versions of the bZIP proteins were used in the interaction studies.
First, a panel with ACREB4 (AC4) dimer permutations was analyzed for changes in specificity.
In Figure 21A, the first two bars are the positive and negative controls, and the following three
are the wild type homodimer interactions. The remaining seven bars represent interactions with

the ACREB4 mutant bZIP protein. Of particular note, homodimer formation was surprisingly
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not observed for ACREB4, but heterodimer formation was measured between all wild type bZIP

proteins. Interaction between ACREB4 and wild type CREB4 was not expected based on Asn

placement and required further investigation.
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Figure 21. BACTH results with interactions involving ACREB4. (A) B-
galactosidase assays were conducted in triplicate for each interaction, and Miller
units were calculated. Values were averaged and graphed using GraphPad Prism 8.
Error bars are reported as standard deviations (**** p < 0.0001).

Interactions involving mutant cJun (AcJun) and mutant p21SNFT (Ap21) were then
investigated. In Figure 22, the six interactions following the positive and negative controls
involve AcJun, where the remaining five permutations involve Ap21SNFT. This data shows that

homodimer formation is possible for both AcJun and Ap21SNFT as well as heterodimer
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formation between AcJun and Ap21SNFT, however, the mutant versions can no longer dimerize
with either wild type protein. Additionally, both mutant proteins gained the ability to dimerize
with wild type CREB4. Binding was not seen between AcJun/Ap21SNFT and ACREB4. A

colorimetric summary of the BACTH results is shown in Figure 23.
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Figure 22. BACTH results with interactions involving AcJun and Ap21SNFT. (A) B-
galactosidase assays were conducted in triplicate for each interaction, and Miller units
were calculated. Values were averaged and graphed using GraphPad Prism 8. Error
bars are reported as standard deviations (**** p < 0.0001).

Further KS lattice analysis was done to investigate the CREB4/ACREB4 interaction
specificity. Here, we looked for residues that may disfavor packing of a Leu residue rather than

an Asn in the binding region near the a; mutation site. The presence of a histidine (His, H) at
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Figure 23. Summary of BACTH results with bZIP proteins and point mutant variants.
Results were displayed on a grid to visualize proteins that did or did not interact.
Proteins that did not interact are colored yellow, and proteins that did interact are
colored blue.

position g, likely disfavors the packing of a hydrophobic Leu residue, and could therefore be the
reason homodimer formation was not observed for the ACREB4 protein and heterodimer
formation between CREB4 and ACREB4 was still possible. The b; position isoleucine (Ile, I)
was also interrogated. A Leu followed by an Ile would not be sterically favorable when packing
with a His residue, and would also be unfavorable due to the side chain properties.

To determine if these were the case, point mutants of ACREB4 were designed. Four g,
(H48) point mutants were designed, which would mutate the His to a lysine (Lys, K), alanine
(Ala, A), threonine (Thr, T), or glutamine (GIn, Q). A single b; (I50) point mutant was designed
to mutate the Ile to an Ala. Heptad mapping and propensity mapping of ACREB4 is shown in
Figure 24 and compared to the ACREB4 mutant propensity maps. Analysis of most

ACREB4_H48 mutant maps showed little deviation from the ACREB4 map, with a few sockets
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showing greater free propensities along the binding edge (dark blue sockets). The
ACREB4_H48A hexagon propensities were changed from mostly free to mostly filled.
ACREB4_I50A mutant map showed deviation from the ACREB4 map, where the 150 hexagon
propensities were changed from mostly filled to mostly free. Site-directed mutagenesis was
conducted on the pUT18C and pKT25 plasmids containing ACREB4 to generate a mutant

library. Mutants were confirmed through sequencing and used in BACTH interaction studies.

ACREB4 ACREB4_H48K ACREB4_H48A  ACREB4_H48T ACREB4_H48Q ACREB4_|50A

Figure 24. Heptad map of ACREB4 and propensity maps of ACREB4 point mutants. On
the heptad map of ACREB4, residues at positions g, and b, are highlighted in teal.
Propensity maps of ACREB4 g, and b; mutants are shown to compare to ACREB4.
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Interactions between CREB4 and ACREB4 and all new ACREB4_H48 and ACREB4 150
mutants were conducted and the results are shown in Figure 25. Following the positive and
negative controls, the first five interactions involve ACREB4 and the last five interactions
involve CREB4. The data shows that the new mutations not only allow for dimer formation with
ACREB4, but maintain the ability to form dimers with CREB4 with the exception of

ACREB4_H48Q. This was the only mutant that could dimerize with ACREB4 and not CREB4.
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Figure 25. BACTH results of CREB4 and ACREB4 interactions with ACREB4 point
mutants. -galactosidase assays were conducted in triplicate for each interaction, and
Miller units were calculated. Values were averaged and graphed using GraphPad
Prism 8. Error bars are reported as standard deviations (**** p < 0.0001).
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ACREB mutant homo- and heterodimers were also tested (Figure 26). In this figure, all
interacting proteins are ACREB mutant variants. To simplify the labelling, the interactions are
labeled by the residue that H48 was mutated to (K, A, T, Q) or that I50 was mutated to (IA).
This data shows that every mutant has gained the ability to form a homodimer, where ACREB4
could not. However, the heterodimer data suggests a loss of specificity, where all mutants are

also able to form heterodimers. A colorimetric summary of the ACREB4 mutant BACTH results

are shown in Figure 27.
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Figure 26. BACTH results of ACREB4 point mutant homo- and heterodimer interactions. [3-
galactosidase assays were conducted in triplicate for each interaction, and Miller units were
calculated. Values were averaged and graphed using GraphPad Prism 8. Error bars are

reported as standard deviations (**** p <0.0001, *** p <0.0003). (A) ACREB4 H48 and 150
point mutant homodimer interactions, and (B) ACREB4 H48 and I50 point mutant
heterodimer interactions.
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Figure 27. Summary of BACTH results with CREB4, ACREB4 and ACREB4 mutant
variants. Results were displayed on a grid to visualize proteins that did or did not
interact. Proteins that did not interact are colored yellow, and proteins that did interact
are colored blue.
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CHAPTER 4: DISCUSSION
Stability Relationship of Knob-Socket Propensities Measured in the KSa1.1 a-Helix

The relationship between a protein’s amino acid sequence and resulting three-
dimensional structure has been studied for the last several decades. Additionally, the way in
which proteins interact with each other or the factors involved in binding specificity are of high
interest. Understanding this relationship can provide insight into disease formation and
proliferation, as well as unlock new methodologies for the development of therapeutics to
combat these diseases.

Here, the Knob-Socket model was utilized in the design of a small peptide, and further
used to predict how the structure and stability of the peptide would change upon mutation.
Knob-Socket Hexagon values were compared between the wild type KSal.1 protein and a set of
single and double mutants. These values gave a preliminary prediction of the changes that were
expected to occur based on the Knob-Socket Model propensity library alone. Based on the
changes in propensity, four of the ten mutants (Q5L, T14V, M20L, and A21E) would form more
stable helices, and the other six (A6E, VIE, A10R, L13I, L16F, and E17D) were predicted to be
less stable in terms of Socket Propensity Differences relative to wild type. After expression and
purification, circular dichroism was measured from 260-190 nm for each 200 uM protein
sample. The signatures for each protein exhibited expected alpha-helical character, with minima
around 222 and 208 nm, and a maximum around 195 nm. While most signatures remained close
in terms of intensities and shape, some did show a much larger absorption at 222 and 208 nm
(M20L, Q5L). However, the signatures alone were not enough to deduce the change in alpha-
helical content between the proteins. Because of this, deconvolution of the raw CD data was

conducted using DichroWeb to quantitate the changes in alpha-helical content. Deconvolution
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revealed that the wild type protein contained 27.8% alpha-helical structure, and that point
mutations in the short peptide sequence dramatically affect that value. The extreme cases were a
decrease in helical structure to 15.6% (E17D), and an increase in helical structure to 55.7%
(M20L). Interestingly, all four of the predicted stabilizing mutants did exhibit an increase in
alpha-helical structure, while the six destabilizing mutants exhibited a decrease in the percentage
of alpha-helical structure. This suggests that the KS model does have the ability to predict how a
particular mutation will affect the overall structure and stability of a protein. To further examine
the relationship between KS model prediction and quantitative experimental values, correlation
analysis was conducted to determine if there was any statistical significance in the relationship
between these two parameters. While KS Propensity Differences correlated moderately well
with alpha-helical percentage (R*=0.5339), total KS Propensity correlated with alpha-helical
percentage much better (R*=0.8276).

Two double point mutants (T14V/M20L and T14V/A21E) were also designed and
characterized. Because of the non-overlapping nature of the KS Hexagons involved in these
double mutations, the effects of the mutations were predicted to be additive, meaning that the
double mutant should exhibit the changes seen by both corresponding single mutants. Full
spectrum circular dichroism analysis showed that the signatures were greater in intensity than the
corresponding point mutants. For example, the T14V/M20L curve was greater in intensity than
both T14V and M20L. Again, deconvolution was done to determine the change in alpha-helical
content quantitatively. The double mutant percentages were found to be greater than both of the
corresponding point mutant percentages. More interestingly, the sum of the percent changes

seen by the single mutants along with the base wild type percentage was almost exactly the
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percentage calculated for the double mutants, supporting the idea that these changes would be
additive in nature.

All KSoa 1.1 mutants were subjected to chemical and thermal denaturation experiments to
investigate the changes in protein stability. Most mutants were seen to have almost linear
denaturation curves in both experiments, except for the mutants M20L and T14V/M20L. These
mutants exhibited denaturation curves that appeared to have more defined “folded” and
“unfolded” regions. This is likely due in part to the fact that these are the only two proteins
examined that contain more than 50% alpha-helical (folded) content, while the others are largely
random coil (unfolded). Stability (AG) was still calculated for each mutant and compared to wild
type. The relative change in stability did not seem to follow the same pattern as predicted with
the alpha-helical structure changes. M20L, T14V/M20L, as well as the A10R mutant were
found to have an increased AG value from wild type (8.56 kJ/mol, 6.70 kJ/mol, and 6.13 kJ/mol
respectively). All others were found to have a AG less than the wild type. These stability values
were also used in correlation analyses between alpha-helical content and total KS propensity.
Both stability versus alpha-helical content and KS propensity versus stability still correlated
moderately well despite the deviance from the initial predictions (R*=0.3932, R*=0.5042
respectively). This suggests that the KS model can partially predict the change in stability based
on amino acid sequence, but there are definitely other factors that could strengthen the KS

prediction method.
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Specificity of Quaternary Interactions in bZIP Coiled-Coils

In this project, we attempted to uncover factors involved in bZIP coiled-coil protein
binding specificity. Initial sequence analysis of three bZIP proteins (cJun, p21SNFT, CREB4)
revealed the presence of Asn residues at a positions within the leucine zipper heptad repeats.
Interestingly, the spacing/location and the number of Asn residues seemed to change between
different bZIP family members. For example, Asn residues were located at position a; for cJun
and p21SNFT and a;/a; for CREB4. The presence of an Asn within the protein binding region
created a KS hexagon of primarily free sockets seen in the propensity lattice mapping. This
residue was then hypothesized to be a crucial factor in the binding specificity for these bZIP
proteins, and that a patch of free sockets along the binding region must play a role in coiled-coil
recognition. This was investigated using a bacterial adenylate cyclase two-hybrid (BACTH)
assay. Preliminary homodimer and heterodimer interactions indicated that homodimers were
able to form among all bZIP proteins, while only the cJun-p21SNFT heterodimer interacted.
This data matched previous interaction results from a study done by Keating et al, which served
as a promising starting point for the point mutant experiments. Because of this, point mutants of
each bZIP protein were designed and constructed for analysis. The mutants were either an Asn
mutants at position a; (cJun, p21SNFT), or a leucine mutant at position a; (CREB4). With this
initial set of bZIP constructs, BACTH assays were carried out to determine which could interact
with the changes in their sequences.

AcJun (VasN mutant) was shown to lose the ability to dimerize with both cJun and
p21SNFT proteins, but gained the ability to dimerize with CREB4. Further, AcJun was able to
form a homodimer as well as a dimer with Ap21SNFT. Ap21SNFT showed the same result,

where dimer formation was no longer detectable with either cJun or p21SNFT, but was
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detectable with CREB4. This data suggests that the introduction of an Asn was able to guide
dimer formation with CREB4, yet seemed to block dimer formation with bZIP proteins that did
not have an Asn at the a; position. ACREB4 (Na;L. mutant) was shown to gain the ability to
form heterodimers with cJun and p21SNFT. This data suggests that the Asn did in fact play a
role in blocking dimer formation with these two proteins. However, ACREB4 was also shown to
lose the ability to form a homodimer yet retained the ability to heterodimerize with CREB4.
After further sequence analysis of the CREB4 sequence, this unexpected result was mostly
attributed to the presence of a histidine residue at the g, position within the helix. The b; position
was also looked at, to determine if the extremely hydrophobic LI:V socket could be a factor in
blocking binding as well.

