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Computational Design Of Protein—ligand And Protein—protein
[nteractions

Abstract

Central to the function of proteins is the concept of molecular recognition. Protein-ligand and
protein—protein interactions make up the bulk of the chemical processes that give rise to living things.
Realizing the full potential of protein design technology will therefore require an increased understanding of
the design principles of molecular recognition. We have tackled problems involving molecular recognition by
using computational methods to design novel protein-ligand and protein-protein interactions. Firstly, we set
out to design a protein capable of recognizing lanthanide metal ions. Protein-lanthanide systems are of interest
for their potential to serve as purification agents for use under biological conditions. We have designed a
highly dense 6-coordinate lanthanide binding at the core of a de novo protein, and used the dynamical aspects
of the protein to achieve a degree of differentiation between elements in the lanthanide series. Secondly, we
investigated systems of homo-oligomeric protein complexes that self-assemble into hollow cages. We have
studied the structural determinants of naturally occurring self-assembling ferritin cages and identified a single
mutation that greatly increased the stability of the ferritin cage, as well as dramatically altered the overall
structure of the assembly. We have also used the formulation of probabilistic protein design to arrive at novel
sequences for a-helical peptides that can adjust their surfaces in accordance to different local environments.
This formulation was used to identify a sequence for a peptide designed to self-assemble into a spherical
particle with broken symmetry. Taken together, these efforts will lead to an increased understanding of the
role of kinetics and structural plasticity in protein-ligand and protein-protein interactions.
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ABSTRACT

COMPUTATIONAL DESIGN OF PROTEIN-LIGAND AND PROTEIN-PROTEIN
INTERACTIONS
José Abraham Villegas

Jeffery G. Saven

Central to the function of proteins is the concept of molecular recognition. Protein—ligand
and protein—protein interactions make up the bulk of the chemical processes that give rise
to living things. Realizing the full potential of protein design technology will therefore
require an increased understanding of the design principles of molecular recognition. We
have tackled problems involving molecular recognition by using computational methods
to design novel protein-ligand and protein-protein interactions. Firstly, we set out to
design a protein capable of recognizing lanthanide metal ions. Protein-lanthanide systems
are of interest for their potential to serve as purification agents for use under biological
conditions. We have designed a highly dense 6-coordinate lanthanide binding at the core
of a de novo protein, and used the dynamical aspects of the protein to achieve a degree of
differentiation between elements in the lanthanide series. Secondly, we investigated
systems of homo-oligomeric protein complexes that self-assemble into hollow cages. We
have studied the structural determinants of naturally occurring self-assembling ferritin
cages and identified a single mutation that greatly increased the stability of the ferritin

cage, as well as dramatically altered the overall structure of the assembly. We have also

Vi



used the formulation of probabilistic protein design to arrive at novel sequences for a-
helical peptides that can adjust their surfaces in accordance to different local
environments. This formulation was used to identify a sequence for a peptide designed to
self-assemble into a spherical particle with broken symmetry. Taken together, these
efforts will lead to an increased understanding of the role of kinetics and structural

plasticity in protein-ligand and protein-protein interactions.
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Figure 3.34: Spontaneous dissociation of Tbh** bound to scCC-Tb. Terbium
fluorescence emission was measure as a function of time after the addition of excess

EDTA. Data was fit the exponential decay with a kos of 0.002066 + 0.000016 min™ (blue
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Figure 3.35: Spontaneous dissociation of Sm** bound to scCC-Tb. Samarium
fluorescence emission was measure as a function of time after the addition of excess

EDTA. Data was fit the exponential decay with a ko of 0.00167 + 0.000015 min™ (blue

Figure 3.36: Half-lives of dissociation for lanthanide ions bound to scCC-Tb.

Dissociation rates are dependent on effective i0niC radius...........cccooveirieiinicinnee e, 99

Figure 4.1: Salt-dependent assembly for wild type AfFtn. At high ionic strength (800
mM NacCl), the 24mer cage predominates. At low ionic strength (<200 mM NacCl), the
protein disassembles into twelve dimers. The dimer is highlighted in blue in the 24mer
cage on the left. Inset shows close-up of mutation positions at the trimeric interface. The

crystallographic structure of AfFtn (PDB ID 1SQ3) was used to generate the figure....106

Figure 4.2: Computationally designed mutations along the trimeric interface. Wild-
type residues (dark blue border): (a) E65, (b) Al27, and (c) D138. Single-point
mutations: (d) A127R (violet border), (e) D138K (teal border), and (f) E65R (orange

border). Different protomers (chains) are rendered distinct colors: cyan, yellow, and

Figure 4.3: TEM micrographs and size distributions for wt and mutant AfFtn.
Similar cage structures were observed for all samples, indicating mutations did not
prevent self-assembly. Grids were stained with either 2% uranyl acetate or 2%
ammonium molybdate negative stain. Particle size was measured manually using
Imaged.™ Scale bars are 100 MM.........c..oveeeeeeeeeeeeeseeeee e seee e es e e s e ee e se s, 111
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Figure 4.4: Size exclusion chromatography to quantify the amount of 24mer present
at various salt concentrations for all proteins. Compared to wt (dark blue) at low-salt
concentrations, D138K has a slightly larger percentage of the fully formed assembly
(orange), and A127R has a slightly larger percentage of the dimer (teal). E65R has
greater than 90% assembly at all salt concentrations tested, [NaCl] = 0-800 mM

(VIOHBE) et b ettt et ee et n e e e 113

Figure 4.5: Assembly properties of AfFtn variants. (a) Tryptophan fluorescence results
for wt and mutants. (b) Dynamic light scattering results. All proteins in 800 mM NacCl
show complete 24mer assembly. At 0 mM NacCl, only E65R remains assembled, while
D138K forms discrete dimers, 24mer, and some aggregate, and wt and A127R
predominantly form aggregates Of AiMErS..........cooeiiiiiiie i 115
Figure 4.6: Kinetics of assembly of AfFtn variants. DLS was used to monitor assembly
of wt and mutants, starting from dimers. Assembly rate was concentration-dependent for
Al127R, with faster assembly at lower protein concentrations. WT showed fastest
assembly at 1 mg/mL, followed by 5 mg/mL and 2 mg/mL. D138K assembled within the

time it took to take the measurement for all protein concentrations tested.................... 117

Figure 4.7: Crystal structure of E65R assembly. E65R exists exclusively in its 24-mer
state in a closed-pore assembly. (a) Cartoon of E65R crystal structure (PDB 5V5K) with
residue 65 highlighted in purple. (b) Open-pore wt AfFtn (PDB 1SQ3) with residue 65

highlighted IN PUIPIE.......coee et 119

XX



Figure 4.8: Native gel electrophoresis showing AuNP association. WT, A127R, and
D138K at ratios of 1:1 AfFtn 24mer: AuNP, but not E65R, which shows lower propensity

FOr dISASSEMBDIY ... e e e 120

Figure 4.9: Determination of nanoparticle passivation by AfFtn variants. Changes in
SPR peak maximum with respect to salt concentration show higher stability for AuNPs

that appear associated with proteins by gel.........coocveeviiiiiiiiiiee e, 122

Figure 4.10: Inter-protomer interactions in mutants of AfFtn. Crystallographic
structures of AfFtn with site 65 highlighted as purple sphere (a, b). (a) Crystallographic
structure for E65R reported herein (closed pore, octahedral structure, PDB 5V5K). (b)
Structure of wt AfFtn (open pore, tetrahedral structure, PDB 1SQ3). Two R65 are in
close proximity at one interface. (c-e) Computationally modeled structures of mutants
with most probable conformations of mutated side chains. Distinct protomers (chains)
have different colors: cyan, yellow, and pink. (c) Within E65R, potential R65-D138 salt
bridge. (d) Within A127R, a potential R127-E65 salt bridge within a sterically crowded

local environment. (e) Within D138K, a potential K139-D34 salt bridge.........c............ 123

Figure 4.11: Structural alignment of E65R and K150A/R151A. Alignment was
performed using VMD for PDB structures 5V5K (E65R) and 3KX9 (K150A/R151).
Cage structure comparison, with E65R in green, and K150A/R151A aligned magenta.
Quantitative comparison of the two 24mer structures yielded an a-carbon RMSD of 2.19

A as calculated USING VIMD..........cuvieieieeeeeieeeee et en s 126
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Figure 4.12. Structural alignment of trimer of subunits from 24mer assembly. Wild-
type AfFtn (chains G, H, and J) (cyan), E65R (chains A, B, D) (green), and
K150A/R151A (chains D, C, and D) (magenta). The a-carbon RMSD relative to the
E65R structure was 1.40 A for wild-type, open-pore AfFtn, 1.32 A for K150A/R151A
(o F= UL S B IR G oo N 5 ) SRR 127
Figure 5.1: Schematic of peptide-based nanocages. Peptide cages of various sizes could

be targeted by varying the length of the helical peptide subunits............cccooveviveiernnnen, 133

Figure 5.2: Coiled-coil based peptide cage formation. The coiled-coil unit (center) is
composed of an asymmetric unit of two a-helices (yellow) and a C, symmetry related
element (magenta). Formation of the octahedral cage occurs with the application of the
22 remaining symmetry operations. Cages of different sizes can be formed by translation

of the coiled coil subunit in and out the plane, and rotation about the C; axis................ 135

Figure 5.3: Asymmetric unit of octahedral assembly. Peptide asymmetric unit

backbone and structural degrees of freedom...........ccocoeieiiiic i 137

Figure 5.4. Sequence structure energy landscape. Local minima were selected for

further design CalCUIALIONS..........cc.oiiiiiie et 140

Figure 5.5: Cage assembly of a designed peptide. a) Structure of the peptide nano-cage
at R =30 A and 0 = 44°. Cage diameter from the outer edges is 8.6 nm. b) Overlap of the
two chains in the asymmetric unit of showing differences in side chain

CONT O IMNALIONS. ettt e et e e et e e e e e e e e e e e e e e 143

XXii



Figure 5.6: Circular dichroism spectra of 3D-4. Data were collected at pH 4.5, pH 7.0,
AN PH 9.5, s 146
Figure 5.7: Self-assembly protocol for 3D-4 nanocage. Peptide is solubilized in
denaturing conditions and dialyzed into a refolding buffer. Refolding of the peptide
initiates self-assembly of the peptide NANOCAGES. ........coeveriiierire i 147
Figure 5.8: Dynamic light scattering data for 3D-4 at varying pH. At pH 4.5, the
average particle hydrodynamic diameter is 7.6 + 1.9 nm, compared to the expected
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Figure 5.9: Dynamic light scattering data for 3D-4 at varying buffer strength. At an
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Figure 5.10: Transmission electron microscopy (TEM) image of 3D-4 at 1mM
peptide concentration. Non-specific aggregates and fibril-like structures were observed
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Figure 5.11: Transmission electron microscopy (TEM) image of 3D-4 at 0.05 mM
peptide concentration. At a peptide concentration of 0.05 mM, extensive particles
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1| Introduction to Computational Protein Design

1.1. Introduction

More than a century ago, Fischer carried out the first synthesis of a dipeptide. Today,
advances in computational protein design have opened up immense possibilities for the
design of novel protein-based substances and materials. Computational protein design
aims to identify novel amino acid sequences that are likely to fold into a target structure
and possess a desired functionally. The computational and experimental tools developed
in the fields of biophysics and of molecular biology can be repurposed and combined to
design, synthesize, and characterize new proteins with no direct evolutionary connection
to existing natural proteins. For example, the field of structural biology has developed
computational tools to build molecular models of secondary structure elements such as a.-
helices® and random coils.® These tools are essential to solving the structure of proteins
by X-ray crystallography since the technique requires building 3-dimensional models to
calculate electron density maps from diffraction patterns.* ® These tools can be
repurposed to generate models of novel structures likely to be realizable with amino acid
sequence selection. The wealth of information deposited in the protein data bank® (PDB)
can be harnessed for empirical information, such as the propensity of an amino acid to be
found in a buried or exposed region of the protein, to design proteins with features that
are similar to those of natural proteins.” When combined with a theoretical understanding
of the energetics of protein folding, these tools can be harnessed to arrive at sequences

that are likely to fold to a target structure.®



From an experimental perspective, the tools developed for the synthesis and purification
of peptides and proteins allow for the convenient realization of these molecules without
extensive synthetic planning and execution. The spectroscopic tools that have been
developed for the study of natural proteins can be used to carry out hypothesis-driven

experiments that prove or disprove the success of a given design.

Central to the function of proteins is the concept of molecular recognition.® Proteins are
capable of recognizing a plethora of small molecules,*® carbohydrates,** membrane
surfaces, other proteins, and copies of themselves.™* ** Protein-ligand and protein-
protein interactions make up the bulk of the chemical processes that give rise to living
things. Enzymes must bind to substrate molecules to catalyze their conversion. Metallo-
proteins bind to metals to take advantage of their catalytic properties and to regulate their
availability."> Membrane protein channels maintain osmotic balance by regulating the
passage of specific ions.*® Proteins are also able to recognize other macromolecules, such
as when binding to DNA during regulation of gene expression and gene replication.*’
Protein-protein interactions are responsible for the regulation of biological processes,*®

and for the formation of micro-compartments such as vaults,* ferritin,?> %

and protein
capsids.?? %% Therefore, an understanding of the design principles of molecular
recognition will be essential to realizing the full potential of de novo protein design

technology.



1.2. Strategies for Generation of Novel Proteins

1.2.1. Directed Evolution

Given that our knowledge of protein-function relationships remains largely incomplete,
one way to arrive at novel protein sequences is to adopt the strategy of randomized
mutation and fitness selection used by living organisms. This strategy has been leveraged
to create novel enzymes, such as a protein that catalyzes the formation of carbon-silicon
bonds.?® The need to couple the randomization of protein sequences to fitness-based
sequence selection requires highly specialized technology, which must be built and
optimized for every new feature of interest. This technique, while able to generate
proteins with native-like catalytic activity, does not lead to an increased understanding of
how protein structure dictates function. More importantly, it is not clear that the space of
the protein-fitness landscape is smooth and countinous.?® That is to say, some chemical
properties might lie on isolated regions of sequence space and not accessible through

step-wise changes in amino-acid sequence.
1.2.2. Rational Protein Design

The experimental realization of de novo designed proteins was made possible with the
advent of recombinant gene expression.?’ For the first time, arbitrary sequences of amino
acids could be selected and synthesized at length scales inaccessible with solid-phase
peptide synthesis. Based on the sequence-structure relationships learned from naturally
occurring proteins such as myohemerythrin and cytochrome c¢’, the first design of a de
novo full-length protein targeted a helical-bundle fold. Helical bundles consist of a

coiled-coil motif of a-helices linked together by random-coil segments. The a-helices
3



associate with each other by the burial of hydrophobic residues at the core and through
hydrophilic interactions at solvent exposed positions. While early designed proteins were
able to adopt folds with well-defined secondary structure, these did not exhibit the

stability of naturally occurring proteins.?” 2

The problem of stability was addressed by substituting hydrophobic amino acids at core
position with histidine residues capable of binding to zinc.?® While the objective was to
modulate the dynamics of de novo designed proteins by incorporating coordination bonds
in the protein core, this was the first instance of a protein-ligand interaction in a designed
protein. The realization that these simple proteins could house elements of molecular
recognition led to the idea of a protein maquette, a simplified protein capable of
recovering the features of complex protein-ligand systems. Protein maquettes capable of

binding to macro-cyclic co-factors, such as heme, were designed.*

Further progress in the field of protein design was enabled by the elucidation of
sequence-structure relationships coiled-coils.*! The periodicity of the coiled-coil motif
creates a repeating pattern of seven amino acid positions termed a heptad repeat, and
chemical properties can be assigned at each of the residue positions. It was found that
coiled-coils could be constructed by simple patterning of the amino acid sequence, by
placing hydrophobic residues at positions labeled a and d. Later studies placed
importance on specific residue identities at positions a and d, as well as at positions b, c,

e, and g in creating higher order oligomers.** %



Naturally occurring proteins commonly make use of dynamics to carry out their function.
De novo proteins with dynamical features, such as a co-factor dependent conformational

switch, have also been designed using a rational design strategy.>
1.2.3. Computational Protein Design

The understanding of structure-relationships in the coiled-coil motif makes it possible to
design novel proteins with back-of-the-envelope selection of amino acid sequences. But
to take full advantage of the quantitative information readily available from protein
biophysics and structural biology, calculations need to be carried on a computing device.
The first protein to be designed using a computational model was a zinc finger mimic.**
% The design strategy took advantage of the advancements made in molecular dynamics
simulations of protein, of algorithms designed to identify packing of amino acids in
proteins, and of statistics collected on amino acid side chains conformations in crystal
structures. During the course of the next twenty years, this strategy was refined and
expanded. Successes to date include the design of novel protein folds,*” proteins capable
of binding to non-biological cofactors,® inhibitors of protein-protein interactions,* novel

41,42

antibodies,*® and the design of 2-dimensiona and 3-dimensional protein-based

materials.*3#°

1.2.4. Mixed Approach to Protein Design

The techniques outlined above need not to be mutually exclusive. In practice, a
combination of these techniques can be used to arrive at optimal sequences. It is common
practice for the output from a protein design program to be visually inspected and the

5



amino acids identities at some sites selected based on the chemical intuition of the
designer. Selected sequences can be further refined through directed evolution to improve
the catalytic activity of designed enzymes. Directed evolution carried out on a designed
protein will typically identify amino acid mutations located away from the binding site,
underscoring the deficiencies that remain in the understanding of the relationship

between protein structure and molecular recognition.*’

1.3. Elements of Computational Protein Design

1.3.1 Foldable Backbone Targets

Regions of steric overlap restrict the torsional angles of protein backbone, restricting the
conformational space that proteins occupy.*® *° Secondary structure elements are seen to
be common among proteins, and even global folds are found to be redundant.* In
designing a novel protein, the target fold needs to be compatible with the accessible space
of backbone confirmations and be compatible with a large number of possible
sequences.® This concept is known as the foldability criterion. An analysis of crystal
structures of naturally occurring proteins can serve to identify regions of conformational
space that are easily accessible by sequence selection. This does not mean that protein
design needs to be confined to the space of known foldable structures. However, the
selection of a target backbone scaffold from proteins with commonly observed folds is
likely to result in increased probability of achieving successful de novo designs.>*
Although it can be difficult to quantify, there is also a relationship between protein
stability and foldability. Experimental data on protein thermodynamic stability and

Kinetic stability can help in identifying foldable backbone targets.
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1.3.2. Rotamer Libraries

In X-ray crystallography, the ability to narrow down the side chain degrees of freedom
allows for better quality model building, increasing the chances that the crystallographic

data can be fitted to the model.>?

Toward this purpose, Richards first compiled statistics
on the most commonly observed torsional angles of side chains in proteins.>® Later
improvements were made to these so-called rotamer libraries as more structural
information was obtained.>* >> These quantitative data can also be incorporated into the
computational protein design process. By increasing the resolution beyond simple
hydrophilic-hydrophobic patterning, amino acids can be selected that will populate states
compatible with well-packed protein cores. Amino acid side chain conformations are also

important in determining electrostatic interactions, hydrogen bonds, interactions between

a protein and a ligand, and interactions across protein-protein interfaces.
1.3.3. Force Field Parameters

The large molecular sizes of proteins make the energetics of interatomic interactions
intractable to ab initio quantum calculations. By modeling the atoms of protein as
classical particles, the energetics can be approximated in a computationally efficient
manner.’® " The choice of force constants, known in molecular dynamics as force field
parameters, applied to classical equations of motion, is important for recovering
experimentally determined structural features of natural proteins. By fitting to a large
number of known structures, these parameters could be optimized as to provide values of

the energetics that are physically meaningful.*®



The force fields developed from the study of natural proteins can be utilized in
computational protein design to calculate the energetics of proposed structures. When
combined with amino acid rotamer states, the energetics of amino acid pair interactions
can be calculated. The energetics can be used in the formulations of protein design

algorithms to search protein-sequence space for energetically favorable sequences.
1.3.4. Solvation Models

The force fields used in molecular dynamics are parameterized for explicit solvent, where
the positions of water molecules and the interactions are explicitly calculated.®®*° In
computational protein design, the energetics of possible protein structures are usually
broken down to pairwise residue interactions. The energetics of protein sequences can be
enumerated by calculating the energy as the sum of one-body and two-body interactions.
Explicit solvent is not typically incorporated into protein design algorithms due to the
difficulty of assigning atomic positions to water molecules in the calculation of pairwise
interactions.®® Implicit-solvent models have been developed that are based on solvent
accessibility, but solvent accessibility is likewise difficult to decompose into pairwise
interactions.®™ %> However, a simple dampening of the electrostatic potential can be used
to mimic the dielectric environment in the interior of proteins.®® Alternatively, an
empirically derived potential taken from analyzing naturally occurring structures can be
derived.” By setting up an amino acid propensity based on solvent accessibility, the
solvent-dependent sequence features of natural proteins can be recovered in de novo

designed proteins.



1.3.5. Algorithms for Protein Design

Once a target folded structure has been identified and the parameters of the calculation
have been specified, the next step is to identify a set of sequences likely to fold into the
target conformation. If one considers all 20 amino acids at each of the N design positions,
then the number of possible sequences is 20". This number grows astronomically large as
the number of design positions increases, so that it is not possible to enumerate through
all possible sequences. This number grows even larger if side chain conformational
degrees of freedom are considered. Several algorithms were developed to narrow the
search space and arrive at optimized sequences in an accessible timeframe. The dead-end
elimination algorithm was originally intended for repacking of side chains on known
backbone structures.® This algorithm was expanded for use in protein design by
including rotamer states for different amino acids at each design positions.® *® Recently,
algorithms have been developed that can guarantee that the structure with the global
energy minimum can be found.®® Monte Carlo sampling can also be used to explore the
sequence space within a narrow region.®® This becomes necessary when an ensemble of

sequences is sought, aside from just the global energy minimum structure.

The explicit enumeration through sequences poses a challenge. The problem of
inaccuracies in the force field must be addressed directly by altering of the force field
parameters. This can entail extensive optimizing of the weights that each force field
component contributes, and adapting the parameters of the solvation models.®’ The use of

discrete side chain conformations, coupled with the steepness of the van der Waals



repulsive term, means that this methodology is extremely sensitive to side-chain

placement.®®

An alternative to explicit search methods is to use a formulation derived from statistical
mechanics. One can account for the inaccuracies in the force field, the solvation model,
and the use of discreet side chain conformations by maximizing the entropy of the
ensemble of all possible sequence configurations subject to an energetic constraint, thus
extracting the most dominant features of the energetics. Sequences are then ranked by
their probability to fold into the desired target, rather than by the full extent of the

calculated interatomic interactions.

1.4. Ongoing Challenges in Protein Design

The computational design of ligand binding proteins has been faced with low success
rates.” There is a need for improved algorithms for searching through a large number of
coordination sphere geometries.”® Additionally, the dynamical features of de novo
designed proteins have not been fully exploited. While proteins have been designed that
can switch between different conformational states, the ability to take advantage of local

structural fluctuations has not been fully realized.

Proteins also possess a degree of surface plasticity made possible by a large number of
conformational degrees of freedom available to solvent-exposed side chains. Protein
design algorithms typically search for deep energetic minima that will confer a high
degree of certainty as to the final configuration of the side chains. The probabilistic

approach, however, accounts for structural fluctuations in the amino acid side chains to
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average over all possible configurations. This probabilistic approach could be further
exploited to take advantage of the plasticity of protein surfaces and to design sequences

compatible with a variety of local environments.

1.5. Overview of Thesis

In this thesis | will describe the work I have carried out toward advancing the field of
protein design. In chapter 2, I will describe the various levels of protein design and the
mathematical formulations that go into creating novel proteins. In chapter 3, I will
describe the work | have done toward the design of a lanthanide-binding protein. | will
describe the algorithm developed for the search through a large number of structures for
the identification of a highly dense 6-coordinate binding site. | will then describe the
experimental realization of the protein and discuss how the dynamical aspects of the
resulting protein were exploited to achieve a degree of differentiation between the
lanthanides. In chapter 4, | will discuss the work performed to understand the structural
determinants of naturally occurring self-assembling ferritin cages. | will discuss how a
single mutation was identified that greatly increased the stability of the cage, as well as
dramatically altered the overall structure of the assembly. By studying selected ferritin
mutants, the energetics of a large conformational change could be separated from the
energetics of a single interface interaction. In the last chapter | will discuss the effort to
use the formulation of probabilistic protein design to arrive at sequences that can adjust
their surfaces in accordance to different local environments. This formulation was used to
identify a sequence for a peptide designed to self-assemble into a spherical particle with
broken symmetry. Taken together, these efforts will lead to an increased understanding of

11



the role of kinetics and structural plasticity in protein-ligand and protein-protein

interactions.
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2 | Computational Methods in Protein Design

2.1. Introduction

The computational design of protein-ligand and protein-protein interactions encompasses
multiple levels of structural detail. The design of a protein-ligand interaction begins with
the selection of an arrangement of first-shell amino acids around the ligand of interest.
The spatial orientation of the coordination sphere needs to be compatible with the global
fold of the protein, and the sequence must fold into the target structure and be capable of
populating the target amino acid conformations at the binding site. In the case of the
design of protein-protein interactions, a set of favorable relative orientations between the
backbones needs to be calculated, and the sequence must allow for the population of
amino acid side chains on the interfacial region that leads to the association of the

proteins in the target configuration.

2.2. Generation of Binding Site Geometries for Molecular Recognition

2.2.1 Grafting of Binding Sites

The energetics of sites of molecular recognition can be difficult to determine. This
problem can be sidestepped by obtaining atomic coordinates for a binding site from an
experimentally realized structure. The incorporation of a predetermined binding site into
a designed protein is known as grafting.”* For example, the binding site of a metal-
binding protein can be incorporated into a minimal protein model. Binding site

geometries can be taken from small molecule complexes and grafted onto a protein
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scaffold. In addition to experimentally realized structures, geometry optimization can be
carried out in an ab initio calculation and the resulting structure can be grafted onto a
protein scaffold.”” The design of novel enzymes is founded on the fact that proteins
catalyze reactions by stabilizing the transition state.”® However, transition state
geometries are all but non-existent in crystallographic structures.’* Grafting can be used
to incorporate the predicted transition state binding-site geometry of a protein-ligand
interaction into a predetermined protein scaffold, conferring enzymatic activity to the

resulting protein.

Grafting can also be used in the design of protein-protein interactions. By taking the
amino acid side chains and configurations present on a known protein-protein interface,
an equivalent interface can be incorporated into a designed protein.” The resulting
protein can then be used as a competitive inhibitor of a native protein-protein

interaction.*
2.2.2. In situ Determination of Binding Site Geometries

As an alternative to grafting, binding-site geometries can be constructed directly from the
rotamer states available to a given set of protein backbones.”® " In this case, one could
obtain information on the bond lengths and angles from an experimentally realized
structure, and restrict those values in the search for ligand coordination spheres. The
energetics of the side chain-ligand and side chain-side chain interactions can be
determined with the use of atomic potentials. While these potentials are low resolution

with respect to electron configuration, they provide an indication of the extent of van der
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Waals overlap, electrostatic interaction, and hydrogen bonding potential. However, one
important question arises. Are the torsional angles of the side chains driven away from
their equilibrium positions by the inter-ligand interactions? To determine if this is the
case, the distribution conformations of ligand-free and ligand-bound side chains can be
examined in X-ray crystal structures. This analysis was carried out for calcium binding
sites, and it was found that the conformations of amino acids in binding pockets do not

veer away from otherwise populated states.”®

2.3. Choosing Backbone Targets from Crystal Structures

Satisfying the foldability criterion is essential to the success of protein design.® Since
foldability is a feature that is difficult to quantify, this problem can once again be
sidestepped by obtaining atomic coordinates for target backbone structures from crystal
structures of natural proteins. Selecting proteins with high stability, or with commonly
observed folds, can target compatibility with a large number of sequences. This strategy
has been employed extensively in the design of novel enzymes and protein-based
materials.”® When this strategy is combined with grafting of binding sites, the design
problem can be reduced to that of ensuring compatibility between the coordination sphere

and the protein backbone.

An entire protein X-ray crystal structure need not be taken as is. Secondary structure
elements such as a-helices or random loops can be selected from a sub-segment of a
protein structure and stitched together to construct backbones with novel global folds.>*
Protein segments can be stitched together by performing coordinate transformations on

each sub-segment and calculating their optimal relative orientations. The foldability of
15



such targets can be assessed by a comparison of the geometric features of the designed
backbones to those of natural proteins.?® For example, when two sub-segments are
stitched together, the resulting backbone torsional angles should fall within commonly

observed ranges of torsional angles in natural proteins.

2.4. Parametric Description of Coiled-coils

Global features of protein folds can also be described parametrically.®* The
dimensionality of atomic positions can be reduced to a set of geometric parameters that
can then be used to reconstruct the overall structure of the backbone. Varying the values
of these parameters and calculating the atomic coordinates of the backbone atoms can be
used to explore other regions of conformational space. Such alternative configurations
can be scored using atomic potentials, or by comparison to the distribution of geometric
parameters in naturally occurring proteins. One can infer that the more populated regions
of conformational space will likely be compatible with larger numbers of sequences, and
that configurations that diverge from frequently observed geometric parameters would be

more difficult to achieve.

It was realized by Francis Crick that the positions of the atoms along a-helices in a
coiled-coil could be described using a reduced set of parameters.? The idea for reducing
the dimensionality of protein structures stemmed from the need to fit electron density to
atomic positions during X-ray crystal structure determination. Since this procedure is
carried out in Fourier space, the constant conversion of atomic coordinates to reciprocal
coordinates is computationally expensive. By applying Fourier transformation to the

parametric equations rather than to the individual atomic coordinates, the calculation of
16



structure factors could be simplified. Such application would operate on the whole set of
atoms simultaneously rather than on individual atoms. The parametric equations used to
describe coiled-coils can also be used in de novo protein design to generate novel coiled-

coils by simply varying the values of the geometric parameters.

The atomic coordinates of an idealized coiled-coil can be described with the following set

of equations:

x =R,cos(nyt+7,)+ R cos(wyt+£,)cos(wt +7£,)- R cos(a)sin(wyt+£,)sin(wt+£,)

y=Rysin(wyt+7£,)+ R sin(wyt +£,)cos(nt +7,)- R cos(@)cos(myt +7,)sin(wje+£,) (2.1)

2= 68 ;R sin(a)sin(m +£)
tan(a)

where Ry is the superhelical radius, R; is the minorhelical radius, wo is the superhelical
frequency, w1 is the minorhelical frequency, ¢y is the superhelical phase, ¢ is the

minorhelical phase, « is the pitch angle, and t is the residue position.
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Figure 2.1: Geometric parameters of coiled-coils. Ry is the superhelical radius, R; is the
minorhelical radius, wo is the superhelical frequency, ¢o is the superhelical phase, ¢; is
the minorhelical phase, and « is the pitch angle.

In perfectly straight helices o is zero, so that the minorhelical axis is parallel to the
superhelical axis. For Rgoto remain constant when o is non-zero, the minorhelical axis

must wrap around the superhelical axis, resulting in curved helices. The distance it takes
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for the minorhelical axis to complete one turn around the superhelical axis is called the

pitch (P), and can be calculated from the pitch angle by:

p=2PR 2.2)
tan(a)

Grigoryan and DeGrado added a modification to enable the displacement of the helices
and decouple it from the major helical phase.® For each helix, the superhelical phase is

modified as follows:

x =R, cos(nyt+7;)+ R cos(wyt+Fy)cos(wt +£,)- R cos(a)sin(uyt +£;)sin(wt +1£,)

y=Rysin(wyt +7;)+ R sin(nyt +Fy)cos(w +£,)- R cos(a)cos(myt+£y)sin(we+7,) (2.3)

_ WR, . :
=09 . Rsin(a@)sin(wt+7,)+Dz
z tan(a) 1 (a@)sin( d 1)

N Dztan(a)
RO

fo=71

0 0

where Az is the axial displacement.
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In coiled-coils with curved helices, the term “rise per residue” used to describe a-helices
needs to be clarified. The rise per residue can be defined as the distance along the helical
arc length that it takes to be in the plane of the next alpha carbon (termed the minor

helical rise per residue) or the distance along the major helical axis that it takes to go up

one residue (major helical rise per residue).
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Figure 2.2: Geometric parameters of coiled-coils. w; is the minorhelical frequency, Az
is the axial displacement, hy is the superhelical rise per residue, and h; is the minorhelical
rise per residue.
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The relationship between the two can be derived from the Fraser-McRae equation® as

hy = —F—— (2.4)

where hyg is the superhelical rise per residue, h; is the minorhelical rise per residue, and p
is the radians per rise. For a left-handed a-helix, p can be calculated from the pitch by the

relationship:

r=12P (2.5)

When discussing the geometry of coiled-coil peptides, it is more convenient to refer to
the superhelical pitch (¢o) as the positional angle with respect to a reference backbone -

carbon. The superhelical phase at each helical position can then be calculated as:

ﬁ=%%gi?55+&r (2.6)
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where L is the number of residue positions at each helix.

Figure 2.3: Geometric parameters of coiled-coils. Ry is the minorhelical radius, wq is
the superhelical frequency, ¢o is the superhelical phase with respect to the reference a
carbone, ¢’y is the minorhelical phase with respect to the minorhelical axis, and ¢ is the

minorhelical phase.

In their final form, the Crick equations adapted for axial offset and residue centering are:
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x, = Ry cos(mgt + 5 )+ R cos(mgt + £ ) cos(mgz +£,) - R, cos(a)sin(ugt + 7 )sin(wz +£,)

¥y, = Rysin(ugt + 7, )+ R sin(wyt + 1 )cos(wi +7,) - R, cos(a)cos(mgt + £ )sin(wjt +£,)

WoR,

tan(a)

zZ, =

1

i Rsin(@)sin(uy +£,)+ Dz, r +%

where i denotes the index of the helical position.

2.5. Fitting of Parameters to Naturally Occurring Coiled-coils

To carry out the dimensionality reduction of the atomic coordinates of a coiled-coil, one
can set up an objective function that quantifies the difference in the atomic positions of
the reference structure from those of the model generated by the application of the
parametric equations. The root-mean-squared deviation (RMSD) between atomic
positions can be calculated using the method developed by Kbasch.®? More recently, Dill
and coworkers developed a method for calculating the RMSD between two structures
using quaternions.® This method solves the same eigenvector problem as Kabsch, but

does not need to be checked for improper rotations.®*
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The objective function relates a set of Crick parameters to the RMSD between a reference

structure and a model structure as follows:

o N 2 2
+ -2/
g(w):\/a k:l(|Xk| |yk| max (28)

N

where w is the vector of Crick parameters to be fitted, x are the alpha carbon coordinates
of the reference structure, y are the alpha carbon coordinates of the model, N is the
number of a carbon positions, and Amax IS the maximum eigenvector of a matrix of values

calculated from x and y.

To calculate 1max, @ matrix correlation (R) is constructed from the atomic coordinates of

the reference and model structures:

N
R:é-xikyik’i’j:l273 (2.9)

k=1

where i denotes the ith component of the vector.
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From matrix R, a new matrix F is constructed as:

Ry + Ry + Ry Ry~ R, Ry - Ry

F= R23 - R32 Ry - Ry - R33 R, + Ry,
Ry - Ry R, + Ry "Ry + Ry - Ry

Ry, - Ry Ri;+ Ry Ry3 + R,

Jmax IS found by solving the eigenproblem:

FO=10

and Amax IS the largest of the eigenvalues.

Ry, - Ry
Rz + Ry
Ryz + R,

“ Ry - Ry + Ry

(2.10)

(2.11)

In our implementation, we set up a set of C++ routines to calculate atomic coordinates of

a carbons using the modified Crick equations as described above. R and F matrices are

constructed from the atomic coordinates of the a carbons of the reference structure and

from the model generated from the Crick equations. The MatLab API is used to interface

between the C++ coiled coil routines and the MatLab routines for solving eigenproblems.
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The objective function is passed to a nonlinear solver to optimize the values of the Crick
parameters. The first and second derivatives with respect to each parameter are calculated

using the method of finite differences:

Mg _g(w+hw,)- g(w)
Tw, h

(2.12)

Te(w+hw,) fg(w)
Te _ v Tw,
ww, h

where h is an arbitrarily small value chosen to achieve downward directionality on the

multi-dimensional surface.

2.6. Generation of Protein Loops

The a-helical segments of coiled-coils can be stitched together with random coil
segments to form full-length single-chain constructs. Such segments can be composed of
poly-glycine stretches, which are known to remain unstructured. However, the flexibility
of poly-glycine loops can result in poor stability of the resulting protein.® To overcome
this problem, loop segments can be obtained from known crystal structures.®® A loop
segment can be stitched onto two a-helices, minimizing the RMSD between stitch sites as

a function of rotations and translations. This methodology requires precise matching of
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the orientations of the stitch sites on the loop and on the helices. Since de novo protein
design can explore conformations that may not have been previously observed, this
strategy may result in a small number of loop candidates. Protein loops can also be

constructed from smaller fragments taken from loop crystal structures.®

An alternative is to allow some flexibility in the conformation of the loops. Flexibility
can be allowed for the backbone torsional angles at the stitch sites, or can be expanded to
some or all of the sites on the loop segment. By restricting the value of the bond lengths,
bond angles, and m angles of the backbone, the dimensionality of backbone atomic
coordinates can be reduced to pairs of (¢,y) angles. Values of (¢,y) angles can be
extracted from structures of natural proteins and used to reconstruct foldable loop
segments. To connect two helices, a poly-glycine segment is extended from one of the
helices and selected (¢,y) angles are fixed to the predetermined values. The loop is then
closed by manipulation of the free (¢,y) angles until the target and anchor site meet a

criterion for satisfactory overlap.

A loop-closing algorithm developed by Dunbrack and co-workers is based on kinematic
equations used in robotics.® An angle of rotation is selected and value of the rotation that
will minimize the distance between the three C-terminal residue atoms on the loop
(termed the anchor atoms) and the three atoms onto which the loop will be stitched
(termed the target atoms). F1, F,, and F3 are the position vectors of the target atoms, and

Moz, Moz, and Mog are the initial position vectors of the anchor atoms.
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A new set of anchor positions, M, My, and Mg, is calculated by minimizing the equation:

O,M, - O,F, (2.13)

where O1, O,, and O3 are directional vectors from the vector of rotation to each of the

anchor atom positions.
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Figure 2.4: Vector quantities in kinematic loop-closing algorithm. F;, F;, and F3 are
the position vectors of the target atoms, and Mo1, Mgz, and Mgz are the initial position
vectors of the anchor atoms. O1, O,, and O3 are directional vectors from the vector of
rotation to each of the anchor atom positions, and 6 is the vector along the axis of
rotation. A new set of anchor positions, M;, M,, and Mg, is calculated that minimizes the
squared distances between the anchor and target atoms.
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A set of vectors is calculated as:

I
oot

(2.14)

1
O

where g is the normalized vector along the axis of rotation, and 7 is the normalized

vector of r;, and i is the index of atom positions. These quantities are used to calculated
the angle of rotation that will minimize the squared distances between the anchor atoms

and the target atoms by the equation:

i -§i>n+@-§2>rz+@~f3>a (2.15)
(fi - +(fy B +(fy 7)r

tan(a) =

This procedure yields connected protein loops where the bond lengths and angles fall
within target values. However, this procedure does not guarantee that the dihedral angles

will be favorable. The resulting torsional angles can be analyzed to determine if they fall
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within populated regions on a Ramachandran plot. Protein loop candidates can be scored

and ranked on the basis of energetic calculations carried out using atomic potentials.

2.7. Sequence Optimization

2.7.1. Calculation of Sequence Probabilities

Once a foldable target structure is chosen, the next task in to hone in on a sequence or set
of sequences that are likely to fold into the desired structure. This is known as the reverse
protein-folding problem. Given a set of N design positions, we can describe an ensemble
Q of 2" possible sequences. We seek to identify a member of the ensemble that is likely
to fold into the target structure, where the probability of any particular sequence is
proportional to the internal energy of that sequence in the folded state. The probability of
a sequence is broken down to amino acid site probabilities at each site in their respective

conformations,®
A
w(a,...ay)=0wi(a,) (2.16)
i=1

where « is the amino acid identity at site i.
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This approximation is used to estimate the entropy by approximating the function:

S=- é W (protein _states) In(protein _states) (2.17)

protein _states

as:

s=-8 & w(a)nw(a) (2.18)

=l a;=1

where a is the number of & amino acid degrees of freedom at site i. Conformational

degrees of freedom can be accounted for, resulting in the equation:

N a R
O O O

S=-aa a wl(a,r@a)lnw(a,r@)) (2.19)

i=1 a;=1r(a;)=1

where R denotes the number of rotamer states for amino acid a at site i. From here on, we

shall refer to an amino acid « in a conformational state r(«) as a conformer.
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2.7.2. Energy constraint

As in statistical mechanics, the entropy function can be maximized subject to an energetic

constraint by the method of Lagrange multipliers by setting up a variational function as

follows:

v=s- b(E)- A (/@ & w(@r@)- 1 (2.20)
i=1 a; r(a;)

where <E> denotes the average energy over all conformations, and g is a quantity
analogous to the inverse temperature in thermodynamics. The sum of the conformer
probabilities at each site is constrained to a value 1, with each site having a corresponding
Langrange multiplier ;. The set of conformer probabilities (w) and the set of Lagrange

multipliers (B, 4;) are solved for by identifying a set of values that results in:

0=VV(w,B.A) (2.21)

34



Alternatively, the problem can be recast as an optimization problem as follows:

max S(w)
subjectto 0£w, £1, (2.22)

a & w(a,ra)=1

a=lr(a;)

and U(w) =(E)

where the conformer probabilities are solved for using nonlinear optimization techniques.

In practice, an effective temperature $ is targeted to modulate the contribution of the
energy function to conformer probabilities. In this case, the objective function is

optimized as:

min F(w, b) = U(w)-¥

subjectto0£w, £1, (2.23)

and 3 & w(a,r@a,))=1

a=lr(a;)

The result is a sequence profile generated with conformer probabilities consistent with

the target values of the constraint functions.
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In reality, this formulation need not be restricted to individual site probabilities.
Probabilities can be calculated for any arbitrary decomposition of polymer subunits. For
example, a set of covalent crosslinks can be optimized by grouping two distant sites into

one conformer.
2.7.3. Energy Functions

All-atom force fields consist of atomic pairwise terms such as electrostatics and van der
Waals energies, three-atom terms such as angle energies, four-atom terms such as
dihedral energies, and many-atom terms such as hydrogen bonding energies. For a
particular set of protein conformational degrees of freedom, these energetic terms can be
grouped together into inter-conformer (one-body) energies and intra-conformer (two-
body) energies. From the set of one-body and two-body energy terms, the energy of any

member of the ensemble can be calculated as:

E(a,r(a).a,r(@,)..a,r@,))=ae@.a)+aae.r@aya,ra,)) (224

i=1 = i

where &; is the energy calculated from atomic positions at site i, and ¢;; is the energy

calculated from atomic positions across conformers at sites i and j.
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From a set of individual conformer probabilities, the average energy over all sequences is

calculated as:

(£)=8 4 & e(a,ra)wa.r(@)+ (2.25)

i=1 a; r(a;)

aaaaaaela.r@aa, @)@, a)wia,ra,))

=1 a; r(a;) j>i a; ra;)

2.7.4 Energy Constraint in the Context of Protein-protein Interactions

The entropy maximization formulation also need not be restricted to single polymer
chains. Residue sites can be distributed across two or more individual backbones, and
two-body energy terms across chains will account for the energetics of protein-protein

interactions.

The energy function can also account for the presence of an external field. For example,
when designing a protein to bind to a crystal structure model, the conformer identities at
each site on the target structure are in a fixed conformation. Probabilities for the
conformers on the target structure need not be calculated, so that the energy of interaction
across the interface can be considered as an external field acting on the ensemble of

sequences.
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The energy of any one member of the ensemble can be calculated as:

E(al!r(al);aZ!r(az)i""aN’r(aN» :év- ei(ai’r(ai))-l-é]v éN q].(ai,r(al.);aj,r(aj)) (226)

i=1 =l i

N M
o O

+ aaela.a)z)
=1 j=1

where ¢jis the two-body interaction between a conformer and a site on a binding partner

with M sites.

Proteins are able to form assemblies of symmetric arrangements due to the
complementarity inherent in copies of identical subunits. An ensemble of sequences
interacting with symmetry related elements will experience an external field energy that
is dependent on the conformer probabilities of the asymmetric unit. The average energy

of the asymmetric unit over all sequences becomes:

a R
o O

(EY=8 8 4 e(a,r@)w(a,r@a,)) (2.27)

=l a; r(a;)

raaaaaa e@raa,r@wa,r@)w@,ra,)

i=l a; r(a;) j> a; r(a;)

1868 & ¢
t>aa aasel@a,ra)z' r(z")wa,ra))

i=1 a; r(a;) m

Oz

0=
S

aaaaaaae@. @z (2@, a)wa,ra,))

=l a; r(a) m jti z; r(z))

Oz
0=y

2
1
+=
2
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where r(G™) is a symmetry related element of r(g;) on chain M. The %coefﬁcients are

applied so that the energy of a symmetric assembly scales with the number of asymmetric

subunits as:

(Esiantir) = M X E yenic anis) (2.28)

where equivalent interactions are not double counted.
2.7.5. Environmental Energy Constraint

In folded proteins, the propensity of an amino acid to be found in a solvent exposed
region is proportional to the extent of its hydrophobic character. During the course of
potential energy calculations in computational protein design, the protein surface is not
yet defined, making the use of solvent accessible surface area (SASA) solvation models
difficult to implement. Instead, we use a statistically derived amino acid propensity based
on B-carbon density to recover sequence-structure relationships in naturally occurring

proteins. The potential is defined as:

e(a r)=-T.In(f(ar)/ f(r)) (2.29)
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where —T, is an effective temperature, and p the p-carbon density at the residue position.

p is calculated as:

n n
r(a)= b = b

Vsphere - < Vaccess (a)> g pr - < VacceSS (a )>

(2.30)

where ny is the number of B-carbons within an 8 A distance (R.) from the side-chain
center of mass, and <Vaccess(0)> is the amino acid accessible volume averaged over a set
of specified rotamer conformations. The value of the potential used in the sequence
calculations was determined by collecting statistics of f-carbon density for all 20 amino

acids in set of 500 non-redundant globular proteins.
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3| Computational Design of a Lanthanide-Binding Protein

3.1. Abstract

Lanthanide-protein complexes are of interest for their potential as imaging agents in
biological applications, and as purification agents in separation technologies. Chemical
screening and rational approaches have been used in the design of lanthanide-binding
peptides, but the ability to systematically tune the binding-site geometry in these
constructs is limited. A kinetically stable protein with a lanthanide-binding pocket
situated in a region with a high density of neighboring sites would allow for the fine
tuning of first-shell and second-shell coordination spheres. Four-helix bundles have long
been used as model systems in which to engineer tunable metal-binding sites. We
computationally designed a protein with a four-helix bundle motif that houses a
lanthanide-binding site in the hydrophobic core. The protein was expressed and purified,
and was shown to be highly thermodynamically and kinetically stable. Fluorescence
resonance energy transfer (FRET) between a tryptophan residue and the bound lanthanide
ion was used to study the thermodynamics and kinetics of binding. The non-symmetric
nature of the binding pocket will make it possible to use this protein as a model system
for systematically making changes to the coordination sphere on a single residue basis.
The slow kinetics and the inaccessibility of the binding site will enable the construction

of binding pathways to modulate the kinetic properties of the system.
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3.2. Introduction

The clean energy sector is heavily dependent on the supply of rare earth elements (REES)
for their electromagnetic and optical properties.®® For example, wind turbines make use
of high-powered dysprosium and neodymium magnets, and the reduction and substitution
of these elements is still an active area of investigation.*® The increasing shift from fossil
fuels to renewable energy sources is projected to give rise to an exponential rise in the
demand for REEs.* Although a spike in the exploration of new sources of REEs has
identified mineral deposits across the globe, the near monopoly held by The People’s
Republic of China on the REEs market is likely to make the utilization of these deposits
economically challenging in the near future.” The absence of a geographically
diversified source of these critical elements is of strategic concern to the high-tech and
defense sectors.” Efficient and environmentally benign methods for extraction and
purification of REEs would help to alleviate these supply concerns by facilitating the

exploitation of domestic sources.

The 4f orbitals of elements in the lanthanide series are shielded by the larger filled 5d and
5p orbitals, and as a consequence these elements bind ligands through mostly
electrostatic interactions. As a result, their separation can be difficult to achieve through
chemical means. The industrial purification of rare earth elements (REES) is most
commonly carried out by solvent extraction, a process that is unsustainable due to its
detrimental environmental impact.® The extractants in use are highly acidic in order to

enable the exchange of hydrogen ions with metal ions. The resulting solution is
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commonly neutralized by the addition of ammonia, which results is large amounts of

contaminated wastewater.*®

Protein-lanthanide systems are of interest for their potential to serve as purification agents
for use under biological conditions.** Genetically encodable proteins could potentially be
incorporated into lanthanide bioremediation technologies.***° Additionally, protein-
lanthanide systems are used in the study of biological systems since the spectroscopic
properties of lanthanides make them useful as luminescent tags.’® Peptide sequences
with non-natural amino acids have been designed to bind to lanthanides,*** but such
proteins lack the ability to be genetically encodable. A short terbium-binding sequence
based on only natural amino acids has also been achieved using an evolutionary
approach.’%? This peptide sequence, termed the lanthanide binding tag (LBT), showed
nanomolar affinity to lanthanides along with a trend in selectivity as a function of
effective ionic radius. The strong affinity of LBT for lanthanide ions has made it of
particular interest as a purification agent. The effects of sequence modifications to

lanthanide binding affinity have been studied,**

and the sequence has been displayed on
the surfaces of bacterial cells for the sequestration of lanthanide ions.'® Separation
experiments with cell surface displayed LBT showed that while ion binding is favored for

lanthanides ions of smaller radii over larger ions, a binding preference was not detected

in equimolar mixtures Th**/Dy** or Th**/Nd*".

There is only one known case of a naturally occurring lanthanide-biding protein, a
methanol dehydrogenase enzyme found in an extremophile bacterium.'® Lanthanide ions

are known bind to Ca?* binding sites in other naturally occurring proteins,*®® and the

43



luminescent properties of terbium have been used to investigate such sites.’” A trend in
binding constants for these systems is generally observed as a function of metal effective
ionic radius.*® Peacock and coworkers designed a lanthanide-binding trimeric coiled-coil
capable of encapsulating gadolinium for use as an NMR contrast agent.'®® The flexible
nature of the binding site made for rapid equilibration of lanthanide binding. This system
exhibited micromolar affinities for terbium and gadolinium, but no discernable
thermodynamic selectivity was observed between the two. The selectivity toward other

lanthanide ions was not investigated.

The protein-lanthanide systems designed to date have been based on flexible and
accessible binding sites. On the other hand, the effects of protein structure rigidity on the
selectivity and the kinetics of lanthanide binding have not been previously investigated.
De novo proteins may serve as starting points for understanding and allowing for the
enrichment of one lanthanide over another. The field of de novo protein design has seen
considerable success in the design of metal complexes.*® *° The periodic structure of the
coiled-coil motif, as well as an understanding of its sequence-structure relationships, has
made it a work-horse of de novo protein design.*** In a typical design, a binding pocket is
engineered at the core of the protein scaffold with likely side-chain conformations that
are consistent with a given target binding-site geometry. The remainder of the sequence is
then chosen as to achieve the folded target structure, as well as drive the binding site
amino acids to their target conformational states and away from alternate configurations.
If the folding of the protein occurs cooperatively with the binding of the ligand, the

Kinetics of binding is rate-limited by the rate of the folding process. If protein folding is
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independent from substrate binding, then the kinetics of binding will be rate-limited by
the accessibility of the binding site. The ability to tune the kinetics of binding in de novo
designed proteins could enable the exploration of kinetic selectivity as a lanthanide

separation strategy.

To explore the possibility of creating protein structures capable of exhibiting selectivity
over the lanthanides, we set out to design a lanthanide-binding pocket at the core of a
rigid protein scaffold. We envisioned a hyper-stable protein capable of differentiating
between the lanthanides on the basis of differences in atomic radii.**? We developed an
algorithm to search for high-density metal-coordination spheres, and constructed a 6-
coordinate metal-binding site within a single-chain 4-helix bundle protein. The designed
protein was observed to be structured in the absence of the metal, and temperature-melt
experiments showed a lack of a melting point transition up to 98° C. Fluorescence
resonance energy transfer (FRET) was used to assess the binding of terbium to protein.
Consistent with the design, it was observed that heating of the protein was necessary to
allow the metal accessibility to the buried binding site. We performed equilibrium
titrations to obtain binding constants for elements across the lanthanide series, and
observed an overall trend with respect to effective ionic radius that is consistent with
other protein-lanthanide systems studied previously.'** 1% Half-lives of spontaneous
dissociation from the binding site were observed to be on the order of hours for various

lanthanides, with a trend also observed with respect to effective ionic radius.

Since it is difficult to achieve thermodynamic selectivity of lanthanide binding, kinetic

differentiation among the lanthanides provides a possible alternative for carrying out
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separations. Recently, kinetic control of lanthanide separations has come under
attention.™ Here we provide proof-of-principle that the dynamical features of de novo
designed protein could be used to kinetically differentiate between ligand sets based on

small differences in physical properties.

3.3. Summary of Protein Design Methodology

Lanthanide coordination chemistry is of a different nature than the more familiar
chemistry of the d-block elements. Due to their shielded f orbitals, the coordination
geometries of lanthanide complexes are not restricted to the symmetry of their valence
orbitals. Therefore, the design of lanthanide ligands is governed almost strictly by the
electrostatic and steric interactions between the ligands.*** The design of lanthanide
complexes with high coordination numbers poses a challenge since ligands must be
packed into a small volume.™™ The in situ generation of coordination spheres without

steric overlaps requires searching through a large number of candidates.

In order to efficiently generate a large number of candidate coordination spheres, we
developed a methodology to identify structures that support side chains that could form
part of a lanthanide-binding site independently of other side chains in the coordination
sphere. By restricting the position of the metal ion to a line, in this case the superhelical
axis of the bundle (z-axis), side chain conformations could be independently evaluated
according to their potential to coordinate to a metal ion. A library of conformations with
potential points of coordination on the z-axis was created. This was termed the super-

rotamer library, where a super-rotamer is a side chain ligand along with a metal atom
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positioned to bind to the side chain. Full coordination spheres are then constructed from

combinations of members of the super-rotamer library.

The crystal structure of the GCN4-pV peptide™® was chosen as a fiducial starting point
template for the design of coiled-coils capable of housing a lanthanide-binding site. The
high stability of this construct, as evidenced temperature-melt experiments, led us to
hypothesize that the backbone structure would compatible with a large number of
sequences and would result in a highly stable protein. The anti-parallel orientations of the
helices would also enable the construction of a single-chain helical-bundle by connecting
the helical segments with short loop segments. The search for high-density well-packed
coordination spheres necessitated considering alternate relative orientations of the
helices. The dimensionality of the GCN4-pV tetramer was first reduced to a set of Crick
parameters. Varying the values for the minor helical phase and then reconstructing the
helices from the Crick equations generated models with alternate coiled-coiled

geometries.

The set of coiled-coil candidate structures was further expanded using a combinatorial
approach, where structures were generated from combinations of individual helices
constructed from the Crick equations. A super-rotamer library was created at each helix,
and coordination spheres were generated from combinations of super-rotamers that could
coordinate a metal ion at the same point on the z-axis. Steric and electrostatic interactions

of the candidate coordination spheres were analyzed using atomic potentials.*!’
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3.4. Super-rotamer Library Construction

A super-rotamer consists of an amino-acid side chain bound to a metal ion. By
constraining the position of the metal to be on the z-axis, a maximum of two super-
rotamers can be generated from any one rotamer state. Given a certain metal-to-ligand

distance, the position of the metal relative to the ligand must satisfy the equation

(x-x) +(- ) +(z- 2) =K (3.1)

where (X, Y, z) is the position of the metal, (X, Y., Zc) is the position of the coordinating
atom, and R is the ligand-to-metal distance. The cone angle is defined as the angle
between the metal ion, the coordinating atom, and the antecedent atom. Super-rotamers

with metal positions that do not meet a cone angle criterion can be removed from the set.
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Figure 3.1: Determination of super-rotamer metal positions. Possible metal
coordination sites for monodentate and bidentate super-rotamers. a) Glutamine side chain
with monodentate coordination. b) Glutamate side chain with bidentate coordination.

Amino acid bond lengths and bond angles were generated using average values found in
a set of 54 high-quality crystal structures.'*® Target ligand-to-metal distances were taken

from a small molecule complex.**

Amino Binding Mode Coordinating Antecedent Target Maximum Off-rotamer
Acid Type Atom Atom Metal to Cone Angle Conformations
Ligand
Distance
GLU Bidentate Cs Cy 2.847A 20° +20° for y1 in 10°
increments
ASP Bidentate Cy CB 2.847 A 20° +20° for yyand yz in
10° increments
GLN Monodentate Oe Cd 2.359 A 60° None
ASN Monodentate 0% Cy 2.359 A 60° None

Table 3.1: Coordination geometry of super-rotamers. Geometric parameters for the
search of amino acids with the potential to bind a metal ion on the z-axis.
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3.5. Calculation of Initial-value Crick Parameters

Atomic coordinates for GCN4-pV monomer were obtained from Protein Data

Bank crystal structure 2B22. Coordinates for the tetrameric coiled-coil were generated

using crystal symmetry transformations in PyMOL."® The structure was fitted to

geometric parameters using the coiled-coil Crick equations by minimizing the RMSD

between the reference and model structures using the IPOPT optimizer,'?* as illustrated in

sections 2.4 and 2.5. The coiled-coil squareness was constrained at 0°, and the rise per

residue was constrained to be the canonical value of 1.5 A. Minimization was carried out

for 3,000 steps, and the final point was used as the optimal parameter set. The RMSD

between the final model and the reference structure was 0.34 A.

Parameter Initial Value Lower Bound Upper Bound Final Value
Ro 50A 0A 10.0A 728 A
dac 90° -180° 180° 35.06°
#eD 90° -180° 180° -42.70°
Zott 0A 0A 10.0A 253 A

o

90°

180°

180°

149.65°

Table 3.2: Fitting of Crick parameters to the structure of GCN4-pV. Initial values of

optimized parameters, bounds on problem, and final parameter values.

3.6. Search Terbium-binding Motifs in Coiled-coils

For the set of coiled-coil parameters, a-carbon coordinates were calculated from the

Crick equations. Coiled-coils with alternate orientations of the helices were generated by

varying the minorhelical phase (¢1) for each helix from -50° to +50° from the reference
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structure at 5° intervals. Coiled-coils with alternate superhelical radii were considered by
varying Ro from -1 A to + 1 A from the reference structure at 0.1 A intervals. The three
other main-chain atoms were constructed from the a-carbon using CHARMM22
equilibrium bond lengths and angles. The 2010 Dunbrack rotamer library was used to
calculate coordinates of side chain conformational states.> Coordinates of off-rotamer
conformations are also calculated. The resulting set of side chain conformational states is

used to construct the super-rotamer library.

Parameter Minimum Value Maximum Value Grid Search Interval | Number of Intervals
Value in Grid Search

Ro 6.28 A 8.28 A 01A 21

o -14.94° 85.06° 5.0° 21

P -92.7° 7.3° 5.0° 21

dc -14.94° 85.06° 5.0° 21

#o -92.7° 7.3° 5.0° 21

Metal z coordinate 50A 499 A 0.01A 1000

Coiled-coil displacement 00A 05A 01A 6
in x direction

Coiled-coil displacement 00A 05A 01A 6
in y direction

Table 3.3: Coiled-coil search space. Structural degrees of freedom for terbium-binding
coiled-coil search.

A combinatorial approach is used to construct the set of possible coiled-coils from

combinations of helices at each of the a-helical positions, labeled as sections A, B, C, and
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D. To consider metal-positions that do not lie exactly on the superhelical axis, the coiled-
coil helices are shifted so that the z-axis is positioned off-center. Twenty-one unique D;
symmetric coiled-coil structures were constructed by varying all helical rotations
simultaneously. From these structures, coordinates for each of the four distinct peptide
helices were identified and recombined to create a full set of asymmetric structures. A
search over all combinations of helical rotations yields 21°%, or 194,481 independent
coiled coil tetramers. By scanning over values of Ry, this procedure was used to search
4,084,101 unique coiled-coil structures for metal binding at 36,000 positions (search over

x and y offsets, and z positions), resulting in 147,027,636,000 candidate configurations.

For a given value of Ryand off-center displacements, the z-axis from -5 Ato 5 A is
scanned at 0.01 A intervals for candidate coordination spheres. At a given point z, the
subset of super-rotamers that satisfies |z — zyo < 0.05 A is selected, where zy is the metal
position on the super-rotamer. For bidentate ligands, a rotation of the terminal y angle is
performed so that both oxygen atoms are equidistant from the metal ion. If the rotation is

0 78,122,123
0°,

larger that 2 the super-rotamer is not used in the construction coordination

spheres.
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Figure 3.2: Bidentate super-rotamer selection. Adjustment of terminal dihedral angle
for a bidentate coordinating side chain at a given metal position. Carboxylic atoms O-C-
O form the blue plane, and the metal-Ccoordinating-Cantecedent form the red plane. The side
chain terminal y angle is adjusted so the the planes are perpendicular.

The ensemble (Q,) of all possible hexameric coiled-coils that can be created from the
subset of super-rotamers is enumerated, and the energy of each member of the subset
Q,(m =3, b = 3) is calculated, where m is the number of monodentate ligands and b is the
number of bidentate ligands. The lowest energy member of the subset Q,(m =3, b=23) is
used in the construction of a structure energy landscape as a function of Ro and (x, y, z)

metal-position coordinates.
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Lanthanide Binding Coiled Coil Energy Landscape

Internal energy

_ Radius (A)

Metal z coordinate(A)

Figure 3.3: Structure-energy landscape of terbium-binding coiled-coils. Two-
dimensional slice at x displacement = 0 and y displacement = 0.

The dihedral and Lennard-Jones terms of the AMBER84'% force field along with a
modified hydrogen bonding term are used to calculate potential energies.** *?® The
terbium ion is not included in the energy calculations. Energy values are decomposed into
one-body and two-body pairwise terms. All one-body energy terms are stored in a single
vector, and all pairwise energy terms in the 194,481 combinations of coiled-coils are
stored in a single matrix. Pairwise energy terms between two residues that do exist in the

same coiled-coil are not calculated.
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Label Radius (A) x displacement (A) y displacement (A) metal z position (A) Enmin (kcal/mol)

C1 6.58 0.2 0.3 1.76 -101.571
C2 6.58 0.2 0.3 1.75 -101.458
C3 6.68 0 0.3 3.74 -100.828
C4 6.68 0 0.3 3.73 -100.632
C5 6.68 0 0.3 3.72 -100.434
C6 6.68 0 0.3 3.71 -100.235
c7 6.58 0.2 0.3 1.74 -100.103
C8 6.68 0.5 0.3 4.07 -99.4731
C9 6.98 0.5 0.3 3.14 -96.901
C10 6.68 0.2 0.3 -0.47 -96.1629
C11 6.68 0.2 0.1 -0.66 -96.047
C12 6.98 0.1 0.3 -1.02 -95.9167

Table 3.4: Results of coordination sphere search. Lowest-energy terbium-binding
coiled-coils identified in search.

3.7. Initial Sequence Optimization of Candidate Structures

Sequence optimization calculations were carried out to identify candidates that would be
likely to fold into the target structure and adopt target binding site conformations.
Candidate structures were subjected to rounds computational protein design. These
calculations take in as input a folded structure and perform an energy sequence
optimization calculation. The Lennard-Jones, electrostatic, and dihedral terms of the
AMBERS84 potential with a modified hydrogen bonding term were used for energy
calculations. The 2002 Dunbrack rotamer library was used to build side chain
conformations, with a maximum of 10 rotamers per amino acid. A pre-processing step is

performed to remove any high-energy conformers.
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Environmental potential values were calculated for exposed and buried sites of the
GCN4-pV tetramer. These values were used to set the environmental potential targets of
the design calculations. After each calculation, if any site had an amino acid type whose
probability was twice as much as the next most probable type, the amino acid degrees of
freedom were fixed to that type only. The iterative calculation method was repeated until

no further sites displayed a high preference of one amino acid over the others.

Parameter Setting
Rotamer library Dunbrack 2002
Maximum number of rotamers 10
Force field version AMBER84

Force field paramers

Electrostatic, Van der Waals, dihedral, hydrogen bond

p 0.5 mol/kcal
Buried beta carbon count <10
Buried environmental potential target -7.47 kcal/mol
Exposed beta carbon count >11
Exposed environmental potential target -4.0 kcal/mol

Amino acids allowed Ala, Arg, Asn, Asp, GIn, Glu, Gly, His, lle, Leu, Lys, Met, Phe, Ser, Thr, Trp,

Tyr, Val

Table 3.5: Parameters for sequence calculations. Sequence optimization was carried
out by keeping binding-site residues fixed and populating the remaining sites with amino
acid rotamers.

Out of the candidates in Table 4, full sequence design calculations were carried out the
lowest energy candidate at each of the local minima. The value of the environmental
potential was out of range for the structure C1 due to its short radius, and therefore the
structures in this local minimum were disregarded. The next structure at a different local

minimum was C3, but the final sequence contained a total of 11 glycine residues. Glycine
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residues are known to disrupt alpha-helix formation, therefore the structures at this local
minimum were not taken into further consideration. We chose to limit the search to
structures with a value of Ry > 6.68 A in order to avoid sequences with a large number of
glycine residues, since the calculations are likely to select glycine as highly probable
when sites are in close contact. The most probable sequence for C9 resulted in a construct
with 8 glycine residues, while sequence optimization of C12 resulted in a most probable
sequence with no glycine residues. This structure was labeled as CC-Tb and selected as

the coiled-coil motif for a single-chain helical bundle.

Figure 3.4: Structure of CC-Tb. a) Side view. b) Top view.
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3.8. Loop Modeling

Based on the results from the previous calculation, the CC-Tb structure was selected for
further design. Loop modeling calculations were carried out to connect the four chains of
the tetramer so that the protein could be eventually expressed in E. coli as a single
construct. The ArchDB database®?" *? of protein loops was used to find sets of backbone
torsional angles that have been observed experimentally. A cyclic coordinate descent
algorithm was used to attempt to close loops between the chains.® Briefly, the procedure

for connecting two chains via a loop is the following:

1) The C terminus of one chain is assigned as the anchor site, and the N terminus of

another is assigned as the target site.

2) From the anchor site, a glycine chain of desired length is constructed and an
additional site is added to the end. The algorithm aims to place this last residue in

the same position as the target site by adjusting only backbone torsional angles.

3) The Arch database is accessed for experimentally observed loops of equal length.

Only the subset of helix-helix loops is used.

4) Non-terminal loop angles are adjusted to match those of the selected Arch

database entry.

5) One of the remaining free torsional angles is chosen at random. (Anchor site v,

first loop site ¢ and v, last loop site ¢ and v, and target site ¢)
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6) Cyclic coordinate descent equations are solved. If the RMSD between the anchor
site and the phantom anchor site is less than 0.1 A, then the loop is considered

closed.

7) Each successfully closed loop is scored using the AMBERS84 potential with a

modified hydrogen bonding term.

8) Sequence optimization is performed on the loop sites. All amino acids types are
allowed and side chain torsional angles are taken from the 2002 Dubrack rotamer

library. A maximum of 10 rotamer conformations are allowed per amino acid.

9) Average potential energy of ensemble of sequences is used to rank-order the

loops.

Chain D was connected to chain A, and this segment was name chain X. Chain A was
connected chain B, and chain C to chain D. These two segments, named chain Y and
chain Z respectively, were calculated simultaneously so that both loops were taken from
the same template structure. 2,451 helix-helix loops of length seven'?® were used for each
of the connections. Loops were rank-ordered on the basis of average potential energy
over all sequences. Comparison of backbone torsional angles with known Ramachandran

distributions was carried out in MolProbity.**°
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Template PDB Average Energy Ramachandran

1D Template Chain  First Residue 1D (kcal/mol) Allowed?
1XJA C 141 -348.8810334 No
1YJ4 A 100 -347.6050033 No
4C9N A 220 -347.0883921 No
20EZ A 31 -345.9589487 No
3GJIX A 573 -345.2512642 Yes

Table 3.6: Loop selection for segment X. Top 5 for loops of length 7.%As determined by
MolProbity analysis.

Template PDB Average Energy Ramachandran
ID Template Chain  First Residue ID (kcal/mol) Allowed?
3KD3 A 23 -363.2446757 No
2CE7 C 384 -350.8490499 Yes
2IFC C 218 -349.9256911 No
3HLO A 179 -348.6219712 No
1HJR A 111 -347.9766621 No

Table 3.7: Loop selection for segments Y and Z. Top 5 results for loops of length 7. °As
determined by MolProbity analysis.

Based on the results of the Ramachandran analysis, template 3GJX was selected for loop

X and template 2CE7 was selected for loops Y and Z.
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Figure 3.5: Selected loops for scCC-Th. Loop X (cyan), loop Y (magenta), and loop Z
(yellow).

3.9. Final Sequence Selection

Full sequence design calculations were carried out for the single chain scaffold in the
same manner as indicated above for the tetrameric coiled-coil. Six rounds of iterative
design calculations were carried out. The resulting probability profile was used to guide
the selection of the sequence. Polar residues were avoided in the vicinity of the binding
site in order to create a hydrophobic sphere around the metal binding site. This was done

to prevent water accessibility to the binding pocket, as well as to prevent unwanted side
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chain to metal interactions such as histidine-lanthanide bonding.**"**? The most probable

amino acid was selected at each site, except in the following cases:

Site 26: Phenylalanine (second most probable) instead of tryptophan at site 26 to
allow for only one tryptophan residue in the sequence.

Site 127: Tryptophan (second most probable) instead of histidine to be used to
detect binding via Forster resonance energy transfer to terbium ion.

Site 48: Leucine (third most probable) instead of histidine to avoid histidine
residue near metal-binding site. Phenylalanine (second most probable) not chosen
to avoid bulky amino acid at helix-helix interface.

Site 55: Asparagine (second most probable) instead of histidine at site 55 to avoid
histidine residue near metal-binding site. Polar group was allowed at this site
given that glutamine (second most probable) is also polar, and phenylalanine
(third most probable) is bulky.

Site 122: Leucine (third most probable) instead of histidine to avoid histidine
residue near metal-binding site. Alanine (second most probable) was not chosen
to avoid a cavity to the binding pocket.

Sites 31 and 103: Glycine instead of lysine to allow flexibility at o-left position on
loops.

Site 73: Glycine instead of threonine to allow flexibility at a-left position on loop.
Site 14: Isoleucine instead glutamate to remove carboxylate group near metal-

binding site.
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The final sequence selected was:

DDDARKIIDKARNINKKALNIIQDAFKILIGSPKPSIKDVDKIIRQIL
QQESKQNDIFKKIRQEIGKVPKPGGDEARKLVEQVEKIEKSVIQLI
KQVLNHVSGTPKPNTDEVAQLLNQIINLEKQQWQLLTKIYQHM

and was named scCC-Th. A side chain modeling calculation was carried out with the
final sequence. The most probable conformation was used as the model for subsequent

calculations.

3.10. Analysis of Coordination Sphere

The coordination sphere of scCC-Th was compared to that of LBT. Analysis began by
aligning the two bidentate side chains in LBT with structurally similar side chains in

scCC-Th, and proceeded by adding one side chain at a time to the alignment.

Figure 3.6: Comparison of bidentate side chains in LBT coordination sphere with
coordination sphere of scCC-Th. Oxygen atoms of Glul12 and GIlul09 in LBT were
aligned to Glu123 and Glu51 in scCC-Tb, resulting in an RMSD of 0.046 A.
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Figure 3.7: Comparison of three side chains in LBT coordination sphere with
coordination sphere of scCC-Th. Backbone oxygen atom of Trp107 in LBT and oxygen
atom of GIn54 in scCC-Tb were added to the alignment, resulting in an RMSD of 0.267

Glul12

Figure 3.8: Comparison of four side chains in LBT coordination sphere with
coordination sphere of scCC-Tb. y carbon atom of Asp105 and 6 carbon atom of Glu87
were added to the alignment, resulting in an RMSD of 0.273 A.
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Glu112

Figure 3.9: Comparison of five side chains in LBT coordination sphere with
coordination sphere of scCC-Th. Oxygen atom of Asp101 in LBT and oxygen atom in
GIn126 were added to the alignment, resulting in an RMSD of 0.350 A.

Figure 3.10: Comparison of all side chains in LBT coordination sphere with
coordination sphere of scCC-Tb. The 6™ side chain in LBT and scCC-Tb lie on
opposite ends of the coordination sphere.

Five out of the six side chains in the coordination spheres of LBT and scCC-Tbh are in
close agreement as judged by an RMSD of 0.350 A for the atoms indicated in Fig. 3.11.

This similarity in the arrangement of atoms about the metal position was arrived at
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without any input from the LBT structure. Of particular interest is the overlap between
Trpl107 in LBT and GIn54 in scCC-Th, where the coordinating backbone atoms map onto
coordinating side chain atoms in our design. Also of note is the fact that Glu87 in scCC-
Tb adopts a bidentate coordination, but Asp105 in LBT shows monodentate coordination.
This suggest that optimal high-density packing arragements side chains around a
lanthanide ion are limited, even when allowing for differences in binding modes.
However, Asnl15 in scCC-Tb and and Asn103 in LBT do lie on opposite ends of the
coordination sphere. To determine if LBT has indeed arrived at the best possible
coordination sphere packing arragement possible with natural amino acids, variants of
scCC-Thb could be designed that place all six side chains in the same position of the

coordination sphere and the change in the lanthanide binding affinites could be measured.

3.11. Molecular Dynamics Simulation of Full Construct

In order to ascertain the viability of the design structure to bind to terbium with
the predicted coordination sphere geometry, the scCC-Thb model was subjected to 50 ns
of molecular dynamics simulation using the CHARMMZ22 all-atom force field. Force
field parameters for the terbium ion were taken from those of the calcium ion, and the
charge was set to +3. However, the CHARMMZ22 parameter file provides two different
atomic radii for calcium. The structure for the lanthanide-binding tag (PDB ID 2B22 and
chain A) was minimized for 10000 steps in NAMD*** using both radii for the terbium
ion, and the parameter that best fit the crystal structure side chain-to-metal distances was
chosen as the one to use in the simulations. A value of R = 1.7 showed better agreement

with the crystal structure for 4 out of the 6 ligands.
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Amino Acid Residue

Ligating
Atom

Atom to Metal
Distance (A), R = 1.367

Atom to Metal
Distance (A), R =
17

Atom to Metal Distance
(A), Crystal Structure

D101 0d 2.04 2.28 2.26
N103 0d 221 2.43 2.23
D105 0d 2.06 2.35 2.38
W107 0] 2.33 2.50 2.30
E109 Cd 2.52 2.74 2.81
E112 Cd 2.57 2.79 2.83

Table 3.8: Selection of Th* VdW radius parameter. Ligand-to-metal distances after
10000 steps of minimization for the lanthanide-binding tag.

The designed scCC-Tb model structure was taken as the initial configuration and placed

in a 50 x 50 x 95 A% water box with 0.15 mol/L NaCl. Forces between atoms were

calculated every 1 fs, assuming rigid bonds. A 12.0 A cutoff distance for non-bonded

interactions was used with a switching function at 10.0 A. Long-range electrostatic

interactions were calculated using the particle-mesh Ewald method, with full

electrostatics calculated every 2 steps. The NPT ensemble was used at a temperature of

320° K. 1000 conjugate gradient minimization steps were conducted, followed by 50 ns

of simulation time. Calculations were carried out in NAMD.
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Figure 3.11: Trajectory of scCC-Tb simulation. Backbone root-mean-square-deviation
between the initial model and the simulation trajectory.
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Dihedral Angle Trajectory for Asn15 with Terbium lon
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Figure 3.12: Dihedral angle deviations of asparagine 15. y; and y» torsional angles of
asparagine 15 along the simulation trajectory.
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Figure 3.13: Dihedral angle deviations of glutamine 54. y1, 2, and 3 torsional angles of
glutamine 54 along the simulation trajectory.
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Dihedral Angle Trajectory for GIn126 with Terbium lon
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Figure 3.14: Dihedral angle deviations of glutamine 126. y1, y2, and ys torsional angles
of glutamine 126 along the simulation trajectory.
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Figure 3.15: Dihedral angle deviations of glutamate 51. 1, y2, and y3 torsional angles of
glutamine 51 along the simulation trajectory.
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Dihedral Angle Trajectory for Glu87 with Terbium lon
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Figure 3.16: Dihedral angle deviations of glutamate 87. y1, y2, and ys torsional angles of
glutamine 87 along the simulation trajectory.
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Figure 3.17: Dihedral angle deviations of glutamate 123. y1, 2, and ys; torsional angles
of glutamine 123 along the simulation trajectory.
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Coordination sphere side chains remained prevalently in their target conformations over
the course of the simulation trajectory, leading us to hypothesize that scCC-Tb would be

promising for experimental studies of binding to lanthanide ions in solution.

3.12. Experimental Characterization

3.12.1. Protein Expression and Purification.

The N terminal sequence MSSHHHHHHSSENLYFQG was added to the scCC-Thb
sequence to provide for a nickel-column binding tag, and a tobacco etch virus (TEV)
protease cleavage site. TEV protease was selected for its high specificity, although a
trailing glycine residue would remain after cleavage. PJ414 vector with IPTG-inducible
T7 promoter and ampicillin resistance was purchased from DNAZ2.0. Plasmids were
transformed in E. coli BL21-CodonPlus(DE3)-RIL cells and grown overnight on agar
ampicillin plates. Single colonies were incubated overnight in 10 mL of Lenox Broth
(LB) medium at 37 °C while spinning at 275 RMP, with 100 pg/mL ampicillin and 50
ug/mL chloramphenicol. Cultures were transferred to 1 L of LB with antibiotics at the
same concentrations. Cells were grown at 37 °C at 275 RPM and the OD600 reached
~0.6-0.8. Cells were induced with 1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG)

at 37 °C at 275 RPM for 3 hours.
3.12.2. Attempted Purification from the Soluble Fraction

Cell pellet was combined with 5 mL/g of Bugbuster Master Mix, and 1 pellet of protease
inhibitor cocktail per 10 mL of solution. Solution was rotated for 30 minutes at room

temperature. Solution was spun for 15 minutes at 11,000 rpm at 4 °C, and the supernatant
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was collected and filtered through a 22 um filter. The solution was injected onto a
HisPrepFF 16/10 column on an AKTA FPLC instrument (GE Healthcare). Solution was
loaded onto column in HIS start buffer (20 mM Tris, 20 mM imidazole, 150 mM NacCl,
pH 7.5) and eluted with 60% HIS elution buffer (20 mM Tris, 500 mM imidazole, 150

mM NacCl, pH 7.5).

Pre
HIS P

glgks)rDuel Insoluble Filtered Fou.- =0 E‘Iliigr:ep

Standard raction Lysate through

Figure 3.18: Gel electrophoresis of scCCTb. The expected molecular weight of the
uncleaved protein is 17,918 Da. A dominant dark band at this range was observed in the
sample from the insoluble fraction. Although bands at this range were observed for the
soluble fraction, no overexpression relative to the other bands was observed. Minimal
protein at this MW range was recovered by HIS column purification, although some
separation could be observed from the column flow-through. These results indicated that
indicated that protein is expressed mainly in the insoluble fraction.

Sodium docecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) indicated that
the bulk of the protein was expressed in the insoluble fraction. The soluble fraction also
shows a larger amount of impurities.
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3.12.3. Purification from the Insoluble Fraction

Cell pellet was combined with 10 mL/g of refolding buffer (50 mM Tris, 140 mM NacCl,
pH 8.0), and 1 pellet of protease inhibitor cocktail per 10 mL of solution. Solution was
sonicated. Solution was spun for 15 minutes at 11,000 rpm at 4 °C, and the supernatant
was discarded. The insoluble fraction was combined with 5 mL/g of denaturing buffer
(8M urea, 100 mM Tris, pH 8.5) and 1 pellet of protease inhibitor cocktail per 10 mL of
solution. Solution was rotated for 60 minutes at room temperature. Solution was spun for
15 minutes at 11,000 rpm at 4 °C, and the supernatant was collected. To the supernatant
solution was added 7 mL/mL of refolding buffer in a drop-wise manner while stirring.
The final urea concentration was 1M. Solution was again spun for 15 minutes at 11,000
rpm at 4 °C, and the supernatant was collected and filtered through a 22 um filter. The
solution was injected onto a column packed with 10 mL of nickel-loaded HIS-bind resin
(EMD Millipore Corp) on FPLC. Solution was loaded onto column in HIS start buffer

and eluted with 60% HIS elution buffer.

Elution peak fractions were concentrated down to less than 2 mL by transferring fractions
to an Ultra-15 10K Centrifugal Filter Device (Amicon) and spinning at 6,000 RPM.
Solution was combined with 10 mL of TEV protease solution filtered through a 22 pm
filter, along in 1 mM 1,4-dithiothreitol (DTT) and 0.5 mM ethylenediaminetetraacetic
acid (EDTA). The solution was injected onto a HIS Prep 26/10 desalting column (GE
Healthcare) and buffer exchanged into a TEV cleavage buffer (50 mM Tris, 140 mM
NaCl, pH 8.0). Pooled fractions were incubated at 4 °C overnight at the same

concentrations of DTT and EDTA. TEV cleavage reaction product injected onto HIS
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Prep 26/10 desalting column and buffer exchanged into HIS start buffer. Elution was
loaded onto HIS-bind resin column in HIS start buffer and flow-through was collected.
Fractions were concentrated down to less than 12 mL by transferring fractions to an
Ultra-15 10K Centrifugal Filter Device and spinning at 6,000 RPM. Solution was injected
onto HIS Prep 26/10 desalting column and buffer exchanged into scCC-Tb buffer (250
mM MES, 140 mM NaCl, pH 6.0). Elution was concentrated down to less than 2 mL by
transferring fractions to an Ultra-15 10K Centrifugal Filter Device and spinning at 6,000
RPM. Solution was loaded onto HiLoad Superdex 16/10 column. Protein eluted as a
single peak and the protein concentration was determined by UV-vis absorbance at 280

nm. Protein yield was 10.4 mg/L of LB broth.
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Figure 3.19: SDS-PAGE of scCCTb purified from the insoluble fraction. The
expected molecular weight is 17,918 Da for the uncleaved protein, and 15821.45 Da for
the HIS-tag cleaved protein. Protein is refolded by drop-wise addition of refolding buffer,
and recovered by HIS-column purification. TEV protease is used to cleave off the HIS-
tag, and removed by HIS-column purification. A drop in molecular weight is detected by
the difference in migration distances of the HIS-column purified product and the TEV-
cleavage reaction product. Final purification is performed by gel filtration.

Mass was confirmed by matrix-assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOF MS). Sinapinic acid was used as a matrix, and the instrument

was operated in linear positive ion mode.
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Figure 3.20: Confirmation of HIS-tag free scCC-Tb identity by MALDI-TOF MS.
Expected molecular mass of scCC-Tb with trailing glycine residue is 15821.45 Da. M+1
and M+2 peaks confirm the identity of the protein.

3.12.4. Circular Dichroism (CD) Spectroscopy

CD measurements were collected using an Aviv 410 CD spectrometer (Aviv Biomedical,
Lakewood, NJ). Temperature-melt experiments were carried out using a 1 mm quartz
cuvette (Starna Cells) at a protein concentration of 15 pM in 140 mM NaCl and 250 mM
MES buffer. Ellipticity at 222 nm was monitored as a function of temperature from 25 °C
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to 70 °C in 1 °C steps. The temperature was equilibrated for 1 min at each step, and the
signal was averaged over 300 s. A structural rearrangement of the protein was observed
to occur while heating to 70° C. Temperature cycle was repeated to determine if protein
had achieved a stable folded state. A second temperature ramp showed no significant

structural rearrangement and no hysteresis upon cooling to 25° C.

Second Temperature Ramp of scCC-Tb

e=t==Ramp Up

26 w=l=Ramp Down

Mean Residue Ellipticity (1073 deg cm"2 dmol*-1)

Temperature

Figure 3.21: Structural effect of temperature ramp on folded scCC-Th. Measurement
of mean-residue ellipticity as 222 nm as a function of temperature indicates that the
folded protein can withstand temperature ramps to 70° C.

A thermal melt was then carried out from 4° C to 95° C to determine is protein retained
its structure after heating. No melting-point transition up to 95 °C and no significant
hysteresis were observed upon cooling to 4 °C, indicating that protein is highly stable

even in the absence a bound metal ion.
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Figure 3.22: scCC-Tb temperature melt monitored by CD spectroscopy.
Measurement of mean-residue ellipticity as 222 nm as a function of temperature indicates
that the folded protein does not undergo a melting transition up to 95°C. Protein returns
to fully folded state upon cooling.

Having confirmed that temperature annealing is needed for the preparation of the apo
sample, and that 70° temperature cycles do not disrupt the structure of the folded protein,
we performed CD measurements on samples of apo and holo scCC-Th. Thermo cycling
steps were carried out by incubating the samples at 70° C for 20 minutes, and cooling in a
room temperature bath for 3 minutes. Samples were centrifuged for 3 minutes at 16,100
RCF at 25° C. For the preparation of the apo samples, two thermo cycling steps were
carried out to ensure that protein reached a stable folded state. For the preparation of the
holo sample, one thermo cycling step before addition of the metal ion was performed, and

thermo cycling was repeated after addition of the metal ion.
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Wavelength scans were carried out on samples of apo scCC-Tb and holo scCC-Thb using
0.1 mm quartz cuvette (Starna Cells) at a protein concentration was 50 uM in 140 mM
NaCl and 250 mM MES buffer. Holo sample was prepared by incubating 50 uM protein

with 3 equivalents of Th(NO3)s.

CD Wavelength Scans of Apo and Holo scCC-Th
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Figure 3.23: CD wavelength scans for apo and holo scCC-Tb. Scans from 260 nm to
196 nm show a characteristic a-helical signal, consistent with the design model. Apo and
holo do not exhibit a difference in a-helical character, indicating that the protein is folded
in the absence of the metal.
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Wavelength scans show a characteristic a-helical signal, confirming the a-helical
character of the apo and holo protein. Spectra were nearly identical for the apo and holo
protein, indicating that the apo protein if fully folded in the absence of the metal, and that

binding to the metal ion does not induce any further folding.

Thermal melts were carried out on samples of 15 uM apo scCC-Tb and holo scCC-Tb
from 25° C to 95° C as indicated for above. Holo sample was prepared by incubating

protein with 10 equivalents of Th(NO3)s.

Thermal Melts of Apo and Holo Protein
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Figure 3.24: scCC-Tb temperature melt of apo and holo forms monitored by CD
spectroscopy. Measurement of mean-residue ellipticity as 222 nm as a function of
temperature indicates that the folded protein does not exhibit an appreciable change in
thermal stability upon binding to the metal.
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The holo protein does exhibit an enhancement in stability over the apo protein,

confirming that the apo protein is in a fully folded and stable state.

3.12.5. Fluorescence Wavelength Scans

Fluorescence spectra were recorded on a Cary Eclipse fluorimeter spectrophotometer
(Varian) using a 100 pL quartz cuvette of 1 cm path length (Starna Cells). An excitation
slit width of 20 nm and an emission slit width of 5 nm were used. Samples were excited
at 280 nm and fluorescence was collected at from 450 nm to 700 nm in 1 nm intervals
with 5 second averaging. Experiments were carried out 25° C using a 360 nm high band-
pass filter, with a PMT voltage of 800 V. Solutions of 50 uM apo and holo protein were

prepared, with the holo sample incubated with 3 equivalents of Th(NO3)s.

Free terbium ions exhibit low fluorescence signal due to weak photon absorption, and
non-radiative decay of electronically excited states by vibrational quenching of
coordinated water molecules. Fluorescence emission of terbium upon excitation of
aromatic residues would indicate FRET between the protein and the metal ion, and

expelling of water molecules from the terbium coordination sphere.
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Fluorescence Wavelength Scans of Apo and Holo scCC-Th
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Figure 3.25. Fluorescence wavelength scans of apo and holo scCC-Th. Fluorescence
enhancement of terbium is observed when compared to a blank sample with no protein.

Measurements of the fluorescence of holo protein upon excitation at 280 nm results in a
characteristic terbium emission spectrum, with enhance fluorescence observed over a
protein-free sample. This result indicates that the terbium ion is binding to the protein,

and that the protein is replacing water atoms in the coordination sphere of the terbium

ion.

83



3.12.5. Fluorescence Titrations

Fluorescence spectra were recorded on a Cary Eclipse fluorimeter spectrophotometer
(Varian) using a 12 uL quartz cuvette of 1.5 mm path length (Starna Cells). An excitation
slit width of 20 nm and an emission slit width of 5 nm were used. Samples were excited
at 280 nm and fluorescence was collected at 544 nm at 25° C using a 360 nm high band-
pass filter, with a PMT voltage of 800 V. Samples were prepared by incubating 250 pL of
50 uM protein at 70° C for 20 minutes, and cooling in a room temperature bath for 3
minutes. Samples were centrifuged for 3 minutes at 16,100 RCF at 25° C. Thermo
cycling step was carried out two times to ensure that protein was folded to a stable state.
Terbium titration was performed by adding 0.2 equivalent aliquots of Th(NO3)3 to 250
uL of protein sample. Thermal cycling and centrifugation were repeated after every
aliquot addition of metal ion to prepare equilibrated samples.

Data was fitted to a 1:1 equilibrium binding model***:

M+L < ML (3.2)

where M it the metal ion, and L is the ligand (in this case the protein). The expression for

the dissociation constant is:

k, =Ml (3.3)
[ML]
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Substituting the mass balance equations:

M, = [M] + [ML] (3.4)
L= [L]+ [ML]

and solving for [ML] yields the function for the formation of the metal-ligand complex

as:

[ML]=05 " (Kp + Ly + M;- J(-Kp - Ly - M;)? -4L;M;) (3.5)
The fluorescence data is fitted to the model as:
F=F +DF x [ML] (3.6)

where fluorescence measurement (F) changes from the fluorescence of the apo-protein
(FL) as a function of [ML]. AF accounts for the changes in fluorescence of the metal and
protein from their unbound states to their bound states.

The titration data in Fig 3.24 indicate 1:1 binding of the terbium ion to the protein as
observed from the transition centered at 50 pM of Tb*" added. Fitting of the data to the
equilibrium binding model results in a calculated K4 of 11.76 + 5.8 with a 95%

confidence interval.
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Figure 3.26: Fluorimetric titration of Th* binding to scCC-Tb. Binding isotherm data
was collected at pH 6, and fit to a Kq value of 12 £ 6 uM. Protein concentration was 50
uM.

Dissociation constants for other lanthanides were determined by competitive binding
experiments between a terbium loaded sample and the metal of interest. Fluorescence
measurements were collected as indicated above, where now the decrease in terbium
fluorescence is measured as a competitive lanthanide ion is titrated into the solution.
Samples were prepared by incubating 250 puL of 50 uM protein at 70° C for 20 minutes,
and cooling in a room temperature bath for 3 minutes. Samples were centrifuged for 3
minutes at 16,100 RCF at 25° C. To each sample, 1.5 pL of 25 mM Tb(NO3); was added
to obtain a 3:1 ration of metal to protein. Thermo cycling was repeated and samples were
again centrifuged.

Titrations were performed by adding 1.5 equivalent aliquots of Ln** (Ln = Gd, Eu, Sm,

Nd, La) to samples of 50 uM protein loaded with 150 uM terbium. Thermal cycling and
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centrifugation were repeated after every aliquot addition of metal ion to prepare
equilibrated samples.
Fluorescence data was fitted to an equilibrium model of two simultaneous competing

reactions:

L+A < LA, L+B < LB (3.7)

where L is the protein, A is the terbium ion, and B is the competing lanthanum ion. The

dissociation constants for each reaction are:

g, =HAL - _[HIB] (3.8)
[LA] [LB]

The mass balance equations are:

A, =[A] + [LA] (3.9)
B, = [B] + [LB]
L, =[L] + [LA] + [LB]

The derivation of the equation for the relation between the fluorescence signal and the

formation of [LB] can be simplified by assuming a full saturation of the protein, making
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[L] arbitrarily small. In the case of micromolar affinities, this approximation may not

hold true. An exact solution was derived by Wang'® as:

LB]= B; " {2\/(a*- 3b)cos(g/3)- a} (3.10)
3K, +{2+/(a* - 3b)cos(q/3)- a}

where:

-2a°+9ab- 27c
2\/(da* - 3b)°
a=K,+ Kg+A;+B.-P; (3.11)
b =KB(AT' PT) + KA(BT' PT) + KAKB
c=-K,KP;

@ =arccos

Fitting of the competitive titration data to the equilibrium binding model results in
calculated dissociation constants for other metal ions in the lanthanide series. Ka was set

to the value calculated from the direct titration of terbium to protein.
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Figure 3.27: Competitive fluorimetric titration of Gd** binding to scCC-Tb. Binding
isotherm data was collected at pH 6, and fit to a Kd value of 13 uM.
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Figure 3.28: Competitive fluorimetric titration of Eu** binding to scCC-Tb. Binding
isotherm data was collected at pH 6, and fit to a Kd value of 9 uM.
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Figure 3.29: Competitive fluorimetric titration of Sm** binding to scCC-Tb. Binding
isotherm data was collected at pH 6, and fit to a Kd value of 10 uM.
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Figure 3.30: Competitive fluorimetric titration of Nd** binding to scCC-Tb. Binding
isotherm data was collected at pH 6, and fit to a Kd value of 18 uM.
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Figure 3.31: Competitive fluorimetric titration of La** binding to scCC-Tb. Binding
isotherm data was collected at pH 6, and fit to a Kd value of 160 uM.

Fitting of the data to the equilibrium models was carried out by nonlinear regression
using the MatLab curve fitting toolbox. The values for the dissociation constants
calculated for the set of lanthanide ions, along with the goodness-of-fit values, are shown

in Table 3.9.
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Lanthanide Kd (uM) Error with 95% SSE R? Adjusted R? RMSE
ion confindence
interval
Terbium 11.76 £58 0.2145 0.9921 0.9909 0.1284
Gadolinium 12.88 +£3.25 0.04395 0.9966 0.9957 0.07412
Europium 9.131 +0.546 0.003184 0.9998 0.9997 0.01995
Samarium 9.686 +0.931 0.007616 0.9995 0.9993 0.03085
Neodymium 18.18 +4.59 0.04052 0.9969 0.9962 0.07117
Lanthanum 159.5 +£194.7 0.05236 0.9844 0.9805 0.0809

Table 3.9: Determination of dissociation constants for lanthanides binding to scCC-
Tb. Terbium binding isotherm was fitted to a two-state equilibrium model. Binding
constants of other lanthanides were determined by fitting competitive binding isotherms

to a three-state equilibrium model.

The data show a trend in dissociation constants as a function of effective ionic radius (Fig

3.30). These data indicate the designed protein exhibits selectivity for lanthanide ions of

smaller radii (Th, Gd, Eu) over the larger lanthanum ion.
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Figure 3.32: Free energy of binding for scCC-Tb with various lanthanides as a
function of effective ionic radius. A trend in free energy is observed as a function of ion
size.

3.12.6. Measurement of Rates of Dissociation

Fluorescence spectra were recorded on a Cary Eclipse fluorimeter spectrophotometer
(Varian) using a 100 pL quartz cuvette of 1 cm path length (Starna Cells). Metal-bound
protein samples were prepared by incubating 250 puL of 50 uM protein at 70° C for 20
minutes, and cooling in a room temperature bath for 3 minutes. Sample was centrifuged
for 3 minutes at 16,100 RCF at 25° C. To each sample, 1.5 uL of 25 mM Ln(NOg3)3 (Ln =
Dy, Th, Sm) was added to obtain a 3:1 ration of metal to protein. Heat cycle was repeated
and samples were again centrifuged. The rates of metal dissociation were measured by

adding 25 pL of 0.5 M EDTA (for a 1000:1 ration of EDTA to protein) and monitoring
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the change in fluorescence signal. Fluorescence signals were collected by exciting at 280
nm, and collected at 544 nm for terbium, 573 nm for dysprosium, and 643 nm for
samarium using a 360 nm high band-pass filter, with a PMT voltage of 1000 V at 20° C.
In these experiments, competitive binding occurs between two ligands for the same

metal. The equilibrium model is:

PM+LoP+L+MaLM+P (3.12)

where P now denotes the protein, M denotes the metal ion, and L denotes the competitive
ligand (EDTA in our case). If a solution is prepared with protein and a high concentration

of metal (e.g. 10 x Ky), the equilibrium in the absence of the competitive ligand will be:

PM <P+ M (3.13)

and the formation of the protein-metal complex will be favored. Upon addition of an
excess amount of competitive ligand, the equilibrium in equation 3.14 is shifted strongly

to the right hand side, rendering the reverse reaction negligible:
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PM + L—2" 5P+ L+ M—" 5| M +P (3.14)

with the change in the concentration of PM given by:

~d[PM] _

=k, [PM] (3.15)

Solving the differential equation yields the rate equation as:

[PM] = [PM,]e " (3.16)

The change fluorescence in fluorescence is related to the decay of the protein-metal
complex by equation 3.8. Data was fit to model after 180 minutes of data collection to
remove non-exponential behavior caused by initial mixing period. Fitting of the data to
the equilibrium models was carried out by nonlinear regression using the MatLab curve

fitting toolbox.
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Figure 3.33: Spontaneous dissociation of Dy** bound to scCC-Tb. Dysprosium
fluorescence emission was measure as a function of time after the addition of excess

EDTA. Data was fit the exponential decay with a kef of 0.002107 + 0.000007 min™ (blue
line).
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Figure 3.34: Spontaneous dissociation of Tbh* bound to scCC-Tb. Terbium
fluorescence emission was measure as a function of time after the addition of excess

EDTA. Data was fit the exponential decay with a kos of 0.002066 + 0.000016 min™ (blue
line).
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Figure 3.35: Spontaneous dissociation of Sm** bound to scCC-Tb. Samarium
fluorescence emission was measure as a function of time after the addition of excess

EDTA. Data was fit the exponential decay with a ke of 0.00167 + 0.000015 min™ (blue
line).

Half-lives of the decay of the metal-ligand complex were calculated by:

In(2
o :# (3.17)
off
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A trend was observed for the half-lives of protein-metal complexes as a function of

effective ionic radius.
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Figure 3.36: Half-lives of dissociation for lanthanide ions bound to scCC-Tb.

Dissociation rates are dependent on effective ionic radius.

3.13. Discussion

We have used this general strategy to design a lanthanide-binding site at the core of a

rigid four-helix bundle single-chain protein. Relative orientations between the helical

segments of a four-helix bundle were explored to determine a configuration that would be

compatible with a 6-coordiante lanthanide-binding pocket. To build a single-chain

construct, the a-helical segments were connected with loop segments. To ensure that
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stability of the coiled-coil motif was retained in the single-chain construct, loop segments
were selected from a database of loops taken from protein X-ray crystal structures.
Statistical computational protein design was used to arrive at a final sequence that would

fold to the target conformation.

The resulting protein was synthesized using recombinant gene expression in E. coli, and
recovered from the insoluble fraction. Monitoring of the 222 nm signal in CD
spectroscopy indicated that the as-purified protein undergoes a structural reorganization
upon heating to 70° C at pH 6.0, but is highly stable after annealing. Temperature-melt
experiments to 95° C of the apo form showed no cooperative melting transition, and the
subsequent cooling to 4° C occurred without hysteresis. Temperature-melt experiments of
the holo did not reveal a significant difference in stability. These results are consistent

with the hypothesized stability of the designed protein.

Binding of terbium to the protein was confirmed by measuring the fluorescence emission
of the metal at 544 nm upon excitation of the single tryptophan residue in the sequence. It
was observed that metal binding occurred in a slow manner, and heating of the solution to
70° C for 20 minutes was required to achieve full formation of the equilibrium protein-
metal complex. This result is also consistent with the design of a binding in pocket in a
buried hydrophobic core. The helical content and high stability of the apo protein and the
slow kinetics of ion binding suggest that protein is fully folded in the absence of the

metal ion.
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The slow kinetics of ligand binding proteins with inaccessible binding sites makes it
difficult to perform equilibrium experiments such as binding isotherm titrations. Several
different solutions to the problem have been applied to previously designed de novo
cofactor-binding proteins. For example, the protein DF1 was designed to bind to two iron
ions, but metal binding occurred in slow manner.**® This meant that the protein had to be
unfolded and slowly refolded in the presence of the metal in order to get it to bind in an
accessible time frame. A second-generation design explicitly addressed this problem by
mutating a leucine residue to an alanine residue on one side of the protein to allow for the
accessibility of the metal.**’ As an alternative to sequence modifications, heat can be

applied to disrupt the structure and create an opening for the entrance of the ligand. 3 ***

Folding cooperativity can also be incorporated into the design process by including
predictions of folding pathways. *° A stable core with a deep energetic well can be
designed at the apolar regions of the protein core, while the polar binding site is designed
by taking into account the flexibility of the backbone and choosing a sequence

compatible with a low energy barrier to folding.

In our case, we were able to use heat to disrupt the protein fold enough to allow for
accessibility to the binding site. High kinetic barriers to ligand binding are generally
undesirable in designed proteins due to the fact that enough features can usually be
designed into the binding pocket to impart ligand selectivity. In the case of lanthanide
ions, the lack of differentiating chemical features makes thermodynamic selectivity
difficult to achieve. Fitting of binding isotherms to fluorimetric titration data indicated

that this is the case for the designed scCC-Tb protein, although a general trend in
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selectivity as a function of effective ionic radius was observed.

While the difference in the free energy of binding may be small for lanthanide ions of
nearly identical effective ionic radii, the difference in the energy of the transition state of
unbinding may be more significant. To investigate the possibility of differentiating
between lanthanide ions of nearly identical radii, we measure the spontaneous
dissociation of ions from the binding site by adding excess of EDTA as a competitive
binder and measuring the change in the tryptophan-to-metal FRET signal as a function of
time. A protein-bound ion that spontaneously dissociates from the binding site and makes
it out into bulk solution would encounter EDTA molecules with high probability and
would not be able to re-bind to the protein. Fitting of the fluorescence data to a kinetic
model allows for the calculation of the rates of dissociation. It was observed that the rate
of metal dissociation is dependent on the ionic radius of the lanthanide ion. Such

differences in dissociation could be exploited to a carry out kinetically controlled

purifications of REEs.
Lanthanide lon Effective lonic Radius (A) Kot (Min'™Y) Half-Life (min)
Dy’ 0.97 0.002107 329.0
3+
To 0.98 0.002066 3355
3+
Sm 1.02 0.00167 415.1

Table 3.10: Observed rates of protein-metal dissociation. Half-lives of protein-metal
complex in the presence of excess EDTA increase as the effective ionic radius increases.

More importantly, the designed protein could be used as a model system for investigating

the effects of structural modifications on the thermodynamics and kinetics of lanthanide
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ion binding. Fine-tuning of the coordination sphere could be used to design proteins with
improved selectivity towards one lanthanide element over the others. Binding pathways
could be designed into the structure to fine-tune the kinetics of ion binding.**! The
atomistic control of the structural determinants of ion binding would enable the

realization of lanthanide-binding protein with targeted chemical properties.

3.14. Conclusion

We have designed a four-helix bundle protein with a buried lanthanide-binding site and
studied the thermodynamics and kinetics of metal ion binding. The designed protein is
able to fold in the absence of the metal ion, is highly stable, and exhibits slow binding
Kinetics. The protein binds to lanthanide ions with micromolar affinity with a trend in
thermodynamic selectivity as a function of effective ionic radius that is consistent with
previously studied protein-lanthanide complexes. However, no selectivity was observed
between ions in the mid-range of the lanthanide series. The slow kinetics of the system
allowed for the analysis of rates of spontaneous dissociation of various lanthanides, and
differences in dissociation rates were measurable for elements in the mid-range. The
single-chain lanthanide-binding protein designed here will serve as a model system upon
which to study the sequence-structure-function relationships of protein-lanthanide

systems.
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4| Ferritin- Mutational Analysis of a Naturally Occurring Self-

Assembling Nanocage”

4.1. Abstract

Protein cage self-assembly enables encapsulation and sequestration of small molecules,
macromolecules, and nanomaterials for many applications in bionanotechnology.
Notably, wild-type thermophilic ferritin from Archaeoglobus fulgidus (AfFtn) exists as a
stable dimer of four-helix bundle proteins at a low ionic strength, and the protein forms a
hollow assembly of 24 protomers at a high ionic strength (~800 mM NaCl). This
assembly process can also be initiated by highly charged gold nanoparticles (AuNPs) in
solution, leading to encapsulation. These data suggest that salt solutions or charged
AuNPs can shield unfavorable electrostatic interactions at AfFtn dimer—dimer interfaces,
but specific “hot-spot” residues controlling assembly have not been identified. To
investigate this further, we computationally designed three AfFtn mutants (E65R,
D138K, and A127R) that introduce a single positive charge at sites along the
dimer—dimer interface. These proteins exhibited different assembly kinetics and
thermodynamics, which were ranked in order of increasing 24mer propensity: A127R <
wild type < D138K « E65R. E65R assembled into the 24mer across a wide range of
ionic strengths (0—800 mM NacCl), and the dissociation temperature for the 24mer was 98

°C. X-ray crystal structure analysis of the E65R mutant identified a more compact,

“ Adapted from Pulsipher, K.W., Villegas, J.A., et al. Thermophilic ferritin 24mer assembly and
nanoparticle encapsulation modulated by interdimer electrostatic repulsion. Biochemistry, 2017, 56 (28),
3596-3606.
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closed-pore cage geometry. A127R and D138K mutants exhibited wild-type ability to
encapsulate and stabilize 5 nm AuNPs, whereas E65R did not encapsulate AuNPs at the
same high yields. This work illustrates designed protein cages with distinct assembly and

encapsulation properties.

4.2. Introduction

Ferritins make up a ubiquitous family of protein cages, important for iron storage in most
organisms. Maxi-ferritins share a similar overall structure of 24 tetrahelical subunits
assembled to form a hollow, roughly spherical shape. The dimer is a common
intermediate in ferritin self-assembly, and the 24mer/dimer distribution can be altered by
single-point mutations. Orner and co-workers identified several “hot-spot” residues in

Escherichia coli bacterioferritin and ferritin-like DNA-binding protein from starved cells

142,143 144,145

(DPS) whose mutation either shut down assembly entirely or stabilized it.
They accomplished this by modulating hydrophobic interactions, either by plugging
water pockets with aromatic amino acids,*** *** by disrupting electrostatics along the
dimer interface,* or by replacing amino acids with alanine.**® In E. coli ferritin A,

single-point mutations to alanine at the three-fold axes decreased 24mer cage stability.**’
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Figure 4.1: Salt-dependent assembly for wild type AfFtn. At high ionic strength (800
mM NaCl), the 24mer cage predominates. At low ionic strength (<200 mM NacCl), the
protein disassembles into twelve dimers. The dimer is highlighted in blue in the 24mer
cage on the left. Inset shows close-up of mutation positions at the trimeric interface. The
crystallographic structure of AfFtn (PDB 1D 1SQ3) was used to generate the figure.™

We investigated the self-assembly of thermophilic ferritin from the archaeon
Archaeoglobus fulgidus (AfFtn), which has unique salt-dependent assembly not
previously found in other ferritins. As shown in Fig. 4.1, at a high ionic strength (800
mM NaCl), the 24mer is the dominant assembly state. At lower ionic strengths (<200
mM NaCl), the protein disassembles into stable dimers.?* **® The ionic strength-
dependent self-assembly of AfFtn has been used to encapsulate citrate- or bis(p-
sulfonatophenyl)phenylphosphine (BSPP)-functionalized gold nanoparticles (AuNPS),

rendering them more biocompatible and stable to salt-induced precipitation.*****° The
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encapsulation process happens under mild conditions, at room temperature with gentle
agitation. The resulting AfFtn—AuNP assembly maintains native protein secondary
structure, subunit stoichiometry, melting temperature, and ferroxidase activity, thus
highlighting unusual protein— AuNP complementarity.

The crystal structure of AfFtn [Protein Data Bank (PDB) entry 1SQ3]*! contains a
trimeric interface rich in negatively charged residues. We hypothesized that electrostatic
repulsion at this interface prevents subunit assembly at low ionic strengths and neutral
pH, given that the estimated pl of AfFtn is 4.7. Subunit— subunit electrostatic repulsion
was found to be important in governing the rate of self-assembly of E. coli ferritin A,
which typically exists only as the 24mer except under acidic conditions.**’” As other
ferritins do not feature salt-mediated self-assembly, AfFtn provides a unique opportunity
to investigate the role of subunit interface electrostatics in protein cage formation. We
hypothesized that decreasing the extent of electrostatic repulsion between anionic
subunits by a designed amino acid substitution should promote 24mer formation at low
salt concentrations. We tested this hypothesis by introducing positively charged groups at
various positions along the dimer—dimer interface. As has been employed previously in
the redesign of ferritin proteins, a statistical computational design strategy was used to
calculate theoretical amino acid probabilities at selected sites.*** **? The resulting
probabilities were used to guide the selection of point mutations likely to be compatible
with the overall protein structure as well as the supramolecular assembly. Three single-
point mutants shown in Fig. 4.2 were experimentally characterized, where each mutation
replaced a single negatively charged or neutral one with a positively charged residue. The

thermal stability of the mutants was investigated, and changes in the self-assembly
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equilibrium, kinetics, and reversibility at different salt concentrations were explored. The
capability of each mutant to encapsulate and stabilize AuNPs was also investigated. We
conclude that altering electrostatic interactions between ferritin subunits provides a

versatile approach to modulating protein cage assembly.

Figure 4.2: Computationally designed mutations along the trimeric interface. Wild-
type residues (dark blue border): (a) E65, (b) A127, and (c) D138. Single-point
mutations: (d) A127R (violet border), (¢) D138K (teal border), and (f) E65R (orange
border). Different protomers (chains) are rendered distinct colors: cyan, yellow, and pink.

4.3. Computational Design of AfFtn Mutants.

The template structure consisted of a trimer of subunits comprising chains G, H, and J
from the crystallographic structure of A. fulgidus thermophilic ferritin 24mer (PDB entry

1SQ3%%). Amino acid probabilities were calculated independently for sites 34, 65, 127,
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131, and 138. Sites 127, 131, and 138 are situated along a helical interfacial region. Sites
34 and 65 were chosen as they form, along with site 138, the center of a carboxylate-rich
pore. Eighteen natural amino acids were considered at each selected site; cysteine and
proline were precluded. For each mutation calculation, residues other than the site of
interest were constrained to the crystal structure conformations. Energies™ and
conformational states of mutated sites were obtained using a rotamer library.™* The
entropy-based, probabilistic formalism was used to calculate the probabilities of the
amino acids and their rotamer conformations. Using CHARMM19,°® hydrogen atoms
were added, and energies were calculated using the dihedral, van der Waals, and
electrostatic terms, with a nonbonded cutoff of 8 A. B was set to 0.5 mol/kcal for these
calculations.” 13 13%-1%% The probability of each amino acid at a mutated site was the sum

of the calculated probabilities of its side-chain conformations.

In the design calculations, we sought to identify mutations that introduce a positively
charged residue at the interface between adjacent protomers. We focused on the
probabilities of amino acid type (a) at each site i, Pi(a), or the ratio relative to the wild-
type residue, Pi(a)/Pi(aw). At site 34, the wild-type Asp was the most probable residue,
and as a result, this site was not selected for mutation. At site 65, Arg was the most
probable amino acid [Pes(R) = 0.83], yielding the suggested mutation E65R. At site 127,
Arg was the most probable amino acid [P127(R) = 0.63], and mutation A127R was
selected. At site 131, Lys was the most probable amino acid [P131(K) = 0.93]. Upon
examination of the resulting model structures, the conformations of this side chain

directed the ammonium group within the protomer, and the side-chain interactions did
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not span an interface with other protomers; this site was not selected for mutation. At site
138, the four most probable amino acids were Arg, Asn, Asp, and Lys, and

P13(K)/P13s(D) = 1.49. Mutation D138K was selected at this site.

4.4, Experimental Verification

Experiments were carried out by members of the laboratory of Professor Ivan
Dmochowski. E65R, A127R, and D138K single-point mutants were prepared using
standard site-directed mutagenesis. After expression and purification, protein purity was
verified by SDS—PAGE and UV—vis spectroscopy and identity was verified by MALDI-
TOF MS. Cage formation in 800 mM NaCl was verified by transmission electron
microscopy (TEM). Shown in Fig. 4.3 and summarized in Table 4.1, cages with
approximately the same diameter as the wild type (wt) were observed in TEM
micrographs, showing the mutations did not inhibit self-assembly in a high-ionic strength
solution. Dynamic light scattering (DLS) also showed similar results, with all mutants
having average particle diameters within 2 nm of that of the wt [Dayg (Wt) = 13.5 nm].
Circular dichroism (CD) spectra for all three mutants showed almost no change compared
to the wt, demonstrating no perturbation in secondary structure. This is unsurprising, as
ferritins and ferritin-like proteins have been shown to be stable with respect to extensive

mutagenesis.*?
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Figure 4.3: TEM micrographs and size distributions for wt and mutant AfFtn.
Similar cage structures were observed for all samples, indicating mutations did not
prevent self-assembly. Grids were stained with either 2% uranyl acetate or 2%
ammonium molybdate negative stain. Particle size was measured manually using
ImageJ.™ Scale bars are 100 nm.

Sample Davg TEM (nm) N Dayg DLS (nm) [PDI] Tm (°C)
wt 132+1.1 101 13.5 [0.035] 84
A127R 13.3+0.9 117 13.6 [0.052] 85
D138K 123+13 110 14.9 [0.103] 84
E65R 11.1+0.9 173 12.9 [0.059] 98

Table 4.1: Assembled cage characterization in 800 mM NaCl. D,,, is average
diameter. N is number of particles that were measured manually using ImageJ to calculate
average diameter. 7,, was measured by CD for wt, A127R, D138K and by DSC for
E65R.
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The thermal stability of the mutants was investigated using CD spectroscopy and
calorimetry. At 0.3 mg/mL, the temperature-dependent molar ellipticities of A127R and
D138K vyielded a thermal stability nearly identical to that of wt AfFtn [T, =84 °C
(Table 4.1)]. However, E65R did not unfold at <96 ° C, and its Ty, by could not be
determined by CD. Differential scanning calorimetry (DSC), which uses a pressurized,
sealed sample chamber, was used to measure higher melting temperatures under aqueous
conditions. By DSC at 0.5 mg/mL, a Ty, of 98° C for E65R was measured; using the same
technique, a Ty, of 84° C for the wt was measured, which confirmed the CD-determined
values. Remarkably, the thermal stability of E65R is enhanced by 14° C compared to
those of the hyperthermophilic wt protein and the other two mutants. Although CD
monitors changes in protein secondary structure and does not necessarily yield
information about the assembly state, the single sharp transitions observed in the CD and
DSC data suggest that disassembly of the 24mer may be concomitant with unfolding of
the subunits under these conditions.

The enzymatic activity of the mutants was investigated using an absorbance-based
ferroxidase assay.'*® An aliquot with 480 equiv of Fe’" was added to each sample, and
oxidation to Fe** was monitored by the increase in iron mineral absorbance at 315 nm.
E65R had slightly enhanced activity compared to that of the wt, while D138K had
slightly diminished activity and A127R significantly diminished activity. A127R is
closest to the ferroxidase site of the protein and likely interacts with glutamates at
positions 128 and 131, potentially perturbing their activity. In light of minimally affected

structural features and thermal stability mentioned above, this represents a localized
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disruption of the ferroxidase site compared to wt AfFtn.
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Figure 4.4: Size exclusion chromatography to quantify the amount of 24mer present
at various salt concentrations for all proteins. Compared to wt (dark blue) at low-salt
concentrations, D138K has a slightly larger percentage of the fully formed assembly
(orange), and A127R has a slightly larger percentage of the dimer (teal). E65R has
greater than 90% assembly at all salt concentrations tested, [NaCl] = 0-800 mM (violet).

Size exclusion chromatography (SEC), tryptophan fluorescence, DLS, and native gel
electrophoresis were used to investigate the assembly state of the proteins at varying salt
concentrations. SEC was performed after incubation of each protein overnight at 5
mg/mL in solutions of different salt concentrations, as seen in Fig. 4.4. The peak in the
SEC trace at ~ 10 mL was attributed to the 24mer, while the peak at ~14 mL was

attributed to the dimer based on column MW calibration. The area under the peaks was
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used to quantify the percentage of 24mer for each protein at each salt concentration. As
expected, under high-salt conditions (800 mM NaCl), all proteins showed nearly 100%
24mer. Under lower-salt conditions (<200 mM NaCl), different behaviors were observed.
A127R is slightly less likely to self-assemble under low-salt conditions than the wt is,
while D138K has a slightly higher propensity to assemble, with 24mer populations larger
than those of the wt at 0, 20, and 100 mM NaCl. E65R shows >90% 24mer under all salt
conditions tested, demonstrating a dramatic change in self-assembly equilibrium. To
corroborate SEC results, Trp fluorescence was used, which is reflective of the solvation

environment of Trp residues in the protein (Fig. 4.5a).
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Figure 4.5: Assembly properties of AfFtn variants. (a) Tryptophan fluorescence results
for wt and mutants. (b) Dynamic light scattering results. All proteins in 800 mM NacCl
show complete 24mer assembly. At 0 mM NacCl, only E65R remains assembled, while
D138K forms discrete dimers, 24mer, and some aggregate, and wt and A127R
predominantly form aggregates of dimers.
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AfFtn contains four Trp residues per single-chain subunit, two of which are predicted to
see some change in solvation upon disassembly (Trp44 and Trp124). For the wt, in 800
mM NaCl buffer where AfFtn is completely assembled, the Trp emission maximum is at
332 nm. In 0 mM NