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ABSTRACT
CHRISTOPHER SINGER. Elucidating functional mechanisms in proteins using the

Distance Constraint Model. (Under the direction of DR. DONALD JACOBS and DR.
IRINA NESMELOVA)

Protein thermodynamics has been shown to be insightful and illuminating to the
functional mechanisms behind biological function. By characterizing proteins and protein
families according to their enthalpy and entropy we can make inferences to the
relationship between specific residues or regions and the activity. Here I will leverage
several existing and new computational methodologies on various families of biological
importance.

By combining molecular dynamics calculations with thermodynamics I will
characterize the importance of disulfide bonds in CXCL7 proteins, which are a trademark
characteristic of the Chemokine family. In addition I will use these calculations to
approximate the dimerization energy. RiVax being a larger molecule is too
computationally expensive to run MD simulations on the scale desired therefore I will
create a new higher throughput methodology to better represent the conformational
diversity of RiVax. Through better conformational sampling and quantitative
stability/flexibility relationships I will elucidate why certain mutations enhance the
stability of RiVax making it a more viable drug. Sleeping Beauty presents another set of
challenges, as experimental data is scarce for this import link in the CRISPR technology
chain. Therefore I will develop a methodology to predict thermodynamic properties of
SB without the need for heat capacity data. I will accomplish this by comparing SB to its

hyperactive mutation SB100 that is structurally very similar yet has difference in activity



v

equal to 100 fold.
These new methodologies will enhance the capacity of current methods and build
the foundation for future students to develop further, and in time tackle problems outside

the scope of current ability.
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Chapter 1 Introduction

1.1 Proteins: The Workforce of the Cell

The directions encoded in our DNA dictate biological function, however proteins are
the foot soldiers that carry out the orders sent down from DNA. Molecular Biologists
refer to this dissemination of orders from DNA transcription to mRNA, and mRNA
translation into proteins as the Central Dogma of Molecular Biology and it represents the
multi tiered processes of which life works. Proteins take many forms inside the cell
covering structural complexes, which builds our bones and muscles, transport proteins
like Hemoglobin which carries oxygen throughout our bodies, signaling proteins that start

the chain reaction of cellular processes to maintain homeostasis.

Proteins vary greatly in their structure and sequence. Across species it can be the case
that proteins share similar function yet their sequences can differ by more than 50%. On
the other hand, a single point mutation, having little effect on sequence similarity
compared to the wild type, can have dramatic consequences to protein function, which
can lead to diseases. Sickle cell anemia is an unfortunate example of this, where it is
known that a mutation from GLU to VAL changes the protein-protein interaction in the
red blood cells causing hemoglobin to stick together forming extended patterns. This is
extremely painful and completely alters the natural function of an entire cell type (1).
Cystic Fibrosis, Neurofiboritois, and even some forms of cancer are linked to a single

change to the amino acid structure of the acting protein (2).

The birth of structural biology, followed by structural bioinformatics, began with the

first three dimensional structure published in nature in 1958(3). This first structure was



myoglobin obtained by x-ray crystallography, which in addition to Nuclear Magnetic
Resonance (NMR) are the two gold standards for experimental protein structure
determination even today. These structures give researchers a snapshot of the folded
conformation of now thousands of proteins that represent the widest array of functional
characteristics. Researchers now have a sequence/structure/function paradigm to help
prevent and/or cure major diseases causes by mutations along the amino acid sequence.
However, for such a molecular level perspective to be useful, the first steps are to
characterize proteins experimentally and build models to glean insight in how each
residue interacts with and without each other. From a bioinformatics perspective this
means how to collect, and process data and develop tools and pipelines to understand the

effects of mutations on protein function.
1.2 Protein Thermodynamics

The laws of thermodynamics govern every process in our universe, and the
biological world is no different. Free energy (G) of a system is related to enthalpy (H)

and entropy (S) according to (Eq 1).
G=H-TS (1)

Enthalpy accounts for all energy contributions from molecular interactions and a work
contribution that is related to the system changing its volume. However, near atmospheric
pressure this work term from changes in volume is a negligible contribution to enthalpy,
meaning we can consider the enthalpy of a system as energy. A simple expression for the

energy of a molecular system can be written as one and two body terms as shown in (Eq

2).



H = Z?:l Einterar + Z7=i+1 Eij (2)

Entropy on the other hand represents how energy is distributed throughout the system
among all the possible interactions within the system. Systems tend to increase in entropy
by statistical reasons alone, driving systems to become more disordered. While these two
properties themselves may be difficult to measure directly we can accurately measure and
model differences in G, H and S between two systems. This allows the selection of an
arbitrary reference (G=0). Any comparison where the free energy of one system or state
of a system is negative with respect to a reference state (AG < 0) indicates a more stable
thermodynamic state. Conversely, systems with AG > 0 are less stable than the reference.
Breaking down the components of AG also leads to approximating AH and AS in the

same manner.
AG = AH — TAS 3)

It is well established that proteins are quite dynamic in nature and take on a
multitude of difference conformations. Considering two conformations, two snapshots of
its existence, the AG can be estimated computationally by approximating the AH and AS
between the two conformations. Since these two conformations are the same protein they
have the same atoms, and the covalent bond network is unchanged from conformation to
conformation. Two things are changing however: the non-covalent interactions, and the
shape of the whole protein. Individual forces between atom pairs are well understood so
they may be estimated computationally, however the conformational entropy is much
more difficult to accurately approximate. Knowing how to calculate these two quantities
its possible to calculate AG between two states. Calculating AG depending on

conformation is a difficult task because proteins are highly dynamic, which requires a



large number of different microstates to be considered. The distance constraint model
developed by Dr. Jacobs in the early 2000s allows one to rapidly calculate
thermodynamic properties based on an ensemble of constraint topologies, and it also

provides insight into mechanistic properties of a protein.

1.3 minimum Distance Constraint Model (mDCM)

The mDCM maps the three-dimensional all-atom structure of the native state of a
protein onto a graph, where vertices represent atoms and edges represent different
interactions, such as covalent bonding, hydrogen bonds (H-bonds), salt bridges and
atomic packing through torsion interactions. A salt bridge is treated as a special type of
H-bond. A free energy decomposition scheme is employed, where an energy and entropy
contribution is assigned to each interaction, and moreover, each interaction is modeled as
one or more distance constraint. Note that covalent bonds are always present in the graph
because they do not fluctuate, whereas torsion distance constraints and H-bond distance
constraints fluctuate, which generates a large ensemble of accessible constraint networks.
The total energy and conformational entropy must be calculated for each network.
Although correlations between degrees of freedom (DOF) invalidate an additive
reconstitution of free energy components defined by a free energy decomposition(4,5) a
non-additive reconstitution is possible(6) by applying the pebble game algorithm(7) to a
constraint network to identify independent distance constraints. A lowest upper bound
estimate for the total conformational entropy is obtained by preferentially adding the
most restrictive independent interactions present in the network, while energy

contributions are added over all interactions present. This approach proves to be



sufficient to provide high accuracy within the context of a phenomenological model
comprising three free parameters.

The H-bonds identified from the native structure are allowed to break and reform, but
no non-native H-bonds enter into the calculation. Torsion constraints fluctuate between
native-like and disordered states to model good or poor atomic packing. Good atomic
packing lowers energy and conformational entropy, while poor atomic packing increases
energy and conformational entropy. To generate an ensemble of constraint networks that
characterize conformational fluctuations about the native structure, and to calculate the
free energy of the protein, the number of H-bonds, Ni», and the number of good packing

constraints, Ngp,, are order parameters used to specify a macrostate of the protein. Given

the maximum number of H-bonds, N,;”, and the maximum number of good packing
torsion constraints, N,,", as determined from an input structure, the number of possible
microstates, QQ m, for a given macrostate (Nxs, Ngp) 1S given as

(N]:r;ax N !)/(Nhh !(N,;‘,“,a" - th)!ng !(Ng“;a" - ng)!) . The mixing entropy Sy is then

given by §

mix

= Rln(Qm) , where R is the ideal gas constant.

By employing Monte Carlo sampling, the conformational entropy for a macrostate is

estimated as:

N max

max hb 1
Sc(th’ng |6gp)=R OgpQgp + 0 ppQpp +0pp kzl 1+§Ek (grmr) 4

where Rogp is the entropy of an independent good packing constraint, R, is the entropy

max

of an independent poor packing constraint and & ;

is the entropy of the weakest



possible independent H-bond constraint. The dimensionless parameters 8 ,, and &,

have been determined previously to be equal to 2.53 and 1.89, respectively(8), and they
are transferable across globular proteins. Qg, and Q,, represent the average number of
independent good packing or poor packing constraints found in the sub-ensemble of
constraint networks specified by (Nus, Ngp). The variable ni equals 0 when the k-th native
H-bond is broken or 1 when it is present. The quantity gx counts the number of
independent distance constraints associated with the A-th H-bond when present. The

energy, E, , for the k-th H-bond (or salt bridge) is limited to the range from 0 to -8

kcal/mol(9), with corresponding entropy being a linear function of its energy. The Oy,
Opp, and g; have unique values because of the preferential ordering imposed on Eq. (4)
where the lowest entropy constraints are placed in the network before other constraints
with higher entropy.

The free energy landscape is calculated by combining total energy and entropy
contributions for each macrostate using a free energy functional. Accordingly, the free

energy of a macrostate of the protein is constructed as:

G(Niy Ny )= U(Npy )= Ny + VN gy = T1S, (N, Ny )+ S (N Ny 185 )] (5)

Npp
where U is the average intramolecular H-bond energy given as U = Y E;n; . In Eq. (5)
i=1

the three parameters, (u, v, dy) are adjusted for thermodynamic predictions to best agree
with experimental measurements. The u parameter represents a favorable (i.e. a negative
value) effective protein-solvent H-bond energy, which competes against the formation of
intramolecular H-bonds. The v parameter is a favorable energy that occurs when good

atomic packing forms, and Rd,, was described above as the entropy of an independent



good packing constraint. For an exhaustive calculation on an average sized protein (~130
residues), about 272° constraint networks are required, ignoring non-native interactions.
Only a few hundred random samples of constraint networks per macrostate are sufficient
to obtain accurate estimates of the free energy function given in Eq. (5). In most cases the
phenomenological parameters u, v, and g, were usually determined by fitting the
predicted heat capacity curve based on one input structure to the target heat capacity
curve from differential scanning calorimetry (DSC). In other cases when the Cp is not
available or difficult to measure experimentally GRIDsearch methodology is
implemented. GRIDsearch calculates the thermodynamic qualities for a grid of discrete
guesses of u,v, and dnat within the physical range from which heat capacity
reconstitution is our guide toward physical solutions.
1.4 Applications of the mDCM

Leveraging the speed of thermodynamic and mechanical calculations from the
mDCM, I show here how to improve and combine mDCM pipelines with Molecular
Dynamics simulations to enhance its computational range. For small proteins like
CXCL7 the addition of highly accurate, however expensive MD calculations can better
explore the conformational diversity of these signaling proteins. While the community
has identified over thirty Chemokines found in humans, very little literature has been
written on the topic due to the high cost of experimental samples. For this reason a
computational description of the prime characteristics could greatly move the needle in
such an underdeveloped field.

RiVax on the other hand is of a different value. It is already established as a viable

vaccine for Ricin and has a lot of eyes on the topic. For this reason we have collaborated



with experimentalists who have the ability to clinically test the activity of mutation
studies. While this is a larger system and MD is too expensive for such a system it is
feasible to use a methodology to sample a more diverse topology of the system in place
of the conformation. Through this method I have approximated the melting temperature
of mutations and predicted thermostability of various mutations. Mutations with similar
function but greater stability could be a better option for drug design.

Finally Sleeping Beauty is a long flexible protein that is a piece of the CRISPR
pipeline. Therefore greater understanding of this piece is pivotal to further development
in the field. However, no experimental heat capacity data is known for SB due to the
difficulty of purification and crystallization. I have developed a new GRIDsearch method
to bypass the need for experimental curves through calculating many solutions both
realistic and not. Through prior knowledge and internal consistency we have
approximated the appropriate properties for SB and its mutations. This new GRIDsearch
builds a foundation for many more advancements in the DCM by expanding the scope of

potential protein systems previously impossible to calculate.
1.5 Limitations of the mDCM

While the mDCM has been effective in its predictions over the past decade we do
not pretend that it is without weakness. The speed of the DCM is its greatest strength yet
it is a double-edged sword. Every calculation is based off of a single conformation
defined by an experimental structure that has potentials errors in itself. X-ray structures
only represent a snapshot of a highly dynamic system and due to the crystallization
process, possibly an unnatural conformation. The mDCM widely explores the potential of

that single conformation, however it cannot make up for a poor starting structure. The



mDCM has shown to be robust despite the concern of a single reference and family wide
studies have been implemented on Lysozyme(10), 3-Lactamase(11), and other families
with high confidence. With a greater sample of conformations we can be more
statistically certain about our analysis of protein mechanics. In addition the mDCM
loosely integrates solvent interaction with solution by the fitting parameter u. However,
this term can be improved upon to better model the effect of protein surface mutations,
which primarily alters solvation interactions. This dissertation in part works around the
weakness of the mDCM in finding potential solutions for the purposes to increase
accuracy by including additional physical effects along with improved work-flow

implementation advancements.

Several different protocols have been employed to circumvent potential artifacts
resulting from the single structure bias introduced by static structures. These studies
while novel and robust, showed a need for a more sophisticated version of the mDCM in
which complex pipelines of multi-tiered software are not necessary for optimal results. In
the sections that follow we briefly touch on the project and implementation used to
enhance mDCM output. These methods include conformational sampling with Molecular

Dynamics (MD) software, large scale cross parameterization, and homology modeling.
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Chapter 2  CXCL7 and Molecular Dynamics

2.1 Chemokine CXCL7 — Background

Chemokines are important regulatory proteins associated virtually with all
physiologic or pathologic processes that involve immune system cell trafficking(12). The
interest to understand how chemokines function increased greatly after they were
identified as key players in inflammation-related and infectious disease processes,
including autoimmune disease, HIV/AIDS, and cancer(13,14). While the assessment of
chemokines in a variety of biological assays provided a wealth of information on their
functional activity and new activities are continually being discovered, the structural
biology approach allows for the mechanistic understanding of chemokine functioning.

There are 47 members in the family of human chemokines. Chemokine act on
receptors that belong to the family of G-protein-coupled receptor (GPCR)
superfamily(15). Multiple chemokines bind a single receptor and a single chemokine
binds multiple receptors, resulting in a broad range of both unique and shared signaling
events. Significant efforts are being made towards understanding the receptor binding
affinity and specificity in the chemokine system in order to(16,17) facilitate the
development of targeted therapeutic agents(18-20). It is expected that all chemokines
have a similarly shaped receptor-binding site, because chemokines are small molecules
(8-10 kDa) with essentially the same three-dimensional fold(21). Chemokines have two
disulfide bonds joining four conserved cysteine residues per monomer (with few
exceptions). The current model of receptor activation by a chemokine ligand, which is

based on structure-function studies of several chemokines, proposes two consecutive
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interaction sites: the N-loop of chemokine ligand interacting with N-terminal residues of
the receptor (Site-I) and the N-terminal residues of chemokine ligand interacting with
extracellular loop/transmembrane residues of the receptor (Site-11) (20,22) Accordingly,
differences in amino acid composition of the N-terminal and N-loop regions contribute to
the affinity and specificity of the receptor binding by a chemokine ligand. Additionally,
experimental evidence showing that both the Site-I and Site-II of chemokine/receptor
interaction comprise an extended and comparatively flexible region within the chemokine
molecule, suggests a mechanistic role of protein dynamics in receptor binding(16,17,23-
31).

An interesting question is whether the differences in protein dynamics or flexibility in
the apo structures through intermolecular inter-residue couplings are important in the
selection of chemokine-receptor interactions. Indeed, the importance of coupling between
Site-I and Site-II in the chemokine ligand for receptor activation has been demonstrated
for the CXCLS8 chemokine(32,33), suggesting similar effects are present in other
chemokines due to the similarity of their structures and disulfide bond locations(33).

Here, we shall employ a combination of computational methods to investigate the
dynamics, the inter-residue couplings, and the role of disulfide bonds on chemokine
stability and flexibility in the monomer and dimer forms of CXCL7 chemokine. CXCL7
is a strong chemoattractant of neutrophils, and thus plays an important role in
inflammation, blood clotting, and wound healing(34). It activates neutrophils via the
interactions with cell surface receptors CXCR1 and CXCR2, but has much higher affinity
to CXCR2(35-37). Similar to other chemokine ligands of CXCR2 receptor (e.g., CXCL1-

3 and CXCL5-8), CXCL7 has a characteristic three N-terminal amino acid residue motif,



12

ELR, involved in receptor binding and cell activation(38) that was shown to be highly
dynamic(17). By analogy to other CXCR2 chemokines, the N-loop (Ile§-His15) and the
30s loop (Gly26-Val34) are expected to be involved in receptor binding as they define
relatively dynamic regions of the protein(16,17). Besides the chemotactic activity
regulated through the receptor, it was found that the CXCL7 variant is missing just the
two C-terminus amino acids, thrombocidin-1 (TC-1) possesses strong antimicrobial
activity(39). While a positive patch on protein surface formed by several lysine and
arginine residues (Lys17, Lys41, Arg54, Lys56, Lys57, Lys 60, and Lys61) was found to
be essential for the antimicrobial activity of folded TC-1(40,41), functional differences
(CXCL7 being inactive vs. TC-1 being active) of the two proteins with essentially the
same monomer structure were explained by a higher and less restricted mobility of C-
terminal residues in TC-1, leading to the increased possibility of interactions with the
negatively charged bacterial membranes(16). Thus, protein dynamics plays an important
role in both the receptor activation and antimicrobial activity of CXCL7.

The dynamics and stability of CXCL7 is investigated in detail by a combination of
methods, where mDCM is combined with all-atom molecular dynamics (MD) simulation
in explicit solvent following recent work on antibody fragments(42). For the first time,
we extended the mDCM approach to account for solvation effects semi-empirically by
extracting free energy differences upon dimerization from experimental circular
dichroism (CD) experiments. This latter connection provides a route for quantitatively
comparing backbone flexibility and residue pair couplings between the monomer and

dimer forms to elucidate the effect of the protein-protein interface. Taken together, we
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should arrive at a consistent picture of CXCL7 dynamics and stability in regards to the

effect of dimerization and role played by the highly conserved disulfide bonds.

2.2 Molecular Dynamics and mDCM Methodology

To study the effects of the disulfide bonds, each monomer (A and B) was
prepared in four cases: both Cys5-Cys31 and Cys7-Cys47 or none of the disulfide bonds
form, or only one of the two disulfide bonds form. Residue pair couplings are sensitive to
the H-bond network within a protein structure. The asymmetric x-ray crystal structure of
a CXCL7 tetramer (pdb code 1INAP) showed differences in H-bonding details among the
four monomers. Therefore, MD simulation was used to generate multiple input structures
for the mDCM(42). The MD simulation was performed using Gromacs 4.5.5(43,44) in
the NVT ensemble with the AMBER99SB-ILDN force field(45). The protein systems
were solvated by adding 10.0 A of TIP3P water in a periodic cubic box, with counter ions
added to neutralize the net charge. Before production, the starting structure was obtained
by minimizing the potential energy of the system, followed by 1 ns of NPT and 1 ns of
NVT equilibration. Pressure (1 atm) was regulated using the extended ensemble
Parrinello-Rahman approach(46) and temperature (300 K) was controlled by a Nose-
Hoover temperature coupling(47). A cutoff distance of 10.0 A was used for van der
Waals interactions, and the Particle-Mesh-Ewald (48) method was employed to account
for the long-range electrostatic interactions. All bonds to hydrogen atoms in proteins
were constrained using LINCS(49), and bonds and angles of water molecules were
constrained by SETTLE, allowing for a time step of 0.002 ps. A 100 ns trajectory was

collected for each structure. A total of 2,000 evenly spaced frames from each trajectory
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were clustered using the KCLUST module(50) from the MMTSB tool set(51) based on
the RMSD of all heavy atoms. The cluster radius was adjusted so that the ten largest
clusters represented 85% or more of the 2000 conformations.

The total number of input structures to mDCM consisted of 40 dimers and 80
monomers in total by considering each of the disulfide bond states for the dimer and
monomer (A and B chains) separately. A simple grid search over the three dimensional
parameter-space was performed to obtain different sets of parameters u, v, and Jg, that
would yield heat capacity curves with a peak at the experimentally determined 7., while
consistent with experimental AH of unfolding of a monomer. Initially, the grid searches
were performed for 20 monomer structures and 10 dimer structures to identify a
consensus target heat capacity curve for the monomer and dimer forms. Each input
structure (with all disulfide bonds present) produced a unique set of parameters u, v, and
Ogp, needed to fit the target heat capacity in order to account for conformational
differences. The parameters u, v, and oy, were determined for structures with one or both
disulfide bonds removed by computationally reforming the missing disulfide bonds so
that the same target heat capacity for when all disulfide bonds are present can be used
again. Following prior works(52,53) these new parameters are kept fixed when the
disulfide bonds that were just added are subsequently removed because the global
features of the protein conformation are unaltered.

2.3 Dimerization Energies

The mDCM phenomenological parameters, which in part reflect solvation
contributions to the free energy, are robust across all structures from a MD trajectory

because quantities such as heat capacity, average number of H-bonds and mechanical
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properties, all being a function of temperature, are not affected by arbitrary constant
shifts in the energy or entropy parameters. However, because differences in free energy,
energy and entropy are sought between the monomer/dimer states and disulfide bonding
states, relative parameter shifts between representative structures from the MD simulation
must be accounted for. Importantly, changes in solvent exposed surface area due to
displacement of solvent at the dimer interface must be considered. To circumvent

modifying the mean-field treatment of solvation effects in the mDCM, a model

independent approach was employed that uses the empirical parameters {AH . ,ASH,Ta}

for dimer association based on fitting to the CD measurements assuming dimer

association is a two state process with AH_ =T AS, .

The free energy of a given representative structure relative to an arbitrary reference
state is given by G, (T)=H,(T)-TS,(T)+(h, -Ts,) where {h,.s,} are constant shifts in

(energy, entropy) that reflect small variations in solvation free energy between MD
frames. Since we have 80 different free energy curves for monomers with all disulfide
bonds present and 40 such curves for dimers, we average over the respective numbers (80
and 40) and obtain two average free energy curves that serve as reference targets for the
monomer and dimer structures. Note that deviations in free energy for a specific structure
relative to the reference free energy curve at any given temperature is partly due to the

{hy, sk} shifts poorly modeled by mDCM in addition to structural differences captured
well. Therefore, uncertainty in mDCM predictions are obtained by adjusting the {hk,sk}
parameters so that each free energy curve derived from a MD frame matches the

reference curve the best it can through a least squares error fitting. Any deviation

remaining reflects the intrinsic uncertainty in the mDCM prediction combined with the
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conformations explored by the MD simulation. This congruency process yields two free
energy curves (for monomer and dimer) resulting in mDCM predictions with appropriate

error bars. Although the change in free energy upon formation of the dimer interface is
not accounted for (yet), we know AH, = H"” —=2H™ and AS, =S" -25"™ where (D)

and (M) respectively represent the dimer and monomer forms. At 7, let

AH =H\) . (T,)-2Hply (T,) and ASS =80 (T,) =28 ey (T, ), and using the

mDCM mDCM
freedom to add a constant energy and entropy shift between the monomer and dimer, it

follows H?, =H® _AH® + AH and S® =85 _AS® +AS . Then the predicted
a mDCM a p

pred mDCM pred

free energy curve for the dimer is given as G, = H,, =TS\ . Although this procedure

fixes the difference in free energy curves for the dimer minus two monomers, it is still
possible to shift the overall energy and entropy of the monomer because this arbitrariness
does not modify any response property, nor any measurable differences in energy and

entropy of interest.

2.4 Results for CXCL7
The target heat capacity curves and spread of the various heat capacity fits to the
targets for the monomer and dimer are shown in Figures 1a and 1b. The mDCM

parameters are u = -1.7240.26 kcal/mol, v = -0.47£0.19 kcal/mol and 8,,= 1.20£0.04 for
the monomer, and u = -1.4440.27 kcal/mol, v =-0.1140.20 kcal/mol and (5gp= 1.43+0.23

for the dimer. These parameters indicate that the native state of the dimer has greater
conformational entropy per residue than that of the monomer (as seen before packing is
not as strong(54)), while the destabilizing effect of H-bonding from protein to solvent

plays a lesser role. The maximum heat capacity, Cpmax, of CXCL7 dimer is more than
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twice that of the monomers (Fig. 1b), suggesting that the dimer is more cooperative.
Typical free energy landscapes are shown in Figures 1c¢ and 1d for the monomer and
dimer. The landscapes with barriers are indicative of a first order transition, however a
small fraction of the landscapes do not show a barrier that separates the native and
unfolded basins. Moreover, when present, the barriers are low. While the model
parameters can be adjusted to produce a clear two-state behavior in all representative
structures, it would require a larger change in enthalpy of folding than estimated from CD
experiments, hence the unfolding transition is not very cooperative.

The backbone flexibility, quantified by the flexibility index (FI) at temperatures 300K
and 350K, is shown in Figure 2a for the monomer and in Figure 2b for the dimer. The
temperature 350K is chosen to identify mechanically less stable regions in CXCL7 at
elevated temperatures, because at this temperature the protein remains folded with a
weakened H-bond network. In general, the backbone flexibility gradually increases in a
nearly uniform fashion throughout the protein as temperature increases. In the monomer,
the N-terminus and the 50s loop are flexible, while the three beta-strands, C-terminal a-
helix, 310 alpha-helical turn and the 40s loop have a negative FI indicating that they are
over-constrained. To a lesser degree, the 30s loop is over-constrained at biological
temperatures and it becomes flexible just before the protein unfolds. This suggests that
the two disulfide bonds mechanically stabilize the 30s loop region. The specific role of

disulfide bonds in stabilizing the protein will be addressed below.
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Figure 1: Heat capacity and free energy of CXCL7. Heat capacity curves for the
monomer (A) and dimer (B). The solid red line is the target heat capacity curve that
was initially generated for the case of all disulfide bonds present. The data points are
the fits to this target curve for 80 representative structures for monomers and 40
representative structures for the dimer. The corresponding free energy landscapes that
result from good fits to the heat capacity are shown for the top 10 representative
structures for monomer (C) and dimer (D). The lowest point in each of the free energy
landscapes have been set to be zero so that all the curves can be easily compared.

Dimerization enhances mechanical stability in an interesting way. Most H-bonds
formed at the interface connect preexisting rigid substructures within the monomers,
which lowers the FI in regions already over-constrained in the monomer. A histogram
for where H-bonds form across the interface in relation to the flexibility index is shown
in Figure 3 for the case that both disulfide bonds are present. On average, about 13 H-
bonds are formed at the interface. Despite these additional interfacial H-bonds, backbone

flexibility increases in the 30s loop and for several residues at the N-terminus, including
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Cys5. Backbone flexibility along the C-terminal a-helix is not significantly affected by
dimerization, even though the two a-helices align in the CXCL7 dimer and new side-

chain to side-chain contacts form between the two o-helices across the dimer interface.
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Figure 2: Flexibility index of CXCL7. The backbone flexibility is plotted using the
flexibility index at TS300K and 350K for the monomer (A) and dimer (B). The
secondary structure elements are shown above the plots.
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Figure 3: Location of interfacial H-bonds in CXCL7. A histogram showing where
H-bonds form across the interface in relation to the flexibility index is shown for the
case where both disulfide bonds are present.
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Residue-to-residue mechanical couplings (the correlations in DOF of atomic motions)
within CXCL7 are shown at T=300K and 350K in Figures 4a and 4b for the monomer,
and in Figures 4c and 4d for the dimer. At T=300K (Figure 4a), the most rigidly
correlated residues are located in the beta-sheet and a-helix secondary structures, but
little rigidity propagates between these two secondary structures. Although some
correlated flexibility is observed in the N-terminal region between residues Cys5 and
Hisl5, overall the monomer forms a fairly rigid molecule at 300K. At 350K the H-bond
network weakens, and there is an increase in flexibly correlated motion in the 50s loop
hinge region where it couples to the Cys5 to His15 N-terminus section, the 30s loop, and
a small section at the end of the C-terminus (Figure 4b). Surprisingly, the C-terminal a-
helix is not strongly coupled to other parts of the molecule, including the beta-sheet on
top of which it folds. As such, only at low temperature (300K) does the helix have a weak
propensity to intermittently stick to the beta-sheet, but otherwise, it moves independently
from the rest of the molecule. We observed a similar behavior in a closely related

chemokine CXCL4 before(55).

Figures 4c and 4d show that dimerization of CXCL7 greatly increases flexibility
correlations. The 30s loop is flexibly correlated with the 50s loop, a large section in the
N-terminus, and a small end section of the C-terminus. The rigidity correlation is nearly
the same within the beta-sheets and alpha helices as in the monomer, but extends across
the monomers, forming a larger rigid core. The dimerization has also enabled new
flexibly correlated motions, i.e., the 30s and 50s loops in each monomer, as well as the

flexible N-terminus and C-terminus regions are flexibly correlated in different monomers
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in the dimer. At 350K, the correlations pattern is similar with weaker levels of rigidity
correlation morphing into flexible correlations. This results from loop regions having

lower density of H-bonds weakening more readily than in the monomer as temperature

Increases.
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Figure 4: Cooperativity correlation plots for CXCL7 monomer and dimer. The
residue-residue mechanical couplings are plotted for the monomer at T5300 K (A) and
at T5350 K (B). This quantity is also plotted for the dimer at T5300K (C) and at
T5350K (D). The coloring scheme is defined by the color bar and is the same for all
panels, where white represents no correlation, blue indicates a degree of rigidity
correlation, and red indicates a degree of flexibility correlation. The data is shown for
the case when all disulfide bonds are present.
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The characteristic feature of all chemokines is the presence of two disulfide bonds
between highly conserved cysteine residues. To investigate the structural effects of each
bond on the dynamics and mechanical couplings in CXCL7 monomer and dimer, we
carried out the MD/mDCM analysis for protein states where one or both bonds were
removed. The melting temperature only slightly drops with the removal of one or two
disulfide bonds, and destabilization is less in the dimer compared to the monomer,
suggesting that disulfide bonds do not play a critical role in maintaining structural
integrity in either the monomer or dimer. This result agrees with reported experimental
data on a closely related chemokine, CXCL4(56).

To quantify changes in thermodynamic stability for each disulfide bond
configuration, the change in Gibbs free energy, enthalpy, and entropy upon dimerization
is compared at 300K, as well as total energy of the H-bond network and the number of
interfacial H-bonds formed. Table 1 shows that dimerization of CXCL7 is energetically
favorable, and enthalpically driven for all disulfide bond configurations. Because the
overall shape of the protein does not change significantly when the disulfide bond is
removed, the quantity -TAS listed in Table 1 is dominated by differences in

conformational entropy due to different disulfide bond configurations.
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Table 1: Dimerization Energy of CXCL7: Enthalpy vs Entropy tradeoff upon
dimerization of CXCL7

Table |

Free Energy, Enthalpy, Entropy, and H-Bond Energy of CXCL7 Dimerization Calculated Using the mDCM Approach

Disulfide bonds Mean number of
present AGpaeps (AH—TAS) AHpam —TASpom AHBp.om interfacial H-bonds
Cys5-Cys31 -11%00(+ +) =21.9+00 (+ +) 26.8 =00 (——) -18%+02(+) 134
Cys7-Cys47

Cys7-Cys47 -29+04(-) —359+23(-) 33.0+23 (+) 1404 (+) 14.0
Cys5-Cys31 -34+03(—-) —336+16 (+) 30216 () -30+03(-) 146

None -21+04(+) -36.8+29 (——) 347+29 (+ +) —41+04(--) 16.0

All energies are expressed in kcal/mol. The last column gives the mean numbers of interfadal hydrogen bonds calculated over the MD trajectory. The data is shown for
the cases when two disulfide bonds present, either Cys5-Cys31 or Cys7-Cys47 bond removed, or both disulfide bonds removed. (++) and (——) indicates the most
and the least favorable case, respectively.

Although the conformational entropy per residue is higher in the dimer than in the
monomer, the total entropy is reduced in the dimer for all disulfide bond configurations
due to solvation effects. Interestingly, differences in -TAS for different disulfide bond
configurations span about 7 kcal/mol, which can easily be accounted for by subtle
differences in the H-bond network, especially at the inter-monomer interface. However, it
is also clear from Table 1 that the free energy differences do not track differences in the
total energy of the H-bond network. The correlation coefficient of 0.11 between the
change in free energy and change in total H-bond energy indicates that the changes in
conformational entropy (which depends on the location of H-bonds and their
microenvironments, i.e. the entire H-bond network), play a critical role in stabilizing the
dimer

The end result is just what one would expect: the dimerization is favorable at low
temperature because a small number of interfacial H-bonds lower the energy enough to
overcome the conformational entropy reduction. At elevated temperature, the entropic

component to the free energy becomes more important, and overcomes the lower energy,
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and hence the dimer dissociates. Because different disulfide bond configurations affect
molecular packing and H-bond arrangements, the effect of removing a disulfide bond is
non-additive and context dependent. For example, the dissociation temperature is
predicted to be lowest when two disulfide bonds are present, next lowest when both are
removed and highest when only Cys7-Cys47 is removed.

Removing one or both disulfide bonds leads to interesting and often non-obvious
effects, which are revealed by the change in FI. In the monomer, removing either one or
both disulfide bonds will generally increase backbone flexibility throughout the protein.
In all cases, the main increase in flexibility appears in the C-terminal a-helix. Overall, no
substantial FI differences are noticed when either the first or second disulfide bond is
removed, although they do affect different regions differently. In all cases, the 50s loop
becomes less flexible. The overall characteristics in the differences are insensitive to
temperature. In the case of the dimer, removing the disulfide bonds has an opposite effect
(decrease in flexibility) in many regions throughout the protein with increases in a few
localized regions and in a-helices. Amongst the three possible combinations, removing
the Cys7-Cys47 disulfide bond produces the greatest increases in backbone flexibility

throughout the protein.
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Figure 5: Cooperativity correlation difference plots for CXCL7 monomer. The
difference in residue-residue mechanical couplings is shown for the monomer at
T5300 K in panels (A—C) and at T5350 K in panels (D—F). To construct these
plots, the residue-residue mechanical couplings for each case of disulfide bond
configurations were subtracted from the residue-residue mechanical couplings
when both disulfide bonds are present: the Cys5-Cys31 disulfide bond removed
(A,D); the Cys7-Cys47 disulfide bond removed (B,E); and both disulfide bonds
are removed (C,F). Shown data is filtered based on the signal beyond noise ratio
(SBNR) as explained in the text.

These effects are further analyzed in Figures 5 and 6 that show differences in residue-
residue couplings for cases where one or both disulfide bonds are removed relative to
when both disulfide bonds are present. Figures 5 and 6 show the data points outside one
standard deviation (e.g., SBNR), hence present only statistically significant changes due
to the removal of disulfide bonds. For the monomer at T=300K, Figure 5 shows a
dramatic increase in flexibly correlation in the C-terminus a-helix, and regardless of

which disulfide bond is removed residues Cys5 through Cys7 are more flexibly correlated
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with residues from Asnl8 through Cys47. However, when only the Cys7-Cys47 disulfide
bond is removed, flexibility correlations that couple to residues Cys5 through Cys7
further extend to residues in the N-terminal loop and in the 30s loop. At elevated
temperature, little statistically significant correlations remain, and no new patterns of
flexibility correlations emerge. The overall increase of flexibility correlations seen in
Figure 6 is consistent with an overall increase in conformational entropy within a
monomer. In the dimer (Figure 6) removal of one or both disulfide bonds generally
increases rigidity correlations. However, as mentioned above, removing the Cys7-Cys47
disulfide bond increases flexibility and increased flexibility correlations as shown in
Figure 6b for T=300K, which further increases at T=350K. Flexibility correlation
between the 30s and 50s loops is much less in the monomer. As seen in Figure 6 there is
a net structural stabilization by removing disulfide bonds within the dimer, which is
consistent with the thermodynamic analysis (Table 1) showing conformational entropy
decreases upon removal of disulfide bonds. Interestingly, the 30s and 50s loops are less
flexibly correlated to one another when both disulfide bonds are missing than compared
to when both disulfide bonds are present at T=300K, and this difference gradually

decreases as temperature increases.
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Figure 6: Cooperativity correlation difference plots for CXCL7 dimer. The
difference in residue-residue mechanical couplings is shown for the monomer at
T5300 K in panels (A—C) and at T5350K in panels (D-F). These plots were
constructed similarly to the plots shown for CXCL7 monomer and demonstrate the
SBNR of the difference in residue-residue mechanical couplings for the case of Cys5-
Cys31 disulfide bond removed (A,D), the Cys7-Cys47 disulfide bond removed (B,E),
and both disulfide bonds removed (C,F).

2.5  Discussion

In the absence of experimental structure of chemokine-receptor complex, mutagenesis
studies have shown that the N-terminal residues preceding the first cysteine residue, the
N-loop preceding the first beta-strand (residues 9-19), and the 30s loop connecting the
first and second beta-strands are implicated in receptor binding and activation for most
chemokines studied to data(20,22,57). The two-step model of chemokine-receptor
binding proposes two sites of interactions between the chemokine ligand and cognate

receptor. At Site I, the N-loop of the chemokine interacts with N-terminal residues of the
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receptor. At Site I, the N-terminal residues preceding the first cysteine and the 30s loop
of the chemokine interact with extracellular loop/transmembrane residues of the
receptor(20,57). In this regard, CXCL7 is no exception as the triad of N-terminal residues
preceding Cys5 has been shown to be critical for neutrophil activation(58). Furthermore,
these residues form an ELR motif that is critical for the function of chemokine ligands
binding the same receptor as CXCL7(20,22,38).

It is more interesting, however, to analyze the dynamic properties of the 30s loop and
the N-loop residues. Although the role of the 30s loop in CXCL7 has not been
investigated previously, its importance has been shown experimentally for other CXCR2
chemokine ligands(33). The mDCM analysis shows that at 300K the 30s loop is prone to
being flexible in the monomer, and very flexible in the dimer. While the mDCM indicates
the N-loop residues are flexible and highly correlated, this does not imply high mobility.
The mDCM shows the whole N-terminus of CXCL7 is flexibly correlated to the 30s
loop, suggesting that a perturbation at site I (e.g., receptor binding) propagates to the site
IT through conformational rearrangement. It also suggests that residue substitutions
introduced in these parts of the molecule may perturb the dynamics by altering existing
mechanical couplings, ultimately changing the receptor-binding properties. Note that the
recent study of another CXCR2/CXCRI1 ligand, CXCLS, revealed that perturbing the GP
motif in the 30s loop causes changes in dynamics and conformational rearrangements
altering receptor binding by perturbing the equilibrium between binding competent and
incompetent conformations of CXCLS8 within the dynamic ensemble(33).

The coupling between N-terminus residues and the 30s loop can be intuitively

understood due to the disulfide bond between Cys5 and Cys31 linking these two regions.
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In support, our and literature data(16,17) show large R.. contribution for Cys31,
indicative of significant slow motion that involves this residue. In other chemokines,
similar slow motions in the 30s loop have also been detected for the corresponding
cysteine or for the residues in its close proximity(28,31,59). In application to the receptor
binding, this would mean that the N-terminus of CXCL7 samples a significantly larger
ensemble of conformations and takes longer to find the correct binding conformation.
This result is in agreement with observations made in other chemokines, where
perturbations of the disulfide bond linking the N-terminus and 30s loop had deleterious
effect on receptor binding and function(60,61).

Importantly, the reduction of one or both disulfide bonds was found not to affect the
antimicrobial activity of Thrombocidin-1 (TC-1), which differs from CXCL7 only by a
two-amino acid C-terminal deletion(40). This result is consistent with the MD/mDCM
predictions that disulfide bonds are not critical for maintaining protein stability in
CXCL7. The MD/mDCM results also show that the C-terminal a-helix is weakly coupled
to the 50s loop, and is otherwise independent of the protein regardless of the disulfide
bond states. Moreover, the set of residues Lys17, Lys41, Arg54, Lys56, Lys57, Lys61,
Lys62 that were identified experimentally as being critical to function(16,40,41) fall in
the correlated rigid regions of the monomer and dimer. In contrast, the helix has
relatively large contributions from slow motions in agreement with previous
studies(16,17). This result indicates the C-terminal helix is able to move relative to the
rest of the protein, which was observed in CXCL4 where the helix exhibited large-
amplitude motions relative to the beta-sheet in a MD simulation(55). These results

suggest it may be possible to truncate the C-terminal helix and retain receptor-binding
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capability. Conversely, residue substitution/deletion into highly correlated parts of a
protein often dramatically alters stability and would likely affect receptor binding by
shifting the equilibrium conformational ensemble(32,33,62-64).

The MD/mDCM results clearly show that dimerization of CXCL7 induces
correlations in flexibility between the 30s and 50s loop. At the same time, there is an
increase in thermal and structural stability due to interfacial H-bonding. Recently, the Le
Chatelier's principle was invoked(42) to explain in general terms why flexibility tends to
redistribute throughout the protein upon a local perturbation to oppose a net shift in
rigidity or flexibility. Specifically, to regain a new equilibrium conformational ensemble,
a protein attempts to restore a balance in DOF, such that due to the action of rigidifying
one region, this drives another region to become more flexible. From this viewpoint,
dimerization perturbs two monomers. Each monomer becomes rigidified within beta
strand 1 of the beta-sheet, and other areas of the beta-sheet due to interfacial H-bonds.
Both monomer structures snap together and extend rigidity across the beta-sheets of each
monomer. As this increase in rigidity takes place, a large increase in flexibility in loop
regions is induced that become flexibly correlated.

While the CXCL7 fold prevents the removal of disulfide bonds from being
detrimental to structural stability, the Le Chatelier tendency to restore equilibrium drives
the H-bond network to relax in a way that shifts the CXCL7 monomer-dimer equilibrium
toward dimerization. Moreover, a redistribution of flexibility occurs to maintain the
number of DOF about the same. In CXCL7, the structure changes in such a way that
more H-bonds form at the dimer interface when disulfide bonds are removed. For

example, about 3 more interfacial H-bonds form when no disulfide bonds are present
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compared to when both disulfide bonds are present. Based on these features, a “snap on”
mechanism seems to occur during the process of dimerization. That is, monomers are
predisposed to propagate rigidity and flexibility through distinct channels. Upon
dimerization, the rigidity channels within the monomers snap together as new interfacial
H-bonds form, leading to an extended rigid region (extended beta-sheet). At the same
time, the DOF are released in the flexibility channels connecting the 30s and 50s loops in
both monomers. Interestingly, the presence of both disulfide bonds creates maximal
correlated flexibility between these loops, and at the same time the dimer is least
thermally stable. Because the disulfide bonds are highly conserved, this suggests that
chemokines function best when there is marginal stability between monomer and dimer
forms. In addition to securing marginal stability, the presence of both disulfide bonds
provides maximum contrast in flexible correlations between the 30s and 50s loops.
Among the three computational methods, the combined MD/mDCM approach
provides detailed information about the native state ensembles, the role of the disulfide
bonds in the monomer and dimer and the role of the interface. This work establishes the
MD/mDCM approach as a viable means to study the thermodynamic and mechanical

properties across the family of chemokine proteins within humans.
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Chapter 3  RiVax

3.1 Background

The advent of structural vaccinology coupled with the capacity to synthesize large
amounts of recombinant protein antigens in Escherichia coli and other organisms has
made subunit vaccines increasingly attractive in the ongoing war against emerging
infectious diseases and biothreat agents, including toxins such as ricin for which effective
vaccines have proven elusive(65-67). Ricin is a type II ribosome-inactivating protein
derived from the seeds of the castor bean plant (Ricinus communis)(68). In its mature
form, ricin is a 64 kDa globular glycoprotein composed of a 34 kDa enzymatic subunit
(ricin toxin A chain [RTA]) joined by a single disulfide bond to a 32 kDa binding subunit
(ricin toxin B chain [RTB])(69,70). RTB, a galactoseand N-acetylgalactosamine
(Gal/GalNac) lectin, promotes the attachment and entry of ricin into mammalian
cells(71,72). After endocytosis, RTB mediates the retrograde trafficking of ricin from the
plasma membrane to the trans Golgi network and the endoplasmic reticulum (ER). Once
in the ER, RTA is liberated from RTB and is dislocated across the ER membrane into the
cytoplasm(73). RTA is an RNA N-glycosidase that selectively depurates a highly
conserved adenosine residue within the sarcin-ricin loop of eukaryotic 28s ribosomal
RNA(74). Hydrolysis of the sarcin-ricin loop by RTA results in the cessation of cellular
protein synthesis, activation of the ribotoxic stress response, and cell death via
apoptosis(75). Ricin is a potential biothreat agent and remains a concern for military and
public health officials in the United States, as evidenced by ricin being classified by the
Centers for Disease Control and Prevention within the Select Agents and Toxins(67,76).

Efforts to develop a ricin toxin vaccine for use by military personnel and certain civilian
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populations (e.g., emergency first responders and laboratory staff) initially focused on a
formalin-inactivated toxoid. Although the toxoid vaccine proved to be highly efficacious
in rodents and nonhuman primates, its development for use in humans was abandoned
because of manufacturing and safety concerns(77,78). For more than a decade, efforts
have been aimed at the development of a recombinant subunit vaccine, with particular
emphasis on attenuated derivatives of the toxin's 267 amino acid enzymatic subunit,
RTA(79,80). One of the most advanced candidate subunit antigens is RiVax™, an E coli-
based recombinant form of RTA that contains 2 point mutations: V76M and
Y80A(81,82). The Y80A mutation attenuates RTA's RNA N-glycosidase activity,
whereas the V76M mutation eliminates RTA's capacity to elicit vascular leak
syndrome(81,82). X-ray crystallography indicates that the V76M and Y80A substitutions
do not alter the tertiary structure of RTA(83). In mice, RiVax immunization by the
intramuscular, subcutaneous (s.c.), or intradermal routes elicits toxin-specific serum IgG
antibodies that are sufficient to confer protection against a lethal dose of ricin
administered by systemic (intraperitoneal) or mucosal (aerosol) routes(79,82,84-87).
Moreover, phase I clinical trials have demonstrated that RiVax is safe in healthy human
volunteers(88,89). The phase Ib clinical trials did, however, reveal a notable shortcoming
associated with RiVax; even after 3 intramuscular immunizations with 100-mg RiVax
adsorbed to Alhydrogel, toxin-neutralizing serum antibody titers remained relatively
modest(88,89). This finding was not unexpected, considering that inert, none self-
assembled subunit vaccines are notorious for being poorly immunogenic. Nonetheless,
RiVax may be unusual in this respect as evidenced by studies in our laboratory that

compared the onset of toxin neutralizing antibodies (TNAs) in mice after 2 parenteral
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immunizations with RiVax or a recombinant protective antigen from anthrax, each
adsorbed to Alhydrogel. Whereas anthrax TNAs were achieved within days after the
booster immunization, ricin-specific neutralizing antibodies were not detectable for
weeks(90). One obvious strategy to augment the overall immunogenicity of RiVax is
through the use of next generation adjuvants(65). It was recently reported that a novel
type II heat labile enterotoxin when co-administered with RiVax (without Alhydrogel)
enhanced the onset of TNAs and protective immunity(87). However, adjuvants
themselves may not be sufficient to achieve maximal immunogenicity of RiVax. There is
evidence to suggest that the failure of RTA-based antigens, in general, to elicit high titer
TNAs may be due to factors intrinsic to RTA, such as its propensity to partially unfold in
the absence of its partner, RTB(91). If that is the case, enhancing the immunogenicity of
RiVax may require a structure-based redesign of the antigen itself. Reengineering RTA is
not a new concept, as the US Army has produced truncated (e.g., removing residues 199-
267) and disulfide bond stabilized derivatives of RTA that have proven effective at
eliciting protective immunity to ricin in mouse models(80,92-94). With the goal of
preserving the RTA's native structure as much as possible, we have chosen a site-directed
approach to the redesign of RiVax. In a recent study, orthogonal and complementary
computational protein design approaches where used to generate a total of 11 single point
mutations in RiVax that were characterized using an array of biophysical and
biochemical techniques to assess secondary and tertiary structures, as well as
thermostability(95). One approach applied the Rosetta protein modeling suite(96,97) to
the RiVax crystal structure (PDB ID: 3BJG) to generate an ensemble of 50 near-native

conformations(98,99). Each conformation was analyzed to identify under packed regions
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in the protein core and then subjected to RosettaDesign to identify small-to-large or
isosteric mutations at these sites that were predicted to stabilize the protein by improving
packing(100). This strategy identified several mutations, including V811, C171L, and
V2041. A second design approach utilized a multi-layered filtering scheme to identify
mutations predicted to have enhanced stability(101,102). Predicted stabilizing mutations
were created and visually inspected in the Molecular Operating Environment (MOE)
which lead to the identification of mutations V18P, C171V, and S228K. These single
point mutations were introduced onto the RiVax template and subsequently evaluated in a
mouse model for the ability to elicit ricin-specific neutralizing antibodies and protective
immunity(95). In this present study, we have now created additional derivatives of the
RiVax antigen in which we have combined single point mutations to generate double and
even triple mutants. The resulting combinations of cavity-filling mutations were tested in
a mouse model and led to the identification of 2 derivatives of RiVax, referred to as
RiVax-RB and RiVax-RC that are several times more efficient than RiVax at eliciting
TNAs.
3.2  Results

To glean insight into the structural basis for the increased immunogenicity
conferred by the RB and RC constructs, and increased stability in RC, a QSFR analysis
was performed on RiVax (PDB ID: 3SRP) and its mutants (RA, RB, RC, SA, and SB) in
the native. Toxin-neutralizing titers in sera of mice immunized with RiVax and RiVax
derivatives. Groups of mice (n . 8 mice/group) were immunized with 20 mg of RiVax or
the indicated RiVax derivatives, each adsorbed to Alhydrogel.

It was found that RiVax and all 5 mutants have virtually the same backbone
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flexibility in the native state, with only 2 notable differences. First, all mutants are
slightly less flexible in the region at residues 20-28, and mutants RA, RB, and RC
became more flexible at residue 180. In the transition state, RB has the greatest backbone
flexibility within the beta-sheet region at residues 55-95. RC is less flexible than RiVax
in a few regions, most notably within the beta-hairpin turn at residues 225-245. Greater
differences occur in residue pair couplings quantified by the CC-plots. The CC-plot for
mutant RB in the native state (Fig. 7a) shows that RB is more rigidly correlated than
RiVax in regions that span residues from the N-terminus to residue 45, residues 98-103,
and from residue 200 to the C-terminus. As such, RB restricts the N- and C-termini
motions compared to RiVax in the native state. Moreover, these 2 swaths of restricted
motions couple to residues 98-103, which lie within one of the 2 B-cell epitopes at

Asn97ePhel108(103).
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Figure 7: Cooperativity correlation difference plots of RiVax. Correlation in
flexibility and rigidity between residue pairs is described by CC-plots. Differences in
CC-plots are shown for mutant RB relative to RiVax in the native state (a) and the
transition state (b). Difference CC-plots are shown for mutant RC relative to mutant RB
in the native state (c) and the transition state (d). The coloring scale is the same for all
panels, representing the SBNR as defined in the text. White regions correspond to
places that are uncorrelated or are filtered out because of weak correlations with
magnitude less than baseline noise. Red and blue regions correspond to correlated
flexibility and correlated rigidity, respectively. Note that the number 3 on the color scale
corresponds to a signal strength that is 3 standard deviations beyond noise.

Despite this broad range of rigidification, 2 localized regions around residue 150
and 177 become more flexibly correlated to one another compared to RiVax. It is worth

noting that in all 5 mutants, the regions 18-32, 98-103, and 210-218 become more rigidly

correlated. In contrast, RB has much greater flexibly correlated motions relative to RiVax
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in the transition state within regions that span residues 7-30, 55-90, and 137-200 (Fig.
7b), in addition to the 2 localized regions around residue 150 and 177. Because the
difference CC-plot between RC and RB in the native state (Fig. 7c) shows up as mostly
white, this indicates that RB and RC share similar characteristics in the native state.
However, the region that spans residues 7 through 17 and the region that spans residues
202-205 is more flexibly correlated and is coupled to one another. Within the region that
spans residues 210-250, RC mechanically stabilizes the native state the most, although
RB is a close second. The difference CC-plot between RC with respect to RB in the
transition state (Fig. 7b) clearly shows that RC also mechanically stabilizes the transition
state more than RB. Interestingly, RC is most similar to RB in the native state and most
similar to RA in the transition state. The special property about RC is that it appears to be
most effective in mechanically stabilizing both the native state and transition state among
all 5 mutants analyzed. An effective way to visualize the greatest changes in residue pair
correlations is to cluster the most significant changes in correlations within a difference
CC-plot (i.e., elements with SBNR>1) and map these changes onto the protein structure
(Fig. 8). Juxtaposition is made between mutants RB and RC to visualize on the structure
how they differ from RiVax in both the native and transition states. Although RC is
slightly more effective than RB in increasing mechanical stability relative to RiVax in the
native state, the effectiveness of RC in increasing mechanical stability is much greater
than RB in the transition state. Therefore, mutant RC is found to be the most effective
alternative mutant for mechanically stabilizing both the native and transition state, while
providing the greatest thermodynamic gain in stability together with a comparatively

large kinetic free-energy barrier.
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Figure 8: Extreme backbone cooperativity correlation. The most significant
correlations obtained from difference CC-plots are rendered onto protein models
(mutated from PDB: 3SRP) for RB relative to RiVax in the native state (a) and the
transition state (b), and for RC relative to RiVax in the native state (c) and the transition
state (d). The color scale represents the SBNR and inherits the same color scale used in
the difference plots. The small spheres show backbone atoms that fall in
immunologically important regions.

3.3  Discussion
The poor immunogenicity of recombinant nonoligomeric protein antigens
constitutes a significant impediment to the development of a number of subunit vaccines

for biodefense, including ricin toxin(67). We used a computational strategy as a means to
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produce derivatives of a leading ricin toxin subunit vaccine, RiVax, with an enhanced
capacity to elicit TNAs in mice following a prime-boost regimen. Of the 5 RiVax
derivatives that evaluated, the most promising was RB, which carries the 3 point
mutations, V81L, C171L and V2041, in addition to RiVax's original V76M and Y80A
mutations. The improvement of RB over RiVax was most evident in the low dose
immunization studies in which 6 of 8 of the RB-immunized mice had detectable TNA,
whereas only 1 of 8 of the RiVax-immunized mice had detectable TNA. After the second
boost, 8 of 8 mice immunized with RB had detectable serum TNA as compared to only 2
of 8 in the RiVax-immunized mice. The closely related RC mutant, which differs from
RB only by the substitution of Ile at 81 that renders the protein slightly more
thermostable was also significantly more immunogenic than RiVax, although no better
than RB when tested side-by-side in mice.

To understand why RB and RC were more immunogenic than RiVax, a
comparative QSFR analysis was performed. We posit that the flexibility of domains
might influence the immunogenicity of specific regions, permitting access to epitopes
that are closer in structure to native RTA. Previously, immune-dominant regions on RTA
had been identified in the presence of mouse and rabbit sera(103). The QSFR analysis
showed that overall backbone flexibility was not altered significantly by any of the
mutations, except that RA, RB, and RC increased flexibility at residue 180. However, for
residue-pair couplings, it was found that RB and RC mechanically stabilizes both the N-
and C-termini regions through correlated rigidity in the native state more than all other
mutants, and this rigidification extends to residues 98-103 that overlapped with immune-

dominant regions II and V. In addition, RB and RC increased correlated flexibility
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between residues 150 and 177 in the native state related to immune-dominant regions III
and IV, respectively(103). Even small differences in the flexibility or accessibility of
these domains could have a profound effect on the “quality” of antibodies elicited on
immunization, considering that we estimated that roughly 90% of RTA-specific B-cell
epitopes are conformational (discontinuous) in nature(103,104). Alternatively, the
packing mutations could influence antigen stability in situ (e.g., limit protease sensitivity)
or even after adsorption onto aluminum salts, thereby prolonging the duration of antibody
release and/or deposition in tissue(105). Further examination is required to detail the
residues that were mutated in RB and RC and how they might affect overall
immunogenicity and/or stability of RiVax. Residues 13-25, including V18 have been
tentatively identified as being the target of several so called Cluster 2 toxin-neutralizing
monoclonal antibodies such as SyH7(106). Residue V81 is situated within b-strand F and
next to a key residue associated with the active site, Y80. We have recently identified a
monoclonal antibody that associates with T80 and possibly V81, thereby evoking a
possible role of this residue in antibody recognition(107). Residue C171 is located within
a-helix E, part of which is the target of several known neutralizing mAbs, including
GD12. However, it should be noted that C171 is buried and therefore not surface
accessible so it is unclear whether mutations at this site act locally or distally. Residue
V204 is situated within a-helix G. There are no known B-cell epitopes within this region,
probably because the region is buried and not surface accessible. Finally, residue S228 is
situated within the C-terminus of RTA that normally interfaces with RTB. This region is
devoid of secondary structure, but it has been suggested that the C-terminus of RiVax (in

the absence of RTB) is readily unfolded and promotes instability of the protein. It is
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possible that mutation S228 augments immunity by stabilizing the labile nature of the C-
terminus. Regardless of the actual mechanism by which mutations within RB and RC
potentiate the antibody response to ricin, further studies on these antigens are warranted
in rabbits and nonhuman primates. These studies will determine whether the novel RiVax
derivatives actually confer a benefit worth the resources required for advanced

development.
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Chapter 4  Sleeping Beauty Transposase
4.1 Introduction of Transposition and Sleeping Beauty

Traditional drug discovery pipelines are being replaced with new cutting edge
methods that reduce administer complexity, complications, and cost. A bright star in this
new revolution is gene therapy methods in which the genetic cause for the phenotypic
symptoms is replaced all together. The Sleeping Beauty (SB) Transposon/Transposase
system is at the forefront of these methods and has already shown to be effective in broad
application methods. SB is reconstructed from an ancient Tcl/mariner that is active in
vertebrates including humans(108,109). So far the SB System is being considered to
develop treatments for Alzheimer’s disease, Lymphoma, age-related macular
degeneration (AMD) due to the success in pre-trails(110-114). In addition, SB is
advancing promising areas of research like reprograming somatic cells into induced
pluripotent stem cells (iPSCs)(115-118). This gives promise to a whole new generation of
molecular medicine and may unlock the next tier in human health. SB and its nearest
homolog Mosl fall under DD[E/D]-transposases and more specifically fall into the
RnaseH-like fold regime.

DDI[E/D]-transposases mediate cut-and-paste DNA transposition, where they
cleave DNA to excise and reinsert the transposon DNA into the host genome. Due to the
presence of three catalytic residues (D, D, and E or D) and the RNase-H like fold that
brings the catalytic residues into close proximity for catalysis(119-123). DD[E/D]-
transposases belong to a widespread and diverse RNase-H like (RNHL) superfamily that
includes enzymes involved in replication, recombination, DNA repair, splicing,

(retro)transposition of TEs, RNA interference (RNA1) and CRISPR-Cas immunity
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(124,125). Transposases are the most abundant RNHL proteins (124). While the amino
acid sequence and structural divergence of RNHL proteins are substantial, there is
significant similarity in the architecture of the catalytic core and the catalytic
mechanism(126,127).

The RNase-H fold core motif contains a central B-sheet and three a-helices. The
B-sheet consists of five strands ordered 32145 with the second strand in an antiparallel
arrangement to the other four strands. The a-helices flank the -sheet. Two a-helices are
located on one side of the B-sheet and are inserted between the B-strands in the amino
acid sequence and the third a-helix is located on an opposite side of the B-sheet and
either immediately follows B-strand 5 or is separated from it by an amino acid insertion
of variable size. Other secondary structure elements, in particular a-helices, can be
present on both sides of the central -sheet, however, they are not conserved throughout
the RNHL superfamily and can have different positions and orientations with respect to
the core motif (124).

Generally protein flexibility is critical to the mechanistic pathways of proteins,
and in the cases of Sleeping Beauty and other RNHL proteins this is especially true.
Between the RED, PAI, and Catalytic subdomains of SB long super flexible loop regions
connect the more structurally significant subdomains like beads on a string. This high
intrinsic flexibility allows SB to wrap around the DNA to bind the PAI subdomain to the
IR regions of the target genome, while simultaneously positioning the RNHL subdomain
into position for action. Within the Catalytic domain itself sits the RNHL fold that
cleaves and reconnects the complementary DNA strand. This transposition is a two step

hydrolysis of which conformation rearrangement is thought to occur (128). Upon binding
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with DNA in Mosl the highly flexible clamp loop interacts distal with respect to the
catalytic site and rigidifies after interaction. Initial flexibility of the loop is crucial to
Mos1’s ability to interact in dimeric form(128), which is the biologically relevant subunit
for activity. This importance has been demonstrated by mutation W119P which disabled
the second cleavage event of transposition (128). This produces a shorter than expected
70mer which has been suggested to be a result of misdirected active site catalysis (128).
Across the RNHL structures a loop region sits just prior to the third catalytic residue and
crystallography shows this loop in Mos1 and other DNA transposases to prefer a small
number of conformations of which is moves between (129).

In contrast to this flexible yet limited conformational space retroviral structures
that share the RNHL fold have a much higher degree of disorder in this loop region
(130). The reason is due to lack of interactions between the loop region and the N and C
termini, which stabilizes the transposase loop region. This was confirmed by NMR
relaxation measurements (131). Therefore transposases are believed to have a well
defined catalytic pocket without the inclusion of DNA while the Integrase family has
more disorder opening the door as a target for inhibitors and other drug design methods.
For this reason Inhibitors including Ralegravir(132) and Elvitegravir(133) have been
developed to target this disorder catalytic pocket prior to DNA interaction. Furthermore
the flexibility of the catalytic residues plays a role in the orientation of the two metal ions
positioned in the catalytic site, which are necessary for function. While the specific metal
ion may be interchanged between Mn2+, Mg2+, and Co2+ in some instances(134) as it
effects activity, the ions have been shown to significantly effect the stability of the

protein through calorimetry experiments (135). However previous computational studies
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have shown little difference between systems with and without ions present (136). For
this reason we have chosen to exclude metal ions since they are not present in the x-ray
structure of Scr4 which is currently the only xray structure of Sleeping Beauty or any of
its direct mutants. On a larger scale overall flexibility and the ability of the catalytic
residues to move are directly connected to the function of various examples within the
RNHL fold family including HIV-1 Integrase and Ribonuclease H (137-140). Previous
studies from this group have already shown the link between correlated flexible regions
of RNase H proteins and evolutionary stability indicating possible functional importance
(141).

The SB System is broken into two pieces: first of which being the transposon,
which carries genetic cargo of interest into the target genome. The second is the
transposases, the protein responsible for cleaving and inserting the genetic cargo into the
target DNA. SB Transposase itself is defined in three regions: the PAI domain which is
responsible for DNA recognition and binding, the RED domain which also acts in DNA
interaction, and finally the Catalytic domain which is responsible for the breaking of the
DNA complex for insertion. Due to the highly flexible nature of SB and its mutants a
full-length structure has not been crystallized, however NMR has now solved both PAI

and RED independently(142-144) after efforts made here.

42 NMR
To date no complete experimental structure exists for SB or any of its mutants.
This partially due to its highly flexible nature and the division of the three subdomains

PAI, RED, and Catalytic mentioned previously. However pieces of the structure have
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now been pieced together using various methods after publication of our NMR structure.
Previously collaborators had solved the NMR structure for the PAI subdomain using CD
spectroscopy. As a follow up we employed various methods to enhance the native
stability of the RED subdomain in order to solve the NMR solution for the second
subdomain. The instability of the three helical subdomains was attempted to be stabilized
by altering pH conditions, and adding ionic and non-ionic crowders.

Previously collaborators have shown that the DNA-binding domain of SB
transposase does not form a stable structure at physiologic conditions(142). However, the
reaction of transposition occurs in cell nucleus, in extremely crowded environment.
Therefore, we first investigated whether the crowding induces folding of the RED
subdomain. Two agents have been used to mimic the effect of crowding, polyethylene
glycol (PEG 6000), and Ficoll-70. These crowding agents are expected to increase the
compactness of a protein due to excluded volume effects(145,146). Figure 10(A,B)
shows the far UV circular dichroism (CD) spectra of the RED subdomain in the presence
of increasing concentrations of PEG 6000 (panel A) or Ficoll-70 (panel B). CD spectra
demonstrate that the RED subdomain alone does not have significant secondary structure.
Furthermore, the presence of PEG 6000 or Ficoll-70 does not noticeably increase the
secondary structure in the RED subdomain at the concentrations used in this study.
Figure 10(C,D) shows 2D [1H,15N]-HSQC spectra of the RED subdomain. The narrow
distribution of cross-peaks in the proton dimension indicates that the RED subdomain
alone is disordered (panel C). The peaks are broadened, which could be caused by the
conformational exchange between different disordered states or by association. In the

presence of Ficoll-70, peaks in the [ 1H,15N]-HSQC spectrum of the RED subdomain
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become significantly sharper. Such spectral change suggests that the conformational
space sampled by the RED subdomain (between different disordered or oligomeric states)
is reduced in the presence of crowding. However, the majority of cross-peaks remain in
their original positions and the chemical shift distribution remains narrow. Together, the

CD and NMR data indicate that the RED subdomain remains disordered at crowded

conditions.
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Figure 9: Folding of the RED subdomain in the presence of crowding. Far UV
CD and [1H,15N]-HSQC NMR spectra of the RED subdomain in the presence of
PEG 6000 (A,B) and Ficoll-70 (C,D) were collected in 20 mM aqueous MES buffer
at pH 5.0. Increasing the concentration of crowders does not induce a significant
amount of alpha-helical structure. Arrows indicate increasing concentrations of
crowders.

Next, the effect of salts on the folding of the RED subdomain has been

investigated. It is known that kosmotropic ions tend to precipitate proteins and stabilize



49

their structure, whereas chaotropes tend to enhance protein solubility and favor
denaturation(147). This behavior is more pronounced for anions than cations, and the
typical order for the anion Hofmeister series is CO22 3 >S04 2—>H2 4 and for the cation
series is KI1>Nal>Mg21>Ca21 (kosmotropes on the left), where chloride is usually
considered the dividing line between these two types of behavior. Accordingly, we tested
the effect of Na2SO4, KCl, NaCl, and NaClO4 on the folding of the RED subdomain.
Figure 10 shows the results of titration experiments with these salts. Far UV CD spectra
of the RED subdomain show that the characteristic features of alpha-helical secondary
structure emerge upon the addition of all salts, i.e., two negative bands at 208 nm and 222
nm and a positive band at 193 nm. Spectral changes are consistent with the observation
that positively charged proteins follow the direct Hofmeister series at high salt
concentrations (above 200— 300 mM monovalent salt)(148), that is, the addition of
NaClO4 has the least effect on the structure of the RED subdomain. The addition of
Na2S04 leads to the largest amount of alpha-helical secondary structure as judged by the
magnitude of the ellipticity at 222 nm (Fig. 10). Furthermore, in contrast to Na2SO4,
some reduction in intensity of CD spectrum is observed after the addition of KCI, NaCl,
and NaClO4, which can be taken as the indirect evidence of self-association of the RED
subdomain. Therefore, Na2S0O4 was selected for NMR experiments, which led to the

structure SUNK (144).
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Figure 10: Folding of the RED subdomain in the presence of different salts. Far
UV CD spectra of the RED subdomain collected in 20 mM aqueous MES buffer at
pH 5.0 in the presence of up to 800 mM of NaClO4 (A), NaCl (B), KCI (C), and
Na2S04 (D). Arrows indicate increasing concentrations of salts. The largest content
of alpha-helical is observed in the presence of Na2SO4.

4.3  Structure of SB100X

With each of the three subdomains independently solved computational methods
where used to pieces together full-length representations of SB. In addition a crystal
structure for the catalytic domain of a hyperactive mutation of SB (SB100X) has recently
been solved. This mutation shows 100-fold hyperactivity with respect to SB wild
type(149). Within the catalytic domain of SB100X it differs from SB wild type by six
mutations. Four of which are sequential located on an exterior alpha helix RKEN214-

217DAVAQ, one sitting directly next to central catalytic residue 244, M243H residing on a
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core beta sheet, lastly T314N sitting on the surface of SB100X. Each of these mutation
sites has previously shown hyperactivity by themselves(150). In addition to these, three
more mutations that lay outside the catalytic domain together that separates the full

length SB wild type from SB100X.

Figure 11: Full length dimer structure modeled into DNA. Green regions indicate
point mutations that separate SB100x from SB.

As effective as SB has been in trials thus far one of the biggest trade offs for using non
viral vectors is potency. Compared to viral vectors SB has lower risk of activating
oncogenes near insertion sites, and non viral methods are cheaper and safer to produce.
However due to the transient nature and slower transposition rate of non viral vectors the
dosage of transposon DNA is much higher(151). SB100X can bridge this gap and reduce

the dosage load for treatment and has even shown to rival viral output(150). By better



52

characterizing the mechanical properties of SB100X the next iteration of gene therapy

methods can be even more powerful through more intelligent transposase design.

4.4 Computational Methodology

We used the x-ray crystallographic structure of the catalytic domains of SB100X
transposase(149) (pdb code SCR4) and of the Mos1 transposase(152) (pdb code 2F7T).
For comparative analysis of Sleeping Beauty wild type with its hyperactive counter part
SB100X a set of seven structures was created. Each these structures represents a single or
combination of the six point mutations that separate SB wild type for SB100X. Figure#12
depicts the mutations for each of these structures. Each structure was developed by
mutagenesis in PyMol (153) and subsequently minimized in GROMACS under an
AMBER99SB-LN force field and TIP3 water model(154). Structure for Mos1 was
prepared in identical manner. Several of these intermediate mutations between the wild
type and SB100X were functionally screened at the advent of SB100X(150) and their

experimental functions are denoted on Figure#12.
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Figure 12: Mutation steps from SB100X to SB achieved through PyMol mutagenesis.
Each of these structures were the starting point for thermodynamic and mechanical
calculations by the mDCM. Green residues show catalytic pocket.

Furthermore the same crystal structures for SB wild type and SB100X were used to
construct ten additional mutation structures based off of functional assay data from
experiment(155). Ten point mutations were selected from the original eighty based on
their activity modulation, location with respect to the active site and the presumed reason
for activity alteration. These structures are summarized in TABLE 2 along with their

experimental assay values.
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Table 2: Mutations selected for hyperactivity study with corresponding functions
measured experimentally at 300K.

Mutation Functionalit

F198A 0
CI97A 5
E216K 5
N217K 10
A205K 60
A205P 100
T203V 400
N217H 450
D210E 700
H207V 700

Each of the structures defined above represent only the catalytic domain of each
respective mutant as the PAI, RED, and Catalytic domains area all separated by large
flexible loop regions. For the purposes of rigidity calculations we consider each domain
independent from each other. Additionally we focus on the monomer despite transposases
functionally dimeric nature due to the separation of the dimer interface of the catalytic

domains(155).
4.5 Analysis of RNase-H like Fold

Here, we investigate the flexibility and rigidity of two representative DD[D/E]-
transposases with the greatest structural similarity, Mosl and SB. We examine the
RNase-H like fold as it is a common motif of DD[D/E]-transposases and RNHL proteins,
and also compare protein regions outside the RNase-H like fold. Although, these regions
show a great structural diversity between the members of the RNHL family, they are

similar in Mos1 and SB transposases.
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The RNase H-like fold consists of a central B-sheet comprised of five B-strands
(ordered 32145 with the second B-strand B2 antiparallel to other strands) and three
surrounding a-helices (Figure 2 A). Two of the three a-helices (H1 and H2) are inserted
in the amino acid sequence between [-strands B3 and B4 and B4 and BS, respectively,
and are located on one side of the B-sheet, whereas the third a-helix (H3) is located on
the opposite side of the B-sheet and either immediately follows B-strand B5 immediately

follows B-strand BS.
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Flexibility Index (F1)

Sleeping Beauty

Figure 13: Mechanical Characteristics of RNase H-like fold. A) Conserved
RNase H-like regions are highlighted in purple (helices) and green (sheets). In
addition most transposases work in conjunction with metal ions present in
catalytic pocket (cyan). B) Backbone flexibility index (FI) of SB and Mosl. C-
D) Backbone FI mapped onto three-dimensional structure. Blue regions indicate
rigidity and red flexibility.

Figures 13 B-D show the backbone flexibility index (FI) of Mos1 and SB catalytic
domains, as a function of the residue number (B), as well as mapped onto their three-
dimensional structures (C-D). Blue color corresponds to negative FI values equivalent to
the presence of redundant constraints for a given residue that is determined as more rigid

as compared to more flexible or under-constraint residues shown by red color and
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positive FI values. As expected, more negative FI values correspond to more rigid
secondary structure elements, within or outside the RNase H-like fold, as compared to
loops connecting them. The FI profile is similar in Mos1 and SB transposase, indicating
that the flexibility and stability trends are common between them. It is interesting that
both transposases are generally rigid as revealed by mostly negative FI values and blue
color. There are a few exceptions, in particular the long clamp loop that extends out from
the catalytic domain and is disordered in the x-ray structure of Moslor SB catalytic
domains solved without DNA (149,152). It is striking that the central 3-sheet of the
RNase-H like fold is less rigid, more so in SB transposase, in comparison to the
surrounding a-helices that are either part or outside the RNase H-like fold, where the
shadows of blue correspond to a different degree of rigidity/flexibility with darker color
corresponding to a greater rigidity. This unanticipated, yet logical result shows that the
flexible core of the protein containing the catalytic site is enclosed by more rigid
surroundings forming a cage-like structure, which is likely needed to allow the
rearrangements in the catalytic site and its vicinity to accommodate the DNA molecule.
The catalytic residues belong to regions with different flexibility and display a similar
trend in both transposases. The first catalytic residue, D156 in Mos1 or D153 in SB
transposase, located at the end of strand B3, is rigid. In comparison, the second catalytic
residue, D249 in Mos1 and D244 in SB transposase, located on a loop joining strand B4
to helix H2, is considerably more flexible. The second catalytic residue is the most
flexible of the three catalytic residues. The third catalytic residue, D284 in Mosl and
E279 in SB transposase, located at the edge of helix H3 of the RNase-H-like fold, is the

most rigid of the three. Interestingly, namely this residue alternates within the DD[E/D]
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motif of DD[E/D]-transposases. These results support our idea that transposases have to

be sufficiently flexible to carry out the multi-step reaction of the transposition.

While FI profile is similar in Mos1 and SB transposases, the SB transposase is a
more flexible molecule overall. In particular, the beta-sheet and helix H3 of the RNase-H
like fold are more flexible in SB transposase. The trend also extends to the second and
third catalytic residues, indicating that the constraint network of Mosl1 is more densely
packed in the core of the protein, while SB has a more distributed network. One of the
reasons for higher rigidity of the third catalytic residue of Mos1 versus SB (D284 and
E279) could be that a shorter side chain of aspartic acid promotes better molecular

packing.

4.6  Effect of DNA binding on the flexibility and rigidity of Mos1 and SB

transposases

Upon DNA binding we see the net increase in backbone rigidity. This increase in
rigidity is due to the increase in number of constraints on residues, especially in the
vicinity of the DNA binding site. While the global shift towards rigidity is expected, it is
not a trivial result. The DNA contacts outlined in literature (128,149) contain only a few
contacts on a single side of the protein, whereas we see the change in backbone rigidity
across the entire protein. The comparison of DNA-bound and DNA-unbound states of
Mos1 and SB transposases shows that the increase in rigidity is not uniform (Figure 14).
Comparatively, some protein regions gain more rigidity and some gain flexibility,
indicative of a global constraint network rearrangement to compensate for the addition of
new constraints. The dramatic loss of flexibility is observed in the clamp loop that forms

multiple protein-protein and protein-DNA contacts (128). Additionally, flexible loops
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joining secondary structure elements of the RNase H-like fold, B3 and H1 or B4 and H2
or B5 and the following helix (not part of the RNase H-like fold), gain rigidity. The
central (3-sheet of the RNase H-like fold motif also becomes more rigid. In contrast, the
helices of the RNase H-like fold and other a-helices flanking the B-sheet become more
flexible with the exception of N-terminal helix of the catalytic domain leading to the
RNase H-like fold, either the entire helix or its part. At the catalytic site, the most
dramatic change (significantly increased rigidity) is observed for the second catalytic
residue D249 or D244 in Mos1 or SB transposase, respectively, indicating that the
rearrangement of the constraint network caused by DNA binding results in its fixed
conformation. No change is observed for the first catalytic residue D156 or D153,
originally already rigid. The third catalytic residue shows a different trend, e.g., it
becomes more flexible in Mos1 and more rigid in SB transposase, although the change is

marginal.
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D249

Sleeping Beauty

Figure 14: Difference in Backbone Flexibility Index between DNA bound and
unbound states for Mos1(A) and SB(B) respectively. Blue regions indicate increase in
rigidity upon binding, conversely red regions indicate loss of rigidity upon binding.

While the observed trend is true for both Mos1 and SB transposases, the
magnitude of the rigidity fluctuations differs. Upon the interaction with DNA, the beta
sheet rigidifies more in SB than in Mos1 transposase, and the flexibility of helices H1 and
H2 increases more in Mos1 than in SB transposase. We note that SB starts off as a more
flexible molecule at the core, and this could be one of the reasons for the different degree

of flexibility/rigidity changes observed after DNA binding.
4.7 SB100X Hyperactivity and Rigidity Mechanics

Next, we are interested to determine whether there is a link between the
flexibility/rigidity of the transposases and their activity. In this regard, the SB transposase
is an ideal model system to study, because the large set of mutagenesis and functional

data is available (150,155). The optimization for enhanced transposition activity using
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mutagenesis and molecular evolution approaches yielded a hundred times more active
version of SB transposase (150), SB100X. SB100X differs from the original SB
transposase only by nine mutations. These mutations are distributed throughout the
molecule, and, therefore, only minor structural differences are expected (149). However,
the role of changes in dynamics and mechanical properties of the protein that could also
have a significant effect on protein activity has not been investigated. Within the catalytic
domain, SB100X differs from the original SB transposase by six mutations: RKEN214-
217DAVQ sequential mutations, located at the beginning of helix H1 of the RNase H-
like fold, M243H located on strand B3 next to the catalytic residue D244, and T314N
located on the surface of SB100X outside the RNase-H-like fold (Figure 15A). Outside
the catalytic domain, SB100X has three additional mutations (K14R, K33A, and R115).
In this study, to investigate the relation between the flexibility/rigidity and function of the
SB transposase, we selected six hyperactive mutations (RKEN214-217DAVQ, M243H,
T314N) located in the SB catalytic domain. We focus on the catalytic domain, because
the DNA-binding domain is joined to the catalytic domain by a long and flexible linker,
and the two domains remain distantly separated in the protein-DNA complex, limiting the

flexibility/rigidity signal propagation from one to another.
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Figure 15: Hyperactive SB100X. A) Regions highlighted (cyan) indicate location of 6
point mutations in catalytic domain. B) Backbone FI of SB (black) and SB100x (red).
C) Difference of backbone FI between SB100x and SB mapped onto ribbon diagram.
Blue regions indicate SB100x is less flexible than SB, conversely red regions indicate
more flexibility than SB.

Figure 15B shows the comparison of SB100X to the original transposase. Qualitatively,
SB and SB100X transposases share the same FI trends with peaks and valleys in the same
locations, however, SB100X exhibits less variation in these values. Quantitative
difference of FI values mapped onto the structure of SB100X transposase (Figure 15C),
reveals a few important changes in the flexibility/rigidity network of SB transposase
introduced by hyperactive mutations. Upon mutation, the central 3-sheet becomes more

rigid in general. In contrast, the surrounding a-helices become more flexible with the
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exception of the end of helix H3. This is the location of RKEN214-217DAVQ
substitution. Upon mutations, the additional hydrogen bonding in this region increases
mechanical rigidity, and the loop connecting strand B1 to helix H3 becomes significantly
more rigid. One of the bonds, the H-bond between E216 and D210 formed after RKEN-
DAVQ mutation, has been already revealed by the crystallographic structure of SB100X
(149). The mDCM identified this additional bond to be present with the energy of -5.16
kcal/mol, suggesting that this bond is likely to be always present in the topology. In
addition, the mDCM identified several weaker hydrogen bonds formed between D216—
N217 (-3.22 kcal/mol), R214-E216, R214-K215, and R214 — 1212, each of which are
between 0-1 kcal/mol. These additional bonds are weak, but one may expect that at least
one of these bond can be present at a time, providing additional constraints to increase the
rigidity in this protein region. Interestingly, the most flexible of the three catalytic
residues, D244, is not affected by hyperactive mutations, whereas the other two catalytic
residues, D153 and E279, show increased flexibility. In particular, the catalytic residue

E279 along with helix H2 and C terminal helix show the strongest increase of FI.
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mutation from SB to SB100x from SB01-SBXX outlines in figure 12, (A-F

respectively).
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Differences in CC plots shown in Figure 5 reveal protein regions, in which mutations

increase or decrease correlated flexibility (shades of red) or rigidity (shades of blue)

between residues. These plots show changes in the constraint network, through which

information can propagate within the protein. Figure SA shows no significant (SBNR)
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difference in CC properties between the original SB and the T314N mutant. Previously, it

was suggested that this mutation increases activity through solubility effects (149). Our

results do not contradict this conclusion, and we can further suggest that solubility

(protein-protein interactions) is the sole driver for hyperactivity in T314N and does not

play a role in long range flexibility/rigidity network effects. Figure 5B represents M243H

mutation, which is adjacent to the DDE catalytic triad of residues. Despite the seemingly
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important position of M243H mutation and the potential formation of pi bonding between
histidine residues as a result of this mutation (149), the changes in the constraint network
are less than one standard deviation, which we rank as insignificant. This may indicate
that the formation of an additional hydrogen bond in the DDE domain is redundant and
potentially not as important as suggested by x-ray structure (149). Figures 5C-F show
RKEN214-217DAVQ substitution alone (C) or in combination with T314N and M243H
mutations. Qualitatively similar characteristics of these plots suggest that the RKEN214-
217DAVQ substitution has the greatest influence on a mechanical framework of the
protein that may alter its function. Even though DAVQ set of residues is neither spatially
or sequentially near the active site or the DNA-binding domain, it introduces the largest
change in protein mechanical properties. The ribbon above CC plots represents secondary
structure elements colored in accordance with Figure 13A. The elements of the RNaseH-
like fold are also labeled. The RKEN214-217DAVQ substitution leads to a much greater
correlated rigidity of the loop joining beta strand B3 to helix H1, increases the rigidity of
helix H1 (although to a lesser degree) and of a few residues following beta-strand B1, and
increases the correlated flexibility of helix H2 positioned right next to helix H1. Helix H1
contains the DAVQ residues, the substitution of which causes an additional hydrogen
bond to form between the helix and the adjacent loop (res 209-215) connecting residues
several positions apart and rigidifying the entire area. This change results in existing
bonds rearrangement in the helix to better connect other regions of the helix. Figures SE-
F also reveal that M243H substitution in combination with RKEN214-217DAVQ leads to
a minor rigidification of helix H2 as demonstrated by less intense red color and to the

increased correlated flexibility of the loop connecting helix H3 of the RNase H-like fold



66

to beta-strand BS5. The latter loop, also termed the catalytic loop, was previously shown to
be dynamic in other RNHL family members(129,130,156-158), and the loss of its
flexibility was shown to be detrimental for function (159). Overall, our data identify the
mechanical properties of the loop between beta strand B3, helices H1 and H2, and the
loop between helix H3 and beta strand BS5, all from the RNase-H like fold, as functionally

important.
4.8 Additional Mutations

In addition to hyperactive mutations of SB100X, more than 80 mutations along
with their effect on function, albeit much smaller, have been reported (155). Out of these
reported mutations, we selected an additional set of ten single mutations (C197A, F198A,
T203V, A205P, A205K, H207V, D210E, E216K, N217H, N217K) for this study based
on the following criteria: (1) location in the vicinity of helix H1 so that the potential
effect on function could be related to the perturbation of the residue constraint network in
its vicinity; (2) opposite effects (increase or decrease of the transposition activity); (3)
different substitutions of the same residue show adverse functional effects (residue is in
orange) (155). These mutations are shown in Figure 17. The activity of these mutations is
also indicated as the percent of the original SB transposase activity, where 100%
corresponds to no change of activity (light cyan), whereas values smaller and greater than

100% correspond to lesser (blue) and higher activity (red), respectively.

As with SB100X transposase, the primary region of the global correlated
flexibility/rigidity network of the molecule affected by mutations contains helices H1 and
H2, and the loop connecting beta-strand B3 to helix HI. We note that despite the location

of the majority of mutations on beta-strand B1 facing helix H1, a greater change for most
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mutations is experienced by helix H2 highlighting a long-range propagation of the signal.

Interestingly, as with SB100X transposase, helix H2 becomes more flexibly correlated to

the rest of the molecule for activity increasing mutations.
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Figure 17: Point Mutation Analysis: A) 10 point mutations sampled from literature. Red
residues indicate mutations with an increase in function, blue decreased in function, cyan
are near wild type functionality, and orange belongs to both hyperactive and low activity

depending on mutation. B) Clustering of difference in Flexibility Index of Beta Strands
1,2,3 and Helices 1 and 2.

Unlike hyperactive mutations of the SB100X transposase, none of the 10 mutations
that we selected for additional analysis show the trend of increased correlated rigidity in
helix H1 and the loop connecting beta-strand B3 to helix H1 to the rest of the molecule,
and the activity-enhancing mutations (T203V, H207V, D210E, and N217H) moderately

increase the correlated flexibility of helix H1. We identified the hydrogen bond between
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two histidine residues H207 and H225 to be responsible for this effect. In the original SB
transposase, the hydrogen bond between H207 and H225 exists with the energy of -2.14
kcal/mol. Seven of the mutations disrupt the local environment enough to reduce the
bond energy to 0-1 kcal, and in the case of H207V mutation the bond does not form.
Upon disruption, the backbone flexibility of H225 dramatically increases, leading to local
rearrangement of the intrahelical hydrogen bonds of helix H1. In SB100X the HIS-HIS
bond is reduced to -1.43, which makes its probability of existing higher than that of the 7
mutations. In addition no interahelical hydrogen bonds are added in SB100X like are
added in other mutations. However 2 strong Hbonds connect the helix to the loop
(previously mentioned) and a third connect the TYR218-HIS243 with energy -4.05
kcal/mol. M243H is one of the mutations that separates SB from SB100X and H243 was
suggested by crystallographers to potentially participate in pi bonding with H249.
However we detect a H-bond with high probability connecting H243 to Y218 instead.
This connects the DAVQ loop area to a central beta sheet, and considering the orientation
of all three strong hydrogen bonds, acts like tethers holding down H2. This may explain
the large correlated flexibility exhibited by SB100X that is not found in other hyperactive
variations. Interestingly, there is a correlation between the effect of the mutation on the
correlated flexibility/rigidity of the protein and the transposition activity of SB
transposase, which is best revealed by using high-dimensional clustering approach
adapted by the software Clustergram (160-163). To be able to use the Clustergram, we
first converted complex flexibility/rigidity information contained in FI index and CC-
plots into single values. Therefore, we selected five segments of SB transposase showing

changes upon mutation (beta-strands B1, B2, B3 and alpha-helices H1 and H2) and
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averaged the difference between the mutant and the original transposase across all
residues in each of these segments. The results represent a tree based on many solution

trees spanning the native basin and demonstrated robustness across the native basin.
4.9  Discussion

We performed the analysis of flexibility/rigidity of two representative
transposases from the DD[E/D]-transposase family, Mos1 and Sleeping Beauty,
containing an RNase H-like fold that occurs in a diverse number of enzymes that belong
to the RNase H-like superfamily(124). Our data show both transposases as generally rigid
molecules possessing a highly constrained topology with globally conserved

flexibility/rigidity profiles.

Within a generally highly constrained topology, the central -sheet of the RNase-
H like fold is less rigid than the surrounding a-helices forming a comparatively more
flexible core enclosed in a cage-like structure. The trend reverses upon DNA binding
where the central beta-sheet becomes comparatively more rigid than the surrounding
helices. The second catalytic residue (D249 in Mos1 and D244 in SB transposase) is
considerably more flexible than the other two catalytic residues in the absence of DNA.
While it rigidifies upon DNA binding, the other two catalytic residues gain flexibility.
These results support our statement that the RNase H-like fold of DD[E/D]-transposases
must possess the flexibility sufficient enough to carry out the multi-step reaction of the
transposition and agree with experimental data showing that the active site in other
RNHL members is conformationally promiscuous (156,164,165) suggesting a conserved

trend within the family.
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Within the RNase H-like fold, we identified a smaller structural motif, which
flexibility/rigidity properties respond to variations in the transposition activity. This motif
comprises helices H1 and H2, located on the same side of the central beta-sheet, and the
loop leading from beta-strand B3 to helix H1. Accordingly, our results suggest that
modifications within this structural motif may be further explored for the optimization of

SB transposition activity from the standpoint of flexibility/rigidity.

While the flexibility/rigidity of this structural motif correlates to the transposition
activity, the trend is different in SB100X (10,000% of the original transposase activity)
and in ten single point mutants that were studied here (0-700% of the original transposase
activity). These results demonstrate several important points. First, the changes in the
protein due a single residue substitution can propagate to distant sites and alter a global
network of correlated motions. Second, while a single mutation can have a significant
effect on the transposition activity, a combination of mutations can modify the global
network of correlated motions differently and in a more optimal way for function.
Finally, the mutations that do exhibit similar flexibility/rigidity profiles may be
candidates for modulating functional activity from a dynamics standpoint; however, they

may have other properties that affect function.
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Chapter 5  Upgrading the DCM

5.1 Complete GRIDsearch

GRIDsearch has already been mentioned several times throughout this
dissertation primarily because it has been the go to tool for applying the mDCM to
proteins for which no heat capacity curve exists. This problem is only growing with the
rapid increase of crystal structures being entered into databases with thermodynamic
characterization falling behind. Originally this methodology was developed by Deeptak
Verma, a graduate from the Jacobs-Livesay Lab, and has been a staple for the last five
years. Traditionally fitting to a heat capacity yields the parameters u, v, and dnat, which

were defined in the introduction to the DCM.

GRIDsearch guesses these three parameters in a 3D grid where each node
represents a unique parameter set. While each calculation is relatively fast the number of
calculations is equal to N, X N, X N in the net cast by GRIDsearch. In addition we
have found that we still have to create a finer mesh grid after the initial calculations to
find the optimal solutions. In reality there is a lot of redundant calculation in this process.
For each u, v, onat parameter calculation actually calculates solutions in close proximity
to the node. For simplicity imagine a 2D grid where each node has a cloud of solutions
surrounding it. As the distance between the nodes decreases the overlap of the solution
clouds increases. This overlap represents our redundant calculations. Therefore we have
reconstructed the GRIDsearch algorithm to take advantage of these extra calculations.
We now sweep across every possible #, v combination for a given onat. Since nearby

calculations are highly similar, the incremental shift made by each step of the algorithm
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is nearly instantaneous. This creates a solution continuum and contains the results of
every possible #, v combination with precision now limited by the rigidity calculations
themselves instead of computational cost. This new methodology as tentatively been
named completeGRID and was implemented in the analysis of Sleeping Beauty and its
mutants in chapter 4 of this dissertation. It has produced new metrics to determine

probable solutions to pass onto the mechanical calculations of the DCM.

One of the new features used in SB was the superposition of heat capacity peaks
shown in figure 18. In absence of heat capacity completeGRID will generate potential Cp
curves, however it is still valuable to have some experimental information about the
subject. Thankfully collaborators have determined the melting temperature (Tm) of SB.
In addition we have a typical range of Cp max values for proteins of this size. This
information is used to discern probable solutions out of completeGRID from improbable

ones. Figurel8 below represents the Cpmax for each u, v node within our net. Looking
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Figure 18: Heat Capacity Screen: Heat capacity maximum calculated by Cp

reconstitution based on u, v, dnat parameters.
at this figure we can immediate narrow down the potential solution range. Everything in
dark blue was filtered out as a poor solution and the Cpmax was found to be zero.
However notice the line of light blue across the top. These peaks are closer to 100
Kcal/mol, where we expect the peak of a protein this size to be in. Since we don’t know
exactly what the Cpmax value should be we take all solutions that are within our
accepted interval to pass onto the mechanical calculation steps and average the results for

greater statistical robustness in our predictions.

Unfortunately the onat term is not so trivially exploited, and it end the clearly the
slow variable in this algorithm. Therefore we propose to employ an interpolation

methodology to minimize the number of dnat sheets necessary to interpolate G across
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onat slices. This methodology will allow us to generate free energy landscapes, and then
rigidity metrics for every possible u, v, onat parameter with infinitesimal precision at
very low computational costs. From an application standpoint this will enable greater
sensitivity to small point mutation studies, or other family wide studies in which the
signal may be smaller then the effect generated from GRIDsearch’s discrete Au, Av,

Aodnat.

5.2 Future Application of the DCM

Throughout this dissertation I have outlined several major difficulties in applying
the mDCM to modern large scale systems. We have spent considerable time
circumventing these issues through our publication history. With small Chemokines we
applied MD sampling to increase the conformational diversity that a specific u, v, onat
parameter set caused. With RiVax we found that even fitting to experimental heat
capacities could result in highly precise parameters yet very unstable in their AG values.
Both of these issues are automatically resolved with the emergence of completeGRID.
With greater parameter sampling we are confident that the results are a better indication
of the dynamic nature of proteins as well as not falling into a energy well that may not be

physically probable.

completeGRID offers new found computation efficiency that allows that next
generation of the BMPG to refocus efforts on increasing the scientific accuracy of the
overall model, or use the current state to analyze large scale family studies. This will
allow the DCM to remain a potent tool with distinct advantages over the status quo of

MD and other computationally expensive methods.



5.3  Publication History

Table 3: Publication History Record of all previous and future publications.
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Description Journal Date Published
Dynamics and Proteins August 2015
Thermodynamic properties
of CXCL7 Chemokine
Novel Ricin Subunit Antigens Journal of Pharmaceutical March 2016
With Enhanced Capacity to Science
Elicit Toxin-Neutralizing
Antibody Responses in Mice
NMR solution structure of Protein Science March 2017
the RED subdomain of the
Sleeping Beauty transposase
Rigidity and Hyperactivity of Proteins July 2018
Sleeping Beauty
Transposase
Large-scale comparative Protein Dynamics: From June 2019

quantitative
stability/flexibility

relationships

fluctuations to function
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