This idea was tested by generating ACREB4 point mutants. These included four g,
mutants (Hg K, Hg,A, Hg, T, Hg,Q) and one b5 mutant (I5;A). First, behavior between the
ACREB point mutants and CREB4 and ACREB4 was investigated. Before the point mutations
were introduced, ACREB4 could not form homodimers but could form heterodimers with
CREB4. All ACREB point mutants gained the ability to dimerize with ACREB4, and most
retained the ability to dimerize with CREB4 with the exception of the Hg,Q mutant. Further
homodimer and heterodimer analysis with the ACREB4 point mutants revealed that all possible
homo- and heterodimers were able to form, when ACREB4 itself could not. Because of the
interesting interaction with the ACREB4 Hg,Q mutant, further investigation of that sequence

should be conducted.
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APPENDIX A: PLASMID MAPS AND SEQUENCES

Sequence: pET28a(+) + His-SUMO-KSal.l.dna (Circular / 5690 bp)

Unique Cutters Bold

Enzymes: Unique 6+ Cutters (50 of 653 total)
Features: 14 total
(158) PaeR7I - PspXI - Xhol Eagl - Notl (166)
(5448) Dralll Hindlll (173)
(5320) Psil (Sal.1)
Aflll (366)
Dral (479)
Nhel (557)
Bmtl (561)
Ndel (564)
(6xHis)
(4747) AsiSI - Pvul XS
Mscl (614)
(4621) Smal Ncol (615)
(4619) TspMI - Xmal
Xbal (656)
(4438) BspDI - Clal
(4404) Nrul
SgrAl (763)
pET28a(+)-His-SUMO-KSx1.1
5690 bp Sphl (919)
BstAPI (1127)
Mlul (1444)
BstEll (1625)
NmeAlll (1650)
PspOMI (1651)
(3961) AlwNI Apal (1655)
EcoRV (1894)
(3718) BssSal Hincll - Hpal (1950)
(3545) Pcil
(3429) BspQl - Sapl
(3349) Tatl PshAl (2289)
(3316) Bstz171
Fspl - FspAl (2526)
PpuMI (2551)

(3290) PAIFI -

Tth1lll



pET28a(+) + His-SUMO-KSal.l.dna (Circular / 5690 bp)

ATCCGGATATAGTTCCTCCTTTCAGCAAAAAACCCCTCAAGACCCGTTTAGAGGC
CCCAAGGGGTTATGCTAGTTATTGCTCAGCGGTGGCAGCAGCCAACTCAGCTTCC
TTTCGGGCTTTGTTAGCAGCCGGATCTCAGTGGTGGTGGTGGTGGTGCTCGAGTG
CGGCCGCAAGCTTTCACAGTTCTTTCGCAATGCGCGCCATCGCGCTTTCCAGCGC
GGTCAGCGCATCCGCCACCGCTTTCGCCTGGCGTTCACCCCATCCACCAATCTGT
TCTCTGTGAGCCTCAATAATATCGTTATCCTCCATGTCCAAATCTTCAGGGGTCT
GATCAGCTTGGATTCTAATACCGTCGTACAAGAATCTTAAGGAGTCCATTTCCTT
ACCCTGTCTTTTAGCGAACGCTTCCATCAGCCTTCTTAAAGGAGTGGTCTTTTTG
ATCTTGAAGAAGATCTCTGAAGATCCATCGGACACCTTTAAATTGATGTGAGTCT
CAGGCTTGACTTCTGGCTTGACCTCTGGCTTAGCTTCTTGATTGACTTCTGAGTC
CGACATGCTAGCCATATGGCTGCCGCGCGGCACCAGGCCGCTGCTGTGATGATGA
TGATGATGGCCATGGGGTATATCTCCTTCTTAAAGTTAAACAAAATTATTTCTAG
AGGGGAATTGTTATCCGCTCACAATTCCCCTATAGTGAGTCGTATTAATTTCGCG
GGATCGAGATCTCGATCCTCTACGCCGGACGCATCGTGGCCGGCATCACCGGCGC
CACAGGTGCGGTTGCTGGCGCCTATATCGCCGACATCACCGATGGGGAAGATCGG
GCTCGCCACTTCGGGCTCATGAGCGCTTGTTTCGGCGTGGGTATGGTGGCAGGCC
CCGTGGCCGGGGGACTGTTGGGCGCCATCTCCTTGCATGCACCATTCCTTGCGGC
GGCGGTGCTCAACGGCCTCAACCTACTACTGGGCTGCTTCCTAATGCAGGAGTCG
CATAAGGGAGAGCGTCGAGATCCCGGACACCATCGAATGGCGCAAAACCTTTCGC
GGTATGGCATGATAGCGCCCGGAAGAGAGTCAATTCAGGGTGGTGAATGTGAAAC
CAGTAACGTTATACGATGTCGCAGAGTATGCCGGTGTCTCTTATCAGACCGTTTC
CCGCGTGGTGAACCAGGCCAGCCACGTTTCTGCGAAAACGCGGGAAAAAGTGGAA
GCGGCGATGGCGGAGCTGAATTACATTCCCAACCGCGTGGCACAACAACTGGCGG
GCAAACAGTCGTTGCTGATTGGCGTTGCCACCTCCAGTCTGGCCCTGCACGCGCC
GTCGCAAATTGTCGCGGCGATTAAATCTCGCGCCGATCAACTGGGTGCCAGCGTG
GTGGTGTCGATGGTAGAACGAAGCGGCGTCGAAGCCTGTAAAGCGGCGGTGCACA
ATCTTCTCGCGCAACGCGTCAGTGGGCTGATCATTAACTATCCGCTGGATGACCA
GGATGCCATTGCTGTGGAAGCTGCCTGCACTAATGTTCCGGCGTTATTTCTTGAT
GTCTCTGACCAGACACCCATCAACAGTATTATTTTCTCCCATGAAGACGGTACGC
GACTGGGCGTGGAGCATCTGGTCGCATTGGGTCACCAGCAAATCGCGCTGTTAGC
GGGCCCATTAAGTTCTGTCTCGGCGCGTCTGCGTCTGGCTGGCTGGCATAAATAT
CTCACTCGCAATCAAATTCAGCCGATAGCGGAACGGGAAGGCGACTGGAGTGCCA
TGTCCGGTTTTCAACAAACCATGCAAATGCTGAATGAGGGCATCGTTCCCACTGC
GATGCTGGTTGCCAACGATCAGATGGCGCTGGGCGCAATGCGCGCCATTACCGAG
TCCGGGCTGCGCGTTGGTGCGGATATCTCGGTAGTGGGATACGACGATACCGAAG
ACAGCTCATGTTATATCCCGCCGTTAACCACCATCAAACAGGATTTTCGCCTGCT
GGGGCAAACCAGCGTGGACCGCTTGCTGCAACTCTCTCAGGGCCAGGCGGTGAAG
GGCAATCAGCTGTTGCCCGTCTCACTGGTGAAAAGAAAAACCACCCTGGCGCCCA
ATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCACG
ACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTAAGTTA
GCTCACTCATTAGGCACCGGGATCTCGACCGATGCCCTTGAGAGCCTTCAACCCA
GTCAGCTCCTTCCGGTGGGCGCGGGGCATGACTATCGTCGCCGCACTTATGACTG
TCTTCTTTATCATGCAACTCGTAGGACAGGTGCCGGCAGCGCTCTGGGTCATTTT
CGGCGAGGACCGCTTTCGCTGGAGCGCGACGATGATCGGCCTGTCGCTTGCGGTA
TTCGGAATCTTGCACGCCCTCGCTCAAGCCTTCGTCACTGGTCCCGCCACCAAAC
GTTTCGGCGAGAAGCAGGCCATTATCGCCGGCATGGCGGCCCCACGGGTGCGCAT
GATCGTGCTCCTGTCGTTGAGGACCCGGCTAGGCTGGCGGGGTTGCCTTACTGGT
TAGCAGAATGAATCACCGATACGCGAGCGAACGTGAAGCGACTGCTGCTGCAAAA
CGTCTGCGACCTGAGCAACAACATGAATGGTCTTCGGTTTCCGTGTTTCGTAAAG
TCTGGAAACGCGGAAGTCAGCGCCCTGCACCATTATGTTCCGGATCTGCATCGCA
GGATGCTGCTGGCTACCCTGTGGAACACCTACATCTGTATTAACGAAGCGCTGGC
ATTGACCCTGAGTGATTTTTCTCTGGTCCCGCCGCATCCATACCGCCAGTTGTTT
ACCCTCACAACGTTCCAGTAACCGGGCATGTTCATCATCAGTAACCCGTATCGTG
AGCATCCTCTCTCGTTTCATCGGTATCATTACCCCCATGAACAGAAATCCCCCTT
ACACGGAGGCATCAGTGACCAAACAGGAAAAAACCGCCCTTAACATGGCCCGCTT
TATCAGAAGCCAGACATTAACGCTTCTGGAGAAACTCAACGAGCTGGACGCGGAT
GAACAGGCAGACATCTGTGAATCGCTTCACGACCACGCTGATGAGCTTTACCGCA

55
110
165
220
275
330
385
440
495
550
605
660
715
770
825
880
935
990

1045
1100
1155
1210
1265
1320
1375
1430
1485
1540
1595
1650
1705
1760
1815
1870
1925
1980
2035
2090
2145
2200
2255
2310
2365
2420
2475
2530
2585
2640
2695
2750
2805
2860
2915
2970
3025
3080
3135
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pET28a(+) + His-SUMO-KSal.l.dna (Circular / 5690 bp)

GCTGCCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCC
GGAGACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAGACAAGCCCGTCAG
GGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCGCAGCCATGACCCAGTCACGTA
GCGATAGCGGAGTGTATACTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTG
AGAGTGCACCATATATGCGGTGTGAAATACCGCACAGATGCGTAAGGAGAAAATA
CCGCATCAGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTT
CGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAG
AATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAG
GAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGAC
GAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTAT
AAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGAC
CCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTT
TCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGC
TGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAA
CTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCC
ACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGA
AGTGGTGGCCTAACTACGGCTACACTAGAAGGACAGTATTTGGTATCTGCGCTCT
GCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAA
ACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAA
AAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTG
GAACGAAAACTCACGTTAAGGGATTTTGGTCATGAACAATAAAACTGTCTGCTTA
CATAAACAGTAATACAAGGGGTGTTATGAGCCATATTCAACGGGAAACGTCTTGC
TCTAGGCCGCGATTAAATTCCAACATGGATGCTGATTTATATGGGTATAAATGGG
CTCGCGATAATGTCGGGCAATCAGGTGCGACAATCTATCGATTGTATGGGAAGCC
CGATGCGCCAGAGTTGTTTCTGAAACATGGCAAAGGTAGCGTTGCCAATGATGTT
ACAGATGAGATGGTCAGACTAAACTGGCTGACGGAATTTATGCCTCTTCCGACCA
TCAAGCATTTTATCCGTACTCCTGATGATGCATGGTTACTCACCACTGCGATCCC
CGGGAAAACAGCATTCCAGGTATTAGAAGAATATCCTGATTCAGGTGAAAATATT
GTTGATGCGCTGGCAGTGTTCCTGCGCCGGTTGCATTCGATTCCTGTTTGTAATT
GTCCTTTTAACAGCGATCGCGTATTTCGTCTCGCTCAGGCGCAATCACGAATGAA
TAACGGTTTGGTTGATGCGAGTGATTTTGATGACGAGCGTAATGGCTGGCCTGTT
GAACAAGTCTGGAAAGAAATGCATAAACTTTTGCCATTCTCACCGGATTCAGTCG
TCACTCATGGTGATTTCTCACTTGATAACCTTATTTTTGACGAGGGGAAATTAAT
AGGTTGTATTGATGTTGGACGAGTCGGAATCGCAGACCGATACCAGGATCTTGCC
ATCCTATGGAACTGCCTCGGTGAGTTTTCTCCTTCATTACAGAAACGGCTTTTTC
AAAAATATGGTATTGATAATCCTGATATGAATAAATTGCAGTTTCATTTGATGCT
CGATGAGTTTTTCTAAGAATTAATTCATGAGCGGATACATATTTGAATGTATTTA
GAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGAA
ATTGTAAACGTTAATATTTTGTTAAAATTCGCGTTAAATTTTTGTTAAATCAGCT
CATTTTTTAACCAATAGGCCGAAATCGGCAAAATCCCTTATAAATCAAAAGAATA
GACCGAGATAGGGTTGAGTGTTGTTCCAGTTTGGAACAAGAGTCCACTATTAAAG
AACGTGGACTCCAACGTCAAAGGGCGAAAAACCGTCTATCAGGGCGATGGCCCAC
TACGTGAACCATCACCCTAATCAAGTTTTTTGGGGTCGAGGTGCCGTAAAGCACT
AAATCGGAACCCTAAAGGGAGCCCCCGATTTAGAGCTTGACGGGGAAAGCCGGCG
AACGTGGCGAGAAAGGAAGGGAAGAAAGCGAAAGGAGCGGGCGCTAGGGCGCTGG
CAAGTGTAGCGGTCACGCTGCGCGTAACCACCACACCCGCCGCGCTTAATGCGCC
GCTACAGGGCGCGTCCCATTCGCCA oo 5690

3190
3245
3300
3355
3410
3465
3520
3575
3630
3685
3740
3795
3850
3905
3960
4015
4070
4125
4180
4235
4290
4345
4400
4455
4510
4565
4620
4675
4730
4785
4840
4895
4950
5005
5060
5115
5170
5225
5280
5335
5390
5445
5500
5555
5610
5665
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Sequence: pET24(+)-cJun.dna (Circular / 5530 bp)
Enzymes: Unique 6+ Cutters (51 of 653 total) Unique Cutters Bold
Features: 13 total

Styl (57)
(5288) Dralll Blpl (80)

(5160) Psil

PaeR7I - PspXI - Xhol (158)
Eagl - Notl (166)
HindlIll (173)
Sall (179)
Eco53kl (188)
Sacl (190)
EcoRI (192)

BamHI (418)

i tag (gene 10 leader)
— = Nhel (451)

Bmtl (455)

Ndel (458)

Xbal (496)

Bglll (562)
SgrAl (603)
\ssmpl (967)
\ Mlul (1284)
Bell* (1298)
BStEIl (1465)
NmeAlll (1490)

PspOMI (1491)
Apal (1495)

(4587) AsiSl - Pvul

(4461) Smal
(4459) TspMI - Xmal

L=l
P ‘e(m\na or

Yy,
< n

(4278) BspDI - Clal
(4244) Nrul

pET24a(+)-cJun
5530 bp

(3933) Acul

EcoRV (1734)
Hpal (1790)

(3558) BssSal

(3385) Pcil PshAl (2129)
(3269) BspQl - Sapl
(3189) Tatl Bgll (2348)
(3156) BstZ17I1 FspAl (2366)

(3130) PfIFI - Tth11ll PpuMI (2391)



pPET24(+)-cJun.dna (Circular / 5530 bp)
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atccggatatagttcctcctttcagcaaaaaacccctcaagacccgtttagaggce
cccaaggggttatgctagttattgctcagcggtggcagcagccaactcagcttcc
tttcgggctttgttagcagccggatctcagtggtggtggtggtggtgctcgagtyg
cggccgcaagcttgtcgacggagctcgAATTCCTACTGGGTCAGCATCAGCTGGC
AGCCGCTGTTCACATGGTTCATCACTTTCTGTTTCAGCTGCGCCACCTGTTCGCG
CAGCATGTTCGCGGTGCTCGCCAGTTCGCTGTTCTGCGCTTTCAGGGTTTTCACT
TTTTCTTCCAGGCGCGCAATGCGTTCCAGTTTGCGTTTGCGGCATTTGCTCGCCG
CAATGCGGTTGCGCATGCGTTTGCGTTCCGCTGgatccgcgacccatttgectgtce
caccagtcatgctagccatatgtatatctccttcttaaagttaaacaaaattatt
tctagaggggaattgttatccgctcacaattcccctatagtgagtcgtattaatt
tcgcgggatcgagatctcgatcctctacgccggacgcatcgtggccggcatcacc
ggcgccacaggtgcggttgctggcgcctatatcgccgacatcaccgatggggaag
atcgggctcgccacttcgggctcatgagcgcttgtttcggecgtgggtatggtgge
aggccccgtggccgggggactgttgggcgccatctccttgcatgcaccattccectt
gcggcggcggtgctcaacggcctcaacctactactgggctgcttcctaatgcagg
agtcgcataagggagagcgtcgagatcccggacaccatcgaatggcgcaaaacct
ttcgcggtatggcatgatagcgcccggaagagagtcaattcagggtggtgaatgt
gaaaccagtaacgttatacgatgtcgcagagtatgccggtgtctcttatcagacc
gtttcccgcgtggtgaaccaggccagccacgtttctgcgaaaacgcgggaaaaag
tggaagcggcgatggcggagctgaattacattcccaaccgcgtggcacaacaact
ggcgggcaaacagtcgttgctgattggcgttgccacctccagtctggeccctgcac
gcgccgtcgcaaattgtcgcggcgattaaatctcgecgccgatcaactgggtgcecca
gcgtggtggtgtcgatggtagaacgaagcggcgtcgaagcctgtaaagcggcecggt
gcacaatcttctcgcgcaacgcgtcagtgggctgatcattaactatccgectggat
gaccaggatgccattgctgtggaagctgcctgcactaatgttccggecgttattte
ttgatgtctctgaccagacacccatcaacagtattattttctcccatgaagacgg
tacgcgactgggcgtggagcatctggtcgcattgggtcaccagcaaatcgcgctg
ttagcgggcccattaagttctgtctcggecgecgtctgecgtctggectggectggcata
aatatctcactcgcaatcaaattcagccgatagcggaacgggaaggcgactggag
tgccatgtccggttttcaacaaaccatgcaaatgctgaatgagggcatcgttccece
actgcgatgctggttgccaacgatcagatggcgctgggcgcaatgcgcgccatta
ccgagtccgggctgcgcgttggtgcggatatctcggtagtgggatacgacgatac
cgaagacagctcatgttatatcccgccgttaaccaccatcaaacaggattttcgce
ctgctggggcaaaccagcgtggaccgcttgctgcaactctctcagggccaggcgg
tgaagggcaatcagctgttgcccgtctcactggtgaaaagaaaaaccaccctggece
gcccaatacgcaaaccgcctctcccecgecgecgttggeccgattcattaatgcagetg
gcacgacaggtttcccgactggaaagcgggcagtgagcgcaacgcaattaatgta
agttagctcactcattaggcaccgggatctcgaccgatgcccttgagagccttca
acccagtcagctccttccggtgggcgcggggcatgactatcgtcgccgcacttat
gactgtcttctttatcatgcaactcgtaggacaggtgccggcagcgctctgggtc
attttcggcgaggaccgctttcgctggagcgcgacgatgatcggcctgtcgettyg
cggtattcggaatcttgcacgccctcgctcaagccttcgtcactggtcccgccac
caaacgtttcggcgagaagcaggccattatcgccggcatggcggccccacgggtg
cgcatgatcgtgctcctgtcgttgaggacccggctaggectggecggggttgcecctta
ctggttagcagaatgaatcaccgatacgcgagcgaacgtgaagcgactgctgctg
caaaacgtctgcgacctgagcaacaacatgaatggtcttcggtttccgtgtttcg
taaagtctggaaacgcggaagtcagcgccctgcaccattatgttccggatctgca
tcgcaggatgctgctggctaccctgtggaacacctacatctgtattaacgaagcg
ctggcattgaccctgagtgatttttctctggtcccgccgcatccataccgccagt
tgtttaccctcacaacgttccagtaaccgggcatgttcatcatcagtaacccgta
tcgtgagcatcctctctcgtttcatcggtatcattacccccatgaacagaaatcec
cccttacacggaggcatcagtgaccaaacaggaaaaaaccgcccttaacatggcc
cgctttatcagaagccagacattaacgcttctggagaaactcaacgagctggacg
cggatgaacaggcagacatctgtgaatcgcttcacgaccacgctgatgagcttta
ccgcagctgcctcgecgecgtttcggtgatgacggtgaaaacctctgacacatgcag
ctcccggagacggtcacagcttgtctgtaagcggatgccgggagcagacaagccc
gtcagggcgcgtcagcgggtgttggcgggtgtcggggcgcagccatgacccagtc
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pET24(+)-cJun.dna (Circular / 5530 bp)
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acgtagcgatagcggagtgtatactggcttaactatgcggcatcagagcagattg
tactgagagtgcaccatatatgcggtgtgaaataccgcacagatgcgtaaggaga
aaataccgcatcaggcgctcttccgcttcctcgctcactgactcgectgecgectcgg
tcgttcggctgcggcgagcggtatcagctcactcaaaggcggtaatacggttatec
cacagaatcaggggataacgcaggaaagaacatgtgagcaaaaggccagcaaaag
gccaggaaccgtaaaaaggccgcgttgctggcgtttttccataggctccgceccccecce
ctgacgagcatcacaaaaatcgacgctcaagtcagaggtggcgaaacccgacagg
actataaagataccaggcgtttccccctggaagctccctcgtgecgectctecectgtt
ccgaccctgccgcttaccggatacctgtccgecctttctcccttcgggaagecgtgg
cgctttctcatagctcacgctgtaggtatctcagttcggtgtaggtcgttcgctc
caagctgggctgtgtgcacgaaccccccgttcagcccgaccgectgecgeccttatcce
ggtaactatcgtcttgagtccaacccggtaagacacgacttatcgccactggcag
cagccactggtaacaggattagcagagcgaggtatgtaggcggtgctacagagtt
cttgaagtggtggcctaactacggctacactagaaggacagtatttggtatctgc
gctctgctgaagccagttaccttcggaaaaagagttggtagctcttgatccggca
aacaaaccaccgctggtagcggtggtttttttgtttgcaagcagcagattacgcg
cagaaaaaaaggatctcaagaagatcctttgatcttttctacggggtctgacgect
cagtggaacgaaaactcacgttaagggattttggtcatgaacaataaaactgtct
gcttacataaacagtaatacaaggggtgttatgagccatattcaacgggaaacgt
cttgctctaggccgcgattaaattccaacatggatgctgatttatatgggtataa
atgggctcgcgataatgtcgggcaatcaggtgcgacaatctatcgattgtatggg
aagcccgatgcgccagagttgtttctgaaacatggcaaaggtagcgttgccaatg
atgttacagatgagatggtcagactaaactggctgacggaatttatgcctcttcc
gaccatcaagcattttatccgtactcctgatgatgcatggttactcaccactgcg
atccccgggaaaacagcattccaggtattagaagaatatcctgattcaggtgaaa
atattgttgatgcgctggcagtgttcctgcgccggttgcattcgattcctgtttg
taattgtccttttaacagcgatcgcgtatttcgtctcgctcaggcgcaatcacga
atgaataacggtttggttgatgcgagtgattttgatgacgagcgtaatggctggece
ctgttgaacaagtctggaaagaaatgcataaacttttgccattctcaccggattec
agtcgtcactcatggtgatttctcacttgataaccttatttttgacgaggggaaa
ttaataggttgtattgatgttggacgagtcggaatcgcagaccgataccaggatc
ttgccatcctatggaactgcctcggtgagttttctccttcattacagaaacggcet
ttttcaaaaatatggtattgataatcctgatatgaataaattgcagtttcatttg
atgctcgatgagtttttctaagaattaattcatgagcggatacatatttgaatgt
atttagaaaaataaacaaataggggttccgcgcacatttccccgaaaagtgccac
ctgaaattgtaaacgttaatattttgttaaaattcgcgttaaatttttgttaaat
cagctcattttttaaccaataggccgaaatcggcaaaatcccttataaatcaaaa
gaatagaccgagatagggttgagtgttgttccagtttggaacaagagtccactat
taaagaacgtggactccaacgtcaaagggcgaaaaaccgtctatcagggcgatgg
cccactacgtgaaccatcaccctaatcaagttttttggggtcgaggtgccgtaaa
gcactaaatcggaaccctaaagggagcccccgatttagagcttgacggggaaagece
cggcgaacgtggcgagaaaggaagggaagaaagcgaaaggagcgggcgctagggc
gctggcaagtgtagcggtcacgctgcgcgtaaccaccacacccgccgcgcttaat
gcgccgctacagggcgcgtcccattcgcca eee 5530
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Sequence: pET24a(+)-p21SNFT.dna (Circular / 5497 bp)
Enzymes: Unique 6+ Cutters (55 of 653 total)

Features: 13 total

103

Unique Cutters Bold

(5255) Dralll
(5127) Psil

(4554) AsiSI - Pvul

(4428) Smal
(4426) TspMI - Xmal

(4245) BspDI - Clal
(4211) Nrul

(3900) Acul

(3768) AlwNI

(3525) BssSal

(3352) Pcil

(3236) BspQl - Sapl
(3156) Tatl
(3123) BstZ171
(3097) PAIFI - Tth111l

Styl (57)

pET24a(+)-p21SNFT
5497 bp

PaeR7I - PspXI - Xhol (158)

Eagl - Notl (166)
Hindlll (173)
Sall (179)
Eco53kl (188)
Sacl (190)
EcoRI (192)

BamHI (385)
T7 tag (gene 10 leader)

Nhel (418)
Bmtl (422)

of
ey g

6xHis N,{)

Ndel (425)
RBS
Xbal (463)

Bglll (529)
SgrAl (570)

Sphl (726)
BstAPI (934)

Mlul (1251)
Bcll* (1265)

BstEll (1432)

NmeAlll (1457)
PspOMI (1458)
Apal (1462)

BssHIl (1662)
EcoRV (1701)

Hpal (1757)

PshAl (2096)

Bgll (2315)
Fspl - FspAl (2333)

PpuMI (2358)



pET24a(+)-p21SNFT.dna (Circular / 5497 bp)
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atccggatatagttcctcctttcagcaaaaaacccctcaagacccgtttagaggce
cccaaggggttatgctagttattgctcagcggtggcagcagccaactcagcttcc
tttcgggctttgttagcagccggatctcagtggtggtggtggtggtgctcgagtyg
cggccgcaagcttgtcgacggagctcgAATTCCTACGGGCACATTTTTTCATGTT
CTTTCAGCGCTTCGGTCAGATGTTTCAGTTCTTCGGTCAGTTTGCCAATTTCGCG
GCGCAGCATGGTGTTTTCCTGTTCCAGGCTTTCATATTCTTCATGCAGTTTATCC
GCTTTCTGGGTCTGTTTTTTGCGGCTGCGCTGCGCCGCCACGCGGTTTTTTTCTG
gatccgcgacccatttgctgtccaccagtcatgctagccatatgtatatctecctt
cttaaagttaaacaaaattatttctagaggggaattgttatccgctcacaattcc
cctatagtgagtcgtattaatttcgcgggatcgagatctcgatcctctacgccgg
acgcatcgtggccggcatcaccggcgccacaggtgcggttgctggecgecctatatece
gccgacatcaccgatggggaagatcgggctcgccacttcgggctcatgagcgcett
gtttcggcgtgggtatggtggcaggccccgtggccgggggactgttgggcecgccat
ctccttgcatgcaccattccttgcggcggcggtgctcaacggcctcaacctacta
ctgggctgcttcctaatgcaggagtcgcataagggagagcgtcgagatcccggac
accatcgaatggcgcaaaacctttcgcggtatggcatgatagcgcccggaagaga
gtcaattcagggtggtgaatigtgaaaccagtaacgttatacgatgtcgcagagta
tgccggtgtctcttatcagaccgtttcccgecgtggtgaaccaggccagccacgtt
tctgcgaaaacgcgggaaaaagtggaagcggcgatggcggagctgaattacattec
ccaaccgcgtggcacaacaactggcgggcaaacagtcgttgctgattggecgttgce
cacctccagtctggccctgcacgcgccgtcgcaaattgtcgecggcgattaaatct
cgcgccgatcaactgggtgccagcgtggtggtgtcgatggtagaacgaagcggcg
tcgaagcctgtaaagcggcggtgcacaatcttctcgcgcaacgcgtcagtgggcet
gatcattaactatccgctggatgaccaggatgccattgctgtggaagctgcctgce
actaatgttccggcgttatttcttgatgtctctgaccagacacccatcaacagta
ttattttctcccatgaagacggtacgcgactgggcgtggagcatctggtcgcatt
gggtcaccagcaaatcgcgctgttagcgggcccattaagttctgtctcggecgegt
ctgcgtctggctggctggcataaatatctcactcgcaatcaaattcagccgatag
cggaacgggaaggcgactggagtgccatgtccggttttcaacaaaccatgcaaat
gctgaatgagggcatcgttcccactgcgatgctggttgccaacgatcagatggcecg
ctgggcgcaatgcgcgccattaccgagtccgggectgecgecgttggtgcggatatct
cggtagtgggatacgacgataccgaagacagctcatgttatatcccgccgttaac
caccatcaaacaggattttcgcctgctggggcaaaccagcgtggaccgcttgetg
caactctctcagggccaggcggtgaagggcaatcagctgttgcccgtctcactgg
tgaaaagaaaaaccaccctggcgcccaatacgcaaaccgcctctccccgegegtt
ggccgattcattaatgcagctggcacgacaggtttcccgactggaaagcgggcag
tgagcgcaacgcaattaatgtaagttagctcactcattaggcaccgggatctcga
ccgatgcccttgagagccttcaacccagtcagctccttccggtgggcgecggggca
tgactatcgtcgccgcacttatgactgtcttctttatcatgcaactcgtaggaca
ggtgccggcagcgctctgggtcattttcggcgaggaccgctttcgectggagcecgceg
acgatgatcggcctgtcgcttgcggtattcggaatcttgcacgccctcgctcaag
ccttcgtcactggtcccgccaccaaacgtttcggcgagaagcaggccattatcge
cggcatggcggccccacgggtgcgcatgatcgtgctcctgtcgttgaggacccgg
ctaggctggcggggttgccttactggttagcagaatgaatcaccgatacgcgagc
gaacgtgaagcgactgctgctgcaaaacgtctgcgacctgagcaacaacatgaat
ggtcttcggtttccgtgtttcgtaaagtctggaaacgcggaagtcagcgccctge
accattatgttccggatctgcatcgcaggatgctgctggctaccctgtggaacac
ctacatctgtattaacgaagcgctggcattgaccctgagtgatttttctctggtc
ccgccgcatccataccgccagttgtttaccctcacaacgttccagtaaccgggca
tgttcatcatcagtaacccgtatcgtgagcatcctctctcgtttcatcggtatca
ttacccccatgaacagaaatcccccttacacggaggcatcagtgaccaaacagga
aaaaaccgcccttaacatggcccgctttatcagaagccagacattaacgcttctg
gagaaactcaacgagctggacgcggatgaacaggcagacatctgtgaatcgcttc
acgaccacgctgatgagctttaccgcagctgcctcgcgecgtttcggtgatgacgg
tgaaaacctctgacacatgcagctcccggagacggtcacagcttgtctgtaagcg
gatgccgggagcagacaagcccgtcagggcgcgtcagcgggtgttggecgggtgtce
ggggcgcagccatgacccagtcacgtagcgatagcggagtgtatactggcttaac
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pET24a(+)-p21SNFT.dna (Circular / 5497 bp)
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tatgcggcatcagagcagattgtactgagagtgcaccatatatgcggtgtgaaat
accgcacagatgcgtaaggagaaaataccgcatcaggcgctcttccgcttcctcg
ctcactgactcgctgcgctcggtcgttcggectgcggcgagcggtatcagctcact
caaaggcggtaatacggttatccacagaatcaggggataacgcaggaaagaacat
gtgagcaaaaggccagcaaaaggccaggaaccgtaaaaaggccgcgttgctggcg
tttttccataggctccgcccccctgacgagcatcacaaaaatcgacgctcaagtc
agaggtggcgaaacccgacaggactataaagataccaggcgtttccccctggaag
ctccctcgtgcgctctcctgttccgaccctgeccgecttaccggatacctgtccgcece
tttctcccttcgggaagcgtggecgectttctcatagctcacgectgtaggtatctca
gttcggtgtaggtcgttcgctccaagctgggctgtgtgcacgaaccccccecgttca
gcccgaccgctgcgccttatccggtaactatcgtcttgagtccaacccggtaaga
cacgacttatcgccactggcagcagccactggtaacaggattagcagagcgaggt
atgtaggcggtgctacagagttcttgaagtggtggcctaactacggctacactag
aaggacagtatttggtatctgcgctctgctgaagccagttaccttcggaaaaaga
gttggtagctcttgatccggcaaacaaaccaccgctggtagcggtggtttttttg
tttgcaagcagcagattacgcgcagaaaaaaaggatctcaagaagatcctttgat
cttttctacggggtctgacgctcagtggaacgaaaactcacgttaagggattttg
gtcatgaacaataaaactgtctgcttacataaacagtaatacaaggggtgttatg
agccatattcaacgggaaacgtcttgctctaggccgcgattaaattccaacatgg
atgctgatttatatgggtataaatgggctcgcgataatgtcgggcaatcaggtgece
gacaatctatcgattgtatgggaagcccgatgcgccagagttgtttctgaaacat
ggcaaaggtagcgttgccaatgatgttacagatgagatggtcagactaaactggc
tgacggaatttatgcctcttccgaccatcaagcattttatccgtactcctgatga
tgcatggttactcaccactgcgatccccgggaaaacagcattccaggtattagaa
gaatatcctgattcaggtgaaaatattgttgatgcgctggcagtgttcctgcgcece
ggttgcattcgattcctgtttgtaattgtccttttaacagcgatcgcgtatttcg
tctcgctcaggcgcaatcacgaatgaataacggtttggttgatgcgagtgatttt
gatgacgagcgtaatggctggcctgttgaacaagtctggaaagaaatgcataaac
ttttgccattctcaccggattcagtcgtcactcatggtgatttctcacttgataa
ccttatttttgacgaggggaaattaataggttgtattgatgttggacgagtcgga
atcgcagaccgataccaggatcttgccatcctatggaactgcctcggtgagtttt
ctccttcattacagaaacggctttttcaaaaatatggtattgataatcctgatat
gaataaattgcagtttcatttgatgctcgatgagtttttctaagaattaattcat
gagcggatacatatttgaatgtatttagaaaaataaacaaataggggttccgcgc
acatttccccgaaaagtgccacctgaaattgtaaacgttaatattttgttaaaat
tcgcgttaaatttttgttaaatcagctcattttttaaccaataggccgaaatcgg
caaaatcccttataaatcaaaagaatagaccgagatagggttgagtgttgttcca
gtttggaacaagagtccactattaaagaacgtggactccaacgtcaaagggcgaa
aaaccgtctatcagggcgatggcccactacgtgaaccatcaccctaatcaagttt
tttggggtcgaggtgccgtaaagcactaaatcggaaccctaaagggagcccccga
tttagagcttgacggggaaagccggcgaacgtggcgagaaaggaagggaagaaag
cgaaaggagcgggcgctagggcgctggcaagtgtagcggtcacgctgcgcgtaac
caccacacccgccgcgcttaatgcgccgctacagggcgcgtcccattcgecca eee

5497

3190
3245
3300
3355
3410
3465
3520
3575
3630
3685
3740
3795
3850
3905
3960
4015
4070
4125
4180
4235
4290
4345
4400
4455
4510
4565
4620
4675
4730
4785
4840
4895
4950
5005
5060
5115
5170
5225
5280
5335
5390
5445
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Sequence: pET24a(+)-CREB4.dna (Circular / 5536 bp)

Enzymes: Unique 6+ Cutters (52 of 653 total)
Features: 13 total

Unique Cutters Bold

Styl (57)
(5294) Dralll Blpl (80) hol (158)
N PaeR7I - PspXI - Xhol (15
(5166) Psil Eagl - Notl (166)
Hindlll (173)
Sall (179)
Eco53kl (188)
Sacl (190)
EcoRl (192)

BamHI (424)

7 tag (gene 10 leader)
(4593) AsiSl - Pvul

Nhel (457)
Bmtl (461)
D ! Ndel (464)
(4467) Smal inator %
coin | CR,
(4465) TspMI - Xmal <1 6xHjy 87 ” Xbal (502)
s
Bglll (568)
(4284) (B:;S%I)_Ncr:;all SgrAl (609)
Sphl (765)
pET24a(+)-CREB4 BStAPI (973)
5536 bp Miul (1290)
Bell* (1304)
(3939) Acul

BstEll (1471)

NmeaAlll (1496)
PspOMI (1497)
Apal (1501)

EcoRV (1740)
Hpal (1796)
(3564) BssSal

(3391) Pcil

PshAl (2135)
(3275) BspQl - Sapl
(3195) Tatl Bgll (2354)
(3162) Bstz17I FspAl (2372)
(3136) PfIFI - Tth111l PpuMI (2397)



pET24a(+)-CREB4.dna (Circular / 5536 bp)
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atccggatatagttcctcctttcagcaaaaaacccctcaagacccgtttagaggce
cccaaggggttatgctagttattgctcagcggtggcagcagccaactcagcttcc
tttcgggctttgttagcagccggatctcagtggtggtggtggtggtgctcgagtg
cggccgcaagcttgtcgacggagctcgAATTCCTAGCTGGTCTGCGCCGCTTTGT
TGCTGGTCTGCGCAATCAGGGTCTGCAGCTGGCGCAGCTGCGCCACCAGGCTAAT
GTTATGGCGTTCCAGTTCCTGCACTTTTTTCTGCAGTTCCTGGTTCTGCGCGCTG
CACGCCGCCACGCGGCTTTCCAGGCCATCAATATATTCTTTTTTGCGGCGGCGGC
TATCCTGCGCGCTCTGTTTGTTGCGAATTTTGCGGCGTGgatccgcgacccattt
gctgtccaccagtcatgctagccatatgtatatctccttcttaaagttaaacaaa
attatttctagaggggaattgttatccgctcacaattcccctatagtgagtcgta
ttaatttcgcgggatcgagatctcgatcctctacgccggacgcatcgtggccgge
atcaccggcgccacaggtgcggttgctggcgcctatatcgccgacatcaccgatg
gggaagatcgggctcgccacttcgggctcatgagcgecttgtttcggecgtgggtat
ggtggcaggccccgtggccgggggactgttgggcgccatctccttgcatgcacca
ttccttgcggcggcggtgctcaacggcctcaacctactactgggctgcttcctaa
tgcaggagtcgcataagggagagcgtcgagatcccggacaccatcgaatggcgca
aaacctttcgcggtatggcatgatagcgcccggaagagagtcaattcagggtggt
gaatgtgaaaccagtaacgttatacgatgtcgcagagtatgccggtgtctcttat
cagaccgtttcccgcgtggtgaaccaggccagccacgtttctgcgaaaacgcggg
aaaaagtggaagcggcgatggcggagctgaattacattcccaaccgcgtggcaca
acaactggcgggcaaacagtcgttgctgattggcgttgccacctccagtctggcecc
ctgcacgcgccgtcgcaaattgtcgcggcgattaaatctcgcgccgatcaactgg
gtgccagcgtggtggtgtcgatggtagaacgaagcggcgtcgaagcctgtaaagce
ggcggtgcacaatcttctcgcgcaacgcgtcagtgggctgatcattaactatccg
ctggatgaccaggatgccattgctgtggaagctgcctgcactaatgttccggegt
tatttcttgatgtctctgaccagacacccatcaacagtattattttctcccatga
agacggtacgcgactgggcgtggagcatctggtcgcattgggtcaccagcaaatc
gcgctgttagcgggcccattaagttctgtctcggecgecgtectgecgtectggetgget
ggcataaatatctcactcgcaatcaaattcagccgatagcggaacgggaaggcga
ctggagtgccatgtccggttttcaacaaaccatgcaaatgctgaatgagggcatc
gttcccactgcgatgctggttgccaacgatcagatggcgctgggcgcaatgcgceg
ccattaccgagtccgggctgcgcgttggtgcggatatctcggtagtgggatacga
cgataccgaagacagctcatgttatatcccgccgttaaccaccatcaaacaggat
tttcgcctgctggggcaaaccagcgtggaccgcttgectgcaactctctcagggcec
aggcggtgaagggcaatcagctgttgcccgtctcactggtgaaaagaaaaaccac
cctggcgcccaatacgcaaaccgcctctcccecgecgecgttggeccgattcattaatg
cagctggcacgacaggtttcccgactggaaagcgggcagtgagcgcaacgcaatt
aatgtaagttagctcactcattaggcaccgggatctcgaccgatgcccttgagag
ccttcaacccagtcagctccttccggtgggcgcggggcatgactatcgtcgceccge
acttatgactgtcttctttatcatgcaactcgtaggacaggtgccggcagcgctec
tgggtcattttcggcgaggaccgctttcgctggagcgcgacgatgatcggecctgt
cgcttgcggtattcggaatcttgcacgccctcgctcaagccttcgtcactggtcc
cgccaccaaacgtttcggcgagaagcaggccattatcgccggcatggcggcccca
cgggtgcgcatgatcgtgctcctgtcgttgaggacccggctaggectggecggggtt
gccttactggttagcagaatgaatcaccgatacgcgagcgaacgtgaagcgactg
ctgctgcaaaacgtctgcgacctgagcaacaacatgaatggtcttcggtttccgt
gtttcgtaaagtctggaaacgcggaagtcagcgccctgcaccattatgttccgga
tctgcatcgcaggatgctgctggctaccctgtggaacacctacatctgtattaac
gaagcgctggcattgaccctgagtgatttttctctggtcccgeccgcatccatacec
gccagttgtttaccctcacaacgttccagtaaccgggcatgttcatcatcagtaa
cccgtatcgtgagcatcctctctcgtttcatcggtatcattacccccatgaacag
aaatcccccttacacggaggcatcagtgaccaaacaggaaaaaaccgcccttaac
atggcccgctttatcagaagccagacattaacgcttctggagaaactcaacgagc
tggacgcggatgaacaggcagacatctgtgaatcgcttcacgaccacgctgatga
gctttaccgcagctgcctcgcgecgtttcggtgatgacggtgaaaacctctgacac
atgcagctcccggagacggtcacagcttgtctgtaagcggatgccgggagcagac
aagcccgtcagggcgcgtcagcgggtgttggcgggtgtcggggcgcagccatgac

55
110
165
220
275
330
385
440
495
550
605
660
715
770
825
880
935
990

1045
1100
1155
1210
1265
1320
1375
1430
1485
1540
1595
1650
1705
1760
1815
1870
1925
1980
2035
2090
2145
2200
2255
2310
2365
2420
2475
2530
2585
2640
2695
2750
2805
2860
2915
2970
3025
3080
3135



pET24a(+)-CREB4.dna (Circular / 5536 bp)
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ccagtcacgtagcgatagcggagtgtatactggcttaactatgcggcatcagagc
agattgtactgagagtgcaccatatatgcggtgtgaaataccgcacagatgcgta
aggagaaaataccgcatcaggcgctcttccgcttcctcgctcactgactcgectge
gctcggtcgttcggctgcggcgagcggtatcagctcactcaaaggcggtaatacg
gttatccacagaatcaggggataacgcaggaaagaacatgtgagcaaaaggccag
caaaaggccaggaaccgtaaaaaggccgcgttgctggcgtttttccataggctcc
gcccccctgacgagcatcacaaaaatcgacgctcaagtcagaggtggcgaaaccc
gacaggactataaagataccaggcgtttccccctggaagctccctcgtgecgcectcet
cctgttccgaccctgccgcttaccggatacctgtccgecctttctcccttecgggaa
gcgtggcgctttctcatagctcacgctgtaggtatctcagttcggtgtaggtcgt
tcgctccaagctgggctgtgtgcacgaaccccccgttcagcccgaccgectgcecgcce
ttatccggtaactatcgtcttgagtccaacccggtaagacacgacttatcgccac
tggcagcagccactggtaacaggattagcagagcgaggtatgtaggcggtgctac
agagttcttgaagtggtggcctaactacggctacactagaaggacagtatttggt
atctgcgctctgctgaagccagttaccttcggaaaaagagttggtagctcttgat
ccggcaaacaaaccaccgctggtagcggtggtttttttgtttgcaagcagcagat
tacgcgcagaaaaaaaggatctcaagaagatcctttgatcttttctacggggtct
gacgctcagtggaacgaaaactcacgttaagggattttggtcatgaacaataaaa
ctgtctgcttacataaacagtaatacaaggggtgttatgagccatattcaacggg
aaacgtcttgctctaggccgcgattaaattccaacatggatgctgatttatatgg
gtataaatgggctcgcgataatgtcgggcaatcaggtgcgacaatctatcgattg
tatgggaagcccgatgcgccagagttgtttctgaaacatggcaaaggtagcgttg
ccaatgatgttacagatgagatggtcagactaaactggctgacggaatttatgcc
tcttccgaccatcaagcattttatccgtactcctgatgatgcatggttactcacc
actgcgatccccgggaaaacagcattccaggtattagaagaatatcctgattcag
gtgaaaatattgttgatgcgctggcagtgttcctgcgccggttgcattcgattcce
tgtttgtaattgtccttttaacagcgatcgcgtatttcgtctcgctcaggcgcaa
tcacgaatgaataacggtttggttgatgcgagtgattttgatgacgagcgtaatg
gctggcctgttgaacaagtctggaaagaaatgcataaacttttgccattctcacc
ggattcagtcgtcactcatggtgatttctcacttgataaccttatttttgacgag
gggaaattaataggttgtattgatgttggacgagtcggaatcgcagaccgatacc
aggatcttgccatcctatggaactgcctcggtgagttttctccttcattacagaa
acggctttttcaaaaatatggtattgataatcctgatatgaataaattgcagttt
catttgatgctcgatgagtttttctaagaattaattcatgagcggatacatattt
gaatgtatttagaaaaataaacaaataggggttccgcgcacatttccccgaaaag
tgccacctgaaattgtaaacgttaatattttgttaaaattcgcgttaaatttttyg
ttaaatcagctcattttttaaccaataggccgaaatcggcaaaatcccttataaa
tcaaaagaatagaccgagatagggttgagtgttgttccagtttggaacaagagtc
cactattaaagaacgtggactccaacgtcaaagggcgaaaaaccgtctatcaggg
cgatggcccactacgtgaaccatcaccctaatcaagttttttggggtcgaggtgece
cgtaaagcactaaatcggaaccctaaagggagcccccgatttagagcttgacggg
gaaagccggcgaacgtggcgagaaaggaagggaagaaagcgaaaggagcgggcgec
tagggcgctggcaagtgtagcggtcacgctgcgcgtaaccaccacacccgccgceg
cttaatgcgccgctacagggcgcgtcccattcgecca eee 5536

3190
3245
3300
3355
3410
3465
3520
3575
3630
3685
3740
3795
3850
3905
3960
4015
4070
4125
4180
4235
4290
4345
4400
4455
4510
4565
4620
4675
4730
4785
4840
4895
4950
5005
5060
5115
5170
5225
5280
5335
5390
5445
5500
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Sequence: pUT18C_cjun.dna (Circular / 3222 bp)
Enzymes: Unique 6+ Cutters (46 of 653 total)

Unique Cutters Bold
Features: 8 total
BspQ - Sapl
Afllll - Pcil Hindlll
Blpl
Btgl
Xcml

Nrul*
Mrel
Kasl
Narl
Sfol
PluTI

Bcll*
BmgBlI
PfIFI - Tth111l
Agel
Mscl
Bbsl
BstBI
Eagl

BfuAl - BspMI
pUT18C_cJun

Pstl
3222 bp Sall

Accl
Hincll
Xbal
BamHI
Sphl

Apol - EcoRI
BspDI - Clal

Ahdl

Bsal
Bpml

Eco01091

Zral
Aatll

Pvul Sspl

Scal



pUT18C_cJun.dna (Circular / 3222 bp)
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cagctggcacgacaggtttcccgactggaaagcgggcagtgagcgcaacgcaatt
aatgtgagttagctcactcattaggcaccccaggctttacactttatgcttccgg
ctcgtatgttgtgtggaattgtgagcggataacaatttcacacaggaaacagctA
TGACCATGATTACGCCAAGCTTAGCCGCCAGCGAGGCCACGGGCGGCCTGGATCG
CGAACGCATCGACTTGTTGTGGAAAATCGCTCGCGCCGGCGCCCGTTCCGCAGTG
GGCACCGAGGCGCGTCGCCAGTTCCGCTACGACGGCGACATGAATATCGGCGTGA
TCACCGATTTCGAGCTGGAAGTGCGCAATGCGCTGAACAGGCGGGCGCACGCCGT
CGGCGCGCAGGACGTGGTCCAGCATGGCACTGAGCAGAACAATCCTTTCCCGGAG
GCAGATGAGAAGATTTTCGTCGTATCGGCCACCGGTGAAAGCCAGATGCTCACGC
GCGGGCAACTGAAGGAATACATTGGCCAGCAGCGCGGCGAGGGCTATGTCTTCTA
CGAGAACCGTGCATACGGCGTGGCGGGGAAAAGCCTGTTCGACGATGGGCTGGGA
GCCGCGCCCGGCGTGCCGAGCGGACGTTCGAAGTTCTCGCCGGATGTACTGGAAA
CGGTGCCGGCGTCACCCGGATTGCGGCGGCCGTCGCTGGGCGCAGTGGAACGCCA
CTGCAGGTCGACTCTAGAGGATCCAGCGGAACGCAAACGCATGCGCAACCGCATT
GCGGCGAGCAAATGCCGCAAACGCAAACTGGAACGCATTGCGCGCCTGGAAGAAA
AAGTGAAAACCCTGAAAGCGCAGAACAGCGAACTGGCGAGCACCGCGAACATGCT
GCGCGAACAGGTGGCGCAGCTGAAACAGAAAGTGATGAACCATGTGAACAGCGGC
TGCCAGCTGATGCTGACCCAGTAGGAATTCATCGATATAActaagtaatatggtg
cactctcagtacaatctgctctgatgccgcatagttaagccagccccgacacccg
ccaacacccgctgacgcgccctgacgggcttgtctgctcccggcatccgcecttaca
gacaagctgtgaccgtctccgggagctgcatgtgtcagaggttttcaccgtcatec
accgaaacgcgcgagacgaaagggcctcgtgatacgcctatttttataggttaat
gtcatgataataatggtttcttagacgtcaggtggcacttttcggggaaatgtgc
gcggaacccctatttgtttatttttctaaatacattcaaatatgtatccgctcat
gagacaataaccctgataaatgcttcaataatattgaaaaaggaagagtatgagt
attcaacatttccgtgtcgcccttattcccttttttgecggecattttgeccttecctg
tttttgctcacccagaaacgctggtgaaagtaaaagatgctgaagatcagttggg
tgcacgagtgggttacatcgaactggatctcaacagcggtaagatccttgagagt
tttcgccccgaagaacgttttccaatgatgagcacttttaaagttctgctatgtyg
gcgcggtattatcccgtattgacgccgggcaagagcaactcggtcgccgcataca
ctattctcagaatgacttggttgagtactcaccagtcacagaaaagcatcttacg
gatggcatgacagtaagagaattatgcagtgctgccataaccatgagtgataaca
ctgcggccaacttacttctgacaacgatcggaggaccgaaggagctaaccgcecttt
tttgcacaacatgggggatcatgtaactcgccttgatcgttgggaaccggagctyg
aatgaagccataccaaacgacgagcgtgacaccacgatgcctgtagcaatggcaa
caacgttgcgcaaactattaactggcgaactacttactctagcttcccggcaaca
attaatagactggatggaggcggataaagttgcaggaccacttctgcgctcggcec
cttccggectggctggtttattgctgataaatctggagccggtgagecgtgggtcte
gcggtatcattgcagcactggggccagatggtaagccctcccgtatcgtagttat
ctacacgacggggagtcaggcaactatggatgaacgaaatagacagatcgctgag
ataggtgcctcactgattaagcattggtaactgtcagaccaagtttactcatata
tactttagattgatttaaaacttcatttttaatttaaaaggatctaggtgaagat
cctttttgataatctcatgaccaaaatcccttaacgtgagttttcgttccactga
gcgtcagaccccgtagaaaagatcaaaggatcttcttgagatcctttttttctge
gcgtaatctgctgcttgcaaacaaaaaaaccaccgctaccagcggtggtttgttt
gccggatcaagagctaccaactctttttccgaaggtaactggcttcagcagagcg
cagataccaaatactgtccttctagtgtagccgtagttaggccaccacttcaaga
actctgtagcaccgcctacatacctcgctctgctaatcctgttaccagtggctgce
tgccagtggcgataagtcgtgtcttaccgggttggactcaagacgatagttaccg
gataaggcgcagcggtcgggctgaacggggggttcgtgcacacagcccagecttgg
agcgaacgacctacaccgaactgagatacctacagcgtgagctatgagaaagcgc
cacgcttcccgaagggagaaaggcggacaggtatccggtaagcggcagggtcgga
acaggagagcgcacgagggagcttccagggggaaacgcctggtatctttatagtc
ctgtcgggtttcgccacctctgacttgagcgtcgatttttgtgatgctcgtcagg
ggggcggagcctatggaaaaacgccagcaacgcggcctttttacggttcctggcec
ttttgctggccttttgctcacatgttctttcctgecgttatcccectgattectgtgg
ataaccgtattaccgcctttgagtgagctgataccgctcgccgcagccgaacgac

55
110
165
220
275
330
385
440
495
550
605
660
715
770
825
880
935
990

1045
1100
1155
1210
1265
1320
1375
1430
1485
1540
1595
1650
1705
1760
1815
1870
1925
1980
2035
2090
2145
2200
2255
2310
2365
2420
2475
2530
2585
2640
2695
2750
2805
2860
2915
2970
3025
3080
3135
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pUT18C_cJun.dna (Circular / 3222 bp)

cgagcgcagcgagtcagtgagcgaggaagcggaagagcgcccaatacgcaaaccg 3190
cctctcccecgecgecgttggccgattcattaatg eee 3222



Sequence: pUT18C_p21SNFT.dna (Circular / 3189 bp)

Enzymes: Unique 6+ Cutters (51 of 653 total)
Features: 9 total

112

Unique Cutters Bold

AlwNI

Ahdl
Bmrl
Bsal
Bpml

BspQl - Sapl Pvull
Afllll - Pcil

ac operator

Hindlll
Bipl
Btgl
Xcml
Nrul*
Mrel
Kasl
Narl
Sfol
PluTI

Bcll*

BssHII
BmgBI
PfIFI - Tth111l

Agel

Mscl

= Bbsl
BstBI

Eagl
BfuAl - BspMI
Pstl

Sall
Accl
Hincll
Xbal
BamHI
EcoNI
Afel

Apol - EcoRI
BspDI - Clal

Eco01091

Zral
Aatll

pUT18C_p21SNFT
3189 bp

Sspl

Pvul
Tsol

Scal



pUT18C_p21SNFT.dna (Circular / 3189 bp)
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cagctggcacgacaggtttcccgactggaaagcgggcagtgagcgcaacgcaatt
aatgtgagttagctcactcattaggcaccccaggctttacactttatgcttccgg
ctcgtatgttgtgtggaattgtgagcggataacaatttcacacaggaaacagctA
TGACCATGATTACGCCAAGCTTAGCCGCCAGCGAGGCCACGGGCGGCCTGGATCG
CGAACGCATCGACTTGTTGTGGAAAATCGCTCGCGCCGGCGCCCGTTCCGCAGTG
GGCACCGAGGCGCGTCGCCAGTTCCGCTACGACGGCGACATGAATATCGGCGTGA
TCACCGATTTCGAGCTGGAAGTGCGCAATGCGCTGAACAGGCGGGCGCACGCCGT
CGGCGCGCAGGACGTGGTCCAGCATGGCACTGAGCAGAACAATCCTTTCCCGGAG
GCAGATGAGAAGATTTTCGTCGTATCGGCCACCGGTGAAAGCCAGATGCTCACGC
GCGGGCAACTGAAGGAATACATTGGCCAGCAGCGCGGCGAGGGCTATGTCTTCTA
CGAGAACCGTGCATACGGCGTGGCGGGGAAAAGCCTGTTCGACGATGGGCTGGGA
GCCGCGCCCGGCGTGCCGAGCGGACGTTCGAAGTTCTCGCCGGATGTACTGGAAA
CGGTGCCGGCGTCACCCGGATTGCGGCGGCCGTCGCTGGGCGCAGTGGAACGCCA
CTGCAGGTCGACTCTAGAGGATCCAGAAAAAAACCGCGTGGCGGCGCAGCGCAGC
CGCAAAAAACAGACCCAGAAAGCGGATAAACTGCATGAAGAATATGAAAGCCTGG
AACAGGAAAACACCATGCTGCGCCGCGAAATTGGCAAACTGACCGAAGAACTGAA
ACATCTGACCGAAGCGCTGAAAGAACATGAAAAAATGTGCCCGTAGGAATTCATC
GATATAActaagtaatatggtgcactctcagtacaatctgctctgatgccgcata
gttaagccagccccgacacccgccaacacccgctgacgcgccctgacgggecttgt
ctgctcccggcatccgcttacagacaagctgtgaccgtctccgggagctgcatgt
gtcagaggttttcaccgtcatcaccgaaacgcgcgagacgaaagggcctcgtgat
acgcctatttttataggttaatgtcatgataataatggtttcttagacgtcaggt
ggcacttttcggggaaatgtgcgcggaacccctatttgtttatttttctaaatac
attcaaatatgtatccgctcatgagacaataaccctgataaatgcttcaataata
ttgaaaaaggaagagtatgagtattcaacatttccgtgtcgcccttattcccttt
tttgcggcattttgccttcctgtttttgctcacccagaaacgctggtgaaagtaa
aagatgctgaagatcagttgggtgcacgagtgggttacatcgaactggatctcaa
cagcggtaagatccttgagagttttcgccccgaagaacgttttccaatgatgagce
acttttaaagttctgctatgtggcgcggtattatcccgtattgacgccgggcaag
agcaactcggtcgccgcatacactattctcagaatgacttggttgagtactcacc
agtcacagaaaagcatcttacggatggcatgacagtaagagaattatgcagtgct
gccataaccatgagtgataacactgcggccaacttacttctgacaacgatcggag
gaccgaaggagctaaccgcttttttgcacaacatgggggatcatgtaactcgcct
tgatcgttgggaaccggagctgaatgaagccataccaaacgacgagcgtgacacc
acgatgcctgtagcaatggcaacaacgttgcgcaaactattaactggcgaactac
ttactctagcttcccggcaacaattaatagactggatggaggcggataaagttgece
aggaccacttctgcgctcggcccttccggectggectggtttattgctgataaatct
ggagccggtgagcgtgggtctcgcggtatcattgcagcactggggccagatggta
agccctcccgtatcgtagttatctacacgacggggagtcaggcaactatggatga
acgaaatagacagatcgctgagataggtgcctcactgattaagcattggtaactg
tcagaccaagtttactcatatatactttagattgatttaaaacttcatttttaat
ttaaaaggatctaggtgaagatcctttttgataatctcatgaccaaaatccctta
acgtgagttttcgttccactgagcgtcagaccccgtagaaaagatcaaaggatct
tcttgagatcctttttttctgcgcgtaatctgctgcttgcaaacaaaaaaaccac
cgctaccagcggtggtttgtttgccggatcaagagctaccaactctttttccgaa
ggtaactggcttcagcagagcgcagataccaaatactgtccttctagtgtagccg
tagttaggccaccacttcaagaactctgtagcaccgcctacatacctcgctctge
taatcctgttaccagtggctgctgccagtggcgataagtcgtgtcttaccgggtt
ggactcaagacgatagttaccggataaggcgcagcggtcgggctgaacggggggt
tcgtgcacacagcccagcttggagcgaacgacctacaccgaactgagatacctac
agcgtgagctatgagaaagcgccacgcttcccgaagggagaaaggcggacaggta
tccggtaagcggcagggtcggaacaggagagcgcacgagggagcttccaggggga
aacgcctggtatctttatagtcctgtcgggtttcgccacctctgacttgagcecgtece
gatttttgtgatgctcgtcaggggggcggagcctatggaaaaacgccagcaacgc
ggcctttttacggttcctggeccttttgectggeccttttgectcacatgttcttteccet
gcgttatcccctgattctgtggataaccgtattaccgcctttgagtgagctgata
ccgctcgccgcagccgaacgaccgagcgcagcgagtcagtgagcgaggaagcgga

55
110
165
220
275
330
385
440
495
550
605
660
715
770
825
880
935
990

1045
1100
1155
1210
1265
1320
1375
1430
1485
1540
1595
1650
1705
1760
1815
1870
1925
1980
2035
2090
2145
2200
2255
2310
2365
2420
2475
2530
2585
2640
2695
2750
2805
2860
2915
2970
3025
3080
3135



114

pUT18C_p21SNFT.dna (Circular / 3189 bp)

agagcgcccaatacgcaaaccgcctctccccgecgecgttggccgattcattaatg eee 3189
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Sequence: pUT18C_CREB4.dna (Circular / 3228 bp)
Enzymes: Unique 6+ Cutters (44 of 653 total)

Unique Cutters Bold
Features: 9 total
BspQ - Sapl
Afllll - Pcil Hindlll
Blpl
Btgl
Xcml

Nrul*
Mrel
Kasl
Narl
Sfol
PluTI

Bcll*

BmgBlI
PfIFI - Tth111l
Agel
Mscl
Bbsl

BstBI
Eagl

BfuAl - BspMI
pUT18C_CREB4

Sall
3228 bp Accl

Hincll
Xbal
BamHI

EcoRlI
BspDI - Clal

Ahdl

Bmrl
Bsal
Bpml

EcoO109I

Zral
Aatll

Pvul Sspl
Tsol

Scal



pUT18C_CREB4.dna (Circular / 3228 bp)
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cagctggcacgacaggtttcccgactggaaagcgggcagtgagcgcaacgcaatt
aatgtgagttagctcactcattaggcaccccaggctttacactttatgcttccgg
ctcgtatgttgtgtggaattgtgagcggataacaatttcacacaggaaacagctA
TGACCATGATTACGCCAAGCTTAGCCGCCAGCGAGGCCACGGGCGGCCTGGATCG
CGAACGCATCGACTTGTTGTGGAAAATCGCTCGCGCCGGCGCCCGTTCCGCAGTG
GGCACCGAGGCGCGTCGCCAGTTCCGCTACGACGGCGACATGAATATCGGCGTGA
TCACCGATTTCGAGCTGGAAGTGCGCAATGCGCTGAACAGGCGGGCGCACGCCGT
CGGCGCGCAGGACGTGGTCCAGCATGGCACTGAGCAGAACAATCCTTTCCCGGAG
GCAGATGAGAAGATTTTCGTCGTATCGGCCACCGGTGAAAGCCAGATGCTCACGC
GCGGGCAACTGAAGGAATACATTGGCCAGCAGCGCGGCGAGGGCTATGTCTTCTA
CGAGAACCGTGCATACGGCGTGGCGGGGAAAAGCCTGTTCGACGATGGGCTGGGA
GCCGCGCCCGGCGTGCCGAGCGGACGTTCGAAGTTCTCGCCGGATGTACTGGAAA
CGGTGCCGGCGTCACCCGGATTGCGGCGGCCGTCGCTGGGCGCAGTGGAACGCCA
CTGCAGGTCGACTCTAGAGGATCCACGCCGCAAAATTCGCAACAAACAGAGCGCG
CAGGATAGCCGCCGCCGCAAAAAAGAATATATTGATGGCCTGGAAAGCCGCGTGG
CGGCGTGCAGCGCGCAGAACCAGGAACTGCAGAAAAAAGTGCAGGAACTGGAACG
CCATAACATTAGCCTGGTGGCGCAGCTGCGCCAGCTGCAGACCCTGATTGCGCAG
ACCAGCAACAAAGCGGCGCAGACCAGCTAGGAATTCATCGATATAActaagtaat
atggtgcactctcagtacaatctgctctgatgccgcatagttaagccagccccga
cacccgccaacacccgctgacgcgccctgacgggecttgtctgectcccggcatccg
cttacagacaagctgtgaccgtctccgggagctgcatgtgtcagaggttttcacec
gtcatcaccgaaacgcgcgagacgaaagggcctcgtgatacgcctatttttatag
gttaatgtcatgataataatggtttcttagacgtcaggtggcacttttcggggaa
atgtgcgcggaacccctatttgtttatttttctaaatacattcaaatatgtatcec
gctcatgagacaataaccctgataaatgcttcaataatattgaaaaaggaagagt
atgagtattcaacatttccgtgtcgcccttattcccttttttgecggcattttgcece
ttcctgtttttgctcacccagaaacgctggtgaaagtaaaagatgctgaagatca
gttgggtgcacgagtgggttacatcgaactggatctcaacagcggtaagatcctt
gagagttttcgccccgaagaacgttttccaatgatgagcacttttaaagttctge
tatgtggcgcggtattatcccgtattgacgccgggcaagagcaactcggtcgccg
catacactattctcagaatgacttggttgagtactcaccagtcacagaaaagcat
cttacggatggcatgacagtaagagaattatgcagtgctgccataaccatgagtg
ataacactgcggccaacttacttctgacaacgatcggaggaccgaaggagctaac
cgcttttttgcacaacatgggggatcatgtaactcgccttgatcgttgggaaccg
gagctgaatgaagccataccaaacgacgagcgtgacaccacgatgcctgtagcaa
tggcaacaacgttgcgcaaactattaactggcgaactacttactctagcttcccg
gcaacaattaatagactggatggaggcggataaagttgcaggaccacttctgcgec
tcggcccttccggectggectggtttattgctgataaatctggageccggtgagegtyg
ggtctcgcggtatcattgcagcactggggccagatggtaagccctcccgtatcgt
agttatctacacgacggggagtcaggcaactatggatgaacgaaatagacagatc
gctgagataggtgcctcactgattaagcattggtaactgtcagaccaagtttact
catatatactttagattgatttaaaacttcatttttaatttaaaaggatctaggt
gaagatcctttttgataatctcatgaccaaaatcccttaacgtgagttttcgttc
cactgagcgtcagaccccgtagaaaagatcaaaggatcttcttgagatccttttt
ttctgcgcgtaatctgctgcttgcaaacaaaaaaaccaccgctaccagecggtggt
ttgtttgccggatcaagagctaccaactctttttccgaaggtaactggcttcage
agagcgcagataccaaatactgtccttctagtgtagccgtagttaggccaccact
tcaagaactctgtagcaccgcctacatacctcgctctgctaatcctgttaccagt
ggctgctgccagtggcgataagtcgtgtcttaccgggttggactcaagacgatag
ttaccggataaggcgcagcggtcgggctgaacggggggttcgtgcacacagccca
gcttggagcgaacgacctacaccgaactgagatacctacagcgtgagctatgaga
aagcgccacgcttcccgaagggagaaaggcggacaggtatccggtaagcggcagg
gtcggaacaggagagcgcacgagggagcttccagggggaaacgcctggtatcttt
atagtcctgtcgggtttcgccacctctgacttgagcgtcgatttttgtgatgctece
gtcaggggggcggagcctatggaaaaacgccagcaacgcggcctttttacggttc
ctggccttttgctggccttttgctcacatgttctttcctgecgttatcccectgatt
ctgtggataaccgtattaccgcctttgagtgagctgataccgctcgccgcagccg
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pUT18C_CREB4.dna (Circular / 3228 bp)

aacgaccgagcgcagcgagtcagtgagcgaggaagcggaagagcgcccaatacgec 3190
aaaccgcctctccccgecgcgttggccgattcattaatg eee 3228
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Sequence: pKT25_cjun.dna (Circular / 3642 bp)
Enzymes: Unique 6+ Cutters (30 of 653 total) Unique Cutters Bold
Features: 8 total

(3641) Blpl Hindlll (1)
(3586) Xmnl
(3552) SgrAl

lac operator

Ahdl (371)

BstXI (503)
ApalLl (510)

Aval - BsoBI (594)
BmeT1101 (595)
Zral (623)
Aatll (625)

Nrul (738)

(2805) Sspl

(2760) BstAPI EcoRV (890)

pKT25_cjun Pcil (895)

3642 bp

Pstl (1004)
=—— Xbal (1013)
BamHI (1019)
Sphl (1043)

(2469) Bglil
(2464) Bcll*

Apol - EcoRI (1245)

Pvul (1365)

(2091) BciVvi

(1948) Banll
(1873) Ncol Rsrll (1790)



pKT25_cJun.dna (Circular / 3642 bp)
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aagctttaatgcggtagtttatcacagttaaattgctaacgcagtcaggcaccgt
gtatgaaatctaacaatgcgctcatcgtcatcctcggcaccgtcaccctggatgc
tgtaggcataggcttggttatgccggtactgccgggcctcttgecgggatctggcea
cgacaggtttcccgactggaaagcgggcagtgagcgcaacgcaattaatgtgagt
tagctcactcattaggcaccccaggctttacactttatgcttccggctcgtatgt
tgtgtggaattgtgagcggataacaatttcacacaggaaacagctATGACCATGC
AGCAATCGCATCAGGCTGGTTACGCAAACGCCGCCGACCGGGAGTCTGGCATCCC
CGCAGCCGTACTCGATGGCATCAAGGCCGTGGCGAAGGAAAAAAACGCCACATTG
ATGTTCCGCCTGGTCAACCCCCATTCCACCAGCCTGATTGCCGAAGGGGTGGCCA
CCAAAGGATTGGGCGTGCACGCCAAGTCGTCCGATTGGGGGTTGCAGGCGGGCTA
CATTCCCGTCAACCCGAATCTTTCCAAACTGTTCGGCCGTGCGCCCGAGGTGATC
GCGCGGGCCGACAACGACGTCAACAGCAGCCTGGCGCATGGCCATACCGCGGTCG
ACCTGACGCTGTCGAAAGAGCGGCTTGACTATCTGCGGCAAGCGGGCCTGGTCAC
CGGCATGGCCGATGGCGTGGTCGCGAGCAACCACGCAGGCTACGAGCAGTTCGAG
TTTCGCGTGAAGGAAACCTCGGACGGGCGCTATGCCGTGCAGTATCGCCGCAAGG
GCGGCGACGATTTCGAGGCGGTCAAGGTGATCGGCAATGCCGCCGGTATTCCACT
GACGGCGGATATCGACATGTTCGCCATTATGCCGCATCTGTCCAACTTCCGCGAC
TCGGCGCGCAGTTCGGTGACCAGCGGCGATTCGGTGACCGATTACCTGGCGCGCA
CGCGGCGGGCTGCAGGGTCGACTCTAGAGGATCCAGCGGAACGCAAACGCATGCG
CAACCGCATTGCGGCGAGCAAATGCCGCAAACGCAAACTGGAACGCATTGCGCGC
CTGGAAGAAAAAGTGAAAACCCTGAAAGCGCAGAACAGCGAACTGGCGAGCACCG
CGAACATGCTGCGCGAACAGGTGGCGCAGCTGAAACAGAAAGTGATGAACCATGT
GAACAGCGGCTGCCAGCTGATGCTGACCCAGTAGGaattcggccgtcgttttaca
acgtcgtgactgggaaaaccctggcgttacccaacttaatcgccttgcagcacat
ccccctttcgccagctggcgtaatagcgaagaggcccgcaccgatcgecccttceccce
aacagttgcgcagcctgaatggcgaatggcgctgatgtccggecggtgecttttgcec
gttacgcaccaccccgtcagtagctgaacaggagggacagggggtgggcgaagaa
ctccagcatgagatccccgcgctggaggatcatccagccggcgtcccggaaaacg
attccgaagcccaacctttcatagaaggcggcggtggaatcgaaatctcgtgatg
gcaggttgggcgtcgcttggtcggtcatttcgaaccccagagtcccgctcagaag
aactcgtcaagaaggcgatagaaggcgatgcgctgcgaatcgggagcggcgatac
cgtaaagcacgaggaagcggtcagcccattcgccgccaagctcttcagcaatatec
acgggtagccaacgctatgtcctgatagcggtccgccacacccagccggccacag
tcgatgaatccagaaaagcggccattttccaccatgatattcggcaagcaggcat
cgccatgggtcacgacgagatcctcgccgtcgggcatccgcgeccttgagcctggce
gaacagttcggctggcgcgagcccctgatgctcttcgtccagatcatcctgatcg
acaagaccggcttccatccgagtacgtgctcgctcgatgcgatgtttcgecttggt
ggtcgaatgggcaggtagccggatcaagcgtatgcagccgccgcattgcatcagce
catgatggatactttctcggcaggagcaaggtgagatgacaggagatcctgcccc
ggcacttcgcccaatagcagccagtcccttcccgcttcagtgacaacgtcgagca
cagctgcgcaaggaacgcccgtcgtggccagccacgatagccgcgectgecctecgte
ttggagttcattcagggcaccggacaggtcggtcttgacaaaaagaaccgggcgc
ccctgcgctgacagccggaacacggcggcatcagagcagccgattgtctgttgtg
cccagtcatagccgaatagcctctccacccaagcggccggagaacctgcgtgcaa
tccatcttgttcaatcatgcgaaacgatcctcatcctgtctcttgatcagatctt
gatcccctgcgccatcagatccttggcggcaagaaagccatccagtttactttge
agggcttcccaaccttaccagagggcgccccagctggcaattccggttcgecttge
tgtccataaaaccgcccagtctagctatcgccatgtaagcccactgcaagctacc
tgctttctctttgcgecttgecgttttcccttgtccagatagcccagtagctgacat
tcatccggggtcagcaccgtttctgcggactggctttctacgtgttccgecttccet
ttagcagcccttgcgccctgagtgecttgecggcagcgtgaagctgtgecctagaaat
attttatctgattaataagatgatcttcttgagatcgttttggtctgcgcgtaat
ctcttgctctgaaaacgaaaaaaccgccttgcagggcggtttttcgaaggttcte
tgagctaccaactctttgaaccgaggtaactggcttggaggagcgcagtcaccaa
aacttgtcctttcagtttagccttaaccggcgcatgacttcaagactaactcctc
taaatcaattaccagtggctgctgccagtggtgcttttgcatgtctttccgggtt
ggactcaagacgatagttaccggataaggcgcagcggtcggactgaacggggggt
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pKT25_cJun.dna (Circular / 3642 bp)
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tcgtgcatacagtccagcttggagcgaactgcctacccggaactgagtgtcaggce
gtggaatgagacaaacgcggccataacagcggaatgacaccggtaaaccgaaagg
caggaacaggagagcgcacgagggagccgccaggggaaacgcctggtatctttat
agtcctgtcgggtttcgccaccactgatttgagcgtcagatttcgtgatgecttgt
caggggggcggagcctatggaaaaacggctttgccgcggccctctcacttcccectg
ttaagtatcttcctggcatcttccaggaaatctccgcccecgttcgtaagccattt
ccgctcgccgcagtcgaacgaccgagcgtagcgagtcagtgagcgaggaagcgga
atatatcctgtatcacatattctgctgacgcaccggtgcagccttttttctcctg
ccacatgaagcacttcactgacaccctcatcagtgccaacatagtaagccagtat
atacactccgct eee 3642
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Sequence: pKT25_p21SNFT.dna (Circular / 3609 bp)
Enzymes: Unique 6+ Cutters (31 of 653 total) Unique Cutters Bold
Features: 8 total

(3608) Blpl Hindlll (1)
(3553) Xmnl
(3519) SgrAl

Ahdl (371)

BstXl (503)
ApalLl (510)

Aval - BsoBIl (594)
BmeT1101 (595)
Zral (623)
Aatll (625)

Nrul (738)

(2772) Sspl

(2727) BstAPI EcoRV (890)

pKT25_p21SNFT Pcil (895)

3609 bp

___— Pstl (1004)
== Xbal (1013)
BamHI (1019)

EcoNI (1110)

(2436) Bglll

(2431) Bcll* Afel (1180)

Apol - EcoRI (1212)

Pvul (1332)

(2058) BciVI
(1915) Banll
(1840) Ncol Rsril (1757)



pKT25_p21SNFT.dna (Circular / 3609 bp)
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aagctttaatgcggtagtttatcacagttaaattgctaacgcagtcaggcaccgt
gtatgaaatctaacaatgcgctcatcgtcatcctcggcaccgtcaccctggatgc
tgtaggcataggcttggttatgccggtactgccgggcctcttgecgggatctggcea
cgacaggtttcccgactggaaagcgggcagtgagcgcaacgcaattaatgtgagt
tagctcactcattaggcaccccaggctttacactttatgcttccggctcgtatgt
tgtgtggaattgtgagcggataacaatttcacacaggaaacagctATGACCATGC
AGCAATCGCATCAGGCTGGTTACGCAAACGCCGCCGACCGGGAGTCTGGCATCCC
CGCAGCCGTACTCGATGGCATCAAGGCCGTGGCGAAGGAAAAAAACGCCACATTG
ATGTTCCGCCTGGTCAACCCCCATTCCACCAGCCTGATTGCCGAAGGGGTGGCCA
CCAAAGGATTGGGCGTGCACGCCAAGTCGTCCGATTGGGGGTTGCAGGCGGGCTA
CATTCCCGTCAACCCGAATCTTTCCAAACTGTTCGGCCGTGCGCCCGAGGTGATC
GCGCGGGCCGACAACGACGTCAACAGCAGCCTGGCGCATGGCCATACCGCGGTCG
ACCTGACGCTGTCGAAAGAGCGGCTTGACTATCTGCGGCAAGCGGGCCTGGTCAC
CGGCATGGCCGATGGCGTGGTCGCGAGCAACCACGCAGGCTACGAGCAGTTCGAG
TTTCGCGTGAAGGAAACCTCGGACGGGCGCTATGCCGTGCAGTATCGCCGCAAGG
GCGGCGACGATTTCGAGGCGGTCAAGGTGATCGGCAATGCCGCCGGTATTCCACT
GACGGCGGATATCGACATGTTCGCCATTATGCCGCATCTGTCCAACTTCCGCGAC
TCGGCGCGCAGTTCGGTGACCAGCGGCGATTCGGTGACCGATTACCTGGCGCGCA
CGCGGCGGGCTGCAGGGTCGACTCTAGAGGATCCAGAAAAAAACCGCGTGGCGGC
GCAGCGCAGCCGCAAAAAACAGACCCAGAAAGCGGATAAACTGCATGAAGAATAT
GAAAGCCTGGAACAGGAAAACACCATGCTGCGCCGCGAAATTGGCAAACTGACCG
AAGAACTGAAACATCTGACCGAAGCGCTGAAAGAACATGAAAAAATGTGCCCGTA
GGaattcggccgtcgttttacaacgtcgtgactgggaaaaccctggcgttaccca
acttaatcgccttgcagcacatccccctttcgccagctggcgtaatagcgaagag
gcccgcaccgatcgcccttcccaacagttgcgcagcctgaatggcgaatggcecgcet
gatgtccggcggtgcttttgccgttacgcaccaccccgtcagtagctgaacagga
gggacagggggtgggcgaagaactccagcatgagatccccgcgctggaggatcat
ccagccggcgtcccggaaaacgattccgaagcccaacctttcatagaaggcggcg
gtggaatcgaaatctcgtgatggcaggttgggcgtcgcttggtcggtcatttcga
accccagagtcccgctcagaagaactcgtcaagaaggcgatagaaggcgatgcgc
tgcgaatcgggagcggcgataccgtaaagcacgaggaagcggtcagcccattcgece
cgccaagctcttcagcaatatcacgggtagccaacgctatgtcctgatagcggtec
cgccacacccagccggccacagtcgatgaatccagaaaagcggccattttccacec
atgatattcggcaagcaggcatcgccatgggtcacgacgagatcctcgccgtcgg
gcatccgcgccttgagcctggcgaacagttcggctggcgcgagcccctgatgcectce
ttcgtccagatcatcctgatcgacaagaccggcttccatccgagtacgtgctcge
tcgatgcgatgtttcgcttggtggtcgaatgggcaggtagccggatcaagcgtat
gcagccgccgcattgcatcagccatgatggatactttctcggcaggagcaaggtg
agatgacaggagatcctgccccggcacttcgcccaatagcagccagtcccttccce
gcttcagtgacaacgtcgagcacagctgcgcaaggaacgcccgtcgtggccagcec
acgatagccgcgctgcctcgtcttggagttcattcagggcaccggacaggtcggt
cttgacaaaaagaaccgggcgcccctgcgctgacagccggaacacggcggcatca
gagcagccgattgtctgttgtgcccagtcatagccgaatagcctctccacccaag
cggccggagaacctgcgtgcaatccatcttgttcaatcatgcgaaacgatcctca
tcctgtctcttgatcagatcttgatcccctgcgccatcagatccttggcggcaag
aaagccatccagtttactttgcagggcttcccaaccttaccagagggcgccccag
ctggcaattccggttcgcttgctgtccataaaaccgcccagtctagctatcgcca
tgtaagcccactgcaagctacctgctttctctttgecgecttgecgtttteccecttgte
cagatagcccagtagctgacattcatccggggtcagcaccgtttctgcggactgg
ctttctacgtgttccgcttcctttagcagcccttgecgeccctgagtgecttgcecggceca
gcgtgaagctgtgcctagaaatattttatctgattaataagatgatcttcttgag
atcgttttggtctgcgcgtaatctcttgctctgaaaacgaaaaaaccgccttgca
gggcggtttttcgaaggttctctgagctaccaactctttgaaccgaggtaactgg
cttggaggagcgcagtcaccaaaacttgtcctttcagtttagccttaaccggcgece
atgacttcaagactaactcctctaaatcaattaccagtggctgctgccagtggtg
cttttgcatgtctttccgggttggactcaagacgatagttaccggataaggcgca
gcggtcggactgaacggggggttcgtgcatacagtccagcttggagcgaactgcec
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pKT25_p21SNFT.dna (Circular / 3609 bp)
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tacccggaactgagtgtcaggcgtggaatgagacaaacgcggccataacagcgga
atgacaccggtaaaccgaaaggcaggaacaggagagcgcacgagggagccgccag
gggaaacgcctggtatctttatagtcctgtcgggtttcgccaccactgatttgag
cgtcagatttcgtgatgcttgtcaggggggcggagcctatggaaaaacggectttg
ccgcggccctctcacttccctgttaagtatcttcctggcatcttccaggaaatct
ccgccccgttcgtaagccatttccgectcgeccgcagtcgaacgaccgagcgtageg
agtcagtgagcgaggaagcggaatatatcctgtatcacatattctgctgacgcac
cggtgcagccttttttctcctgccacatgaagcacttcactgacaccctcatcag
tgccaacatagtaagccagtatatacactccgct eee 3609

3190
3245
3300
3355
3410
3465
3520
3575
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Sequence: pKT25_CREB4.dna (Circular / 3648 bp)
Enzymes: Unique 6+ Cutters (27 of 653 total) Unique Cutters Bold
Features: 8 total

(3647) Blpl Hindlll (1)
(3592) Xmnl
(3558) SgrAl

Ahdl (371)

BstXI (503)
ApalLl (510)

Aval - BsoBI (594)
BmeT110I1 (595)
Zral (623)
Aatll (625)

Nrul (738)

(2811) Sspl

(2766) BstAPI EcoRV (890)

pKT25_CREB4 Pcil (895)

3648 bp

Xbal (1013)
BamHI (1019)

(2475) Bglll
(2470) Bcll*

EcoRI (1251)

Pvul (1371)

(2097) BciVI

(1954) Banll
(1879) Ncol Rsril (1796)



pKT25_CREB4.dna (Circular / 3648 bp)
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aagctttaatgcggtagtttatcacagttaaattgctaacgcagtcaggcaccgt
gtatgaaatctaacaatgcgctcatcgtcatcctcggcaccgtcaccctggatgc
tgtaggcataggcttggttatgccggtactgccgggcctcttgecgggatctggcea
cgacaggtttcccgactggaaagcgggcagtgagcgcaacgcaattaatgtgagt
tagctcactcattaggcaccccaggctttacactttatgcttccggctcgtatgt
tgtgtggaattgtgagcggataacaatttcacacaggaaacagctATGACCATGC
AGCAATCGCATCAGGCTGGTTACGCAAACGCCGCCGACCGGGAGTCTGGCATCCC
CGCAGCCGTACTCGATGGCATCAAGGCCGTGGCGAAGGAAAAAAACGCCACATTG
ATGTTCCGCCTGGTCAACCCCCATTCCACCAGCCTGATTGCCGAAGGGGTGGCCA
CCAAAGGATTGGGCGTGCACGCCAAGTCGTCCGATTGGGGGTTGCAGGCGGGCTA
CATTCCCGTCAACCCGAATCTTTCCAAACTGTTCGGCCGTGCGCCCGAGGTGATC
GCGCGGGCCGACAACGACGTCAACAGCAGCCTGGCGCATGGCCATACCGCGGTCG
ACCTGACGCTGTCGAAAGAGCGGCTTGACTATCTGCGGCAAGCGGGCCTGGTCAC
CGGCATGGCCGATGGCGTGGTCGCGAGCAACCACGCAGGCTACGAGCAGTTCGAG
TTTCGCGTGAAGGAAACCTCGGACGGGCGCTATGCCGTGCAGTATCGCCGCAAGG
GCGGCGACGATTTCGAGGCGGTCAAGGTGATCGGCAATGCCGCCGGTATTCCACT
GACGGCGGATATCGACATGTTCGCCATTATGCCGCATCTGTCCAACTTCCGCGAC
TCGGCGCGCAGTTCGGTGACCAGCGGCGATTCGGTGACCGATTACCTGGCGCGCA
CGCGGCGGGCTGCAGGGTCGACTCTAGAGGATCCACGCCGCAAAATTCGCAACAA
ACAGAGCGCGCAGGATAGCCGCCGCCGCAAAAAAGAATATATTGATGGCCTGGAA
AGCCGCGTGGCGGCGTGCAGCGCGCAGAACCAGGAACTGCAGAAAAAAGTGCAGG
AACTGGAACGCCATAACATTAGCCTGGTGGCGCAGCTGCGCCAGCTGCAGACCCT
GATTGCGCAGACCAGCAACAAAGCGGCGCAGACCAGCTAGGaattcggccgtcgt
tttacaacgtcgtgactgggaaaaccctggcgttacccaacttaatcgccttgca
gcacatccccctttcgccagctggcgtaatagcgaagaggcccgcaccgatcgcc
cttcccaacagttgcgcagcctgaatggcgaatggcgctgatgtccggecggtget
tttgccgttacgcaccaccccgtcagtagctgaacaggagggacagggggtggge
gaagaactccagcatgagatccccgcgctggaggatcatccagccggcgtcccgg
aaaacgattccgaagcccaacctttcatagaaggcggcggtggaatcgaaatctc
gtgatggcaggttgggcgtcgcttggtcggtcatttcgaaccccagagtcccgcet
cagaagaactcgtcaagaaggcgatagaaggcgatgcgctgcgaatcgggagcgg
cgataccgtaaagcacgaggaagcggtcagcccattcgccgccaagctcttcage
aatatcacgggtagccaacgctatgtcctgatagcggtccgccacacccagccgg
ccacagtcgatgaatccagaaaagcggccattttccaccatgatattcggcaagc
aggcatcgccatgggtcacgacgagatcctcgccgtcgggcatccgcgccttgag
cctggcgaacagttcggctggcgcgagcccctgatgctcttcgtccagatcatcece
tgatcgacaagaccggcttccatccgagtacgtgctcgctcgatgcgatgtttcg
cttggtggtcgaatgggcaggtagccggatcaagcgtatgcagccgccgcattgce
atcagccatgatggatactttctcggcaggagcaaggtgagatgacaggagatcc
tgccccggcacttcgcccaatagcagccagtcccttcccgecttcagtgacaacgt
cgagcacagctgcgcaaggaacgcccgtcgtggccagccacgatagccgcgcectgece
ctcgtcttggagttcattcagggcaccggacaggtcggtcttgacaaaaagaacc
gggcgcccctgcgctgacagccggaacacggcggcatcagagcagccgattgtct
gttgtgcccagtcatagccgaatagcctctccacccaagcggccggagaacctgece
gtgcaatccatcttgttcaatcatgcgaaacgatcctcatcctgtctcttgatca
gatcttgatcccctgcgccatcagatccttggcggcaagaaagccatccagttta
ctttgcagggcttcccaaccttaccagagggcgccccagctggcaattccggttc
gcttgctgtccataaaaccgcccagtctagctatcgccatgtaagcccactgcaa
gctacctgctttctctttgecgecttgecgttttcccttgtccagatagcccagtage
tgacattcatccggggtcagcaccgtttctgcggactggctttctacgtgttccg
cttcctttagcagcccttgcgccctgagtgecttgecggcagcgtgaagectgtgcect
agaaatattttatctgattaataagatgatcttcttgagatcgttttggtctgcg
cgtaatctcttgctctgaaaacgaaaaaaccgccttgcagggcggtttttcgaag
gttctctgagctaccaactctttgaaccgaggtaactggcttggaggagcgcagt
caccaaaacttgtcctttcagtttagccttaaccggcgcatgacttcaagactaa
ctcctctaaatcaattaccagtggctgctgccagtggtgcttttgcatgtctttce
cgggttggactcaagacgatagttaccggataaggcgcagcggtcggactgaacg

55
110
165
220
275
330
385
440
495
550
605
660
715
770
825
880
935
990

1045
1100
1155
1210
1265
1320
1375
1430
1485
1540
1595
1650
1705
1760
1815
1870
1925
1980
2035
2090
2145
2200
2255
2310
2365
2420
2475
2530
2585
2640
2695
2750
2805
2860
2915
2970
3025
3080
3135



pKT25_CREB4.dna (Circular / 3648 bp)

126

gggggttcgtgcatacagtccagcttggagcgaactgcctacccggaactgagtg
tcaggcgtggaatgagacaaacgcggccataacagcggaatgacaccggtaaacc
gaaaggcaggaacaggagagcgcacgagggagccgccaggggaaacgcctggtat
ctttatagtcctgtcgggtttcgccaccactgatttgagcgtcagatttcgtgat
gcttgtcaggggggcggagcctatggaaaaacggctttgccgecggccctctcact
tccctgttaagtatcttcctggcatcttccaggaaatctccgccccgttcgtaag
ccatttccgctcgccgcagtcgaacgaccgagcgtagcgagtcagtgagcgagga
agcggaatatatcctgtatcacatattctgctgacgcaccggtgcagcctttttt
ctcctgccacatgaagcacttcactgacaccctcatcagtgccaacatagtaagc
cagtatatacactccgct eee 3648

3190
3245
3300
3355
3410
3465
3520
3575
3630
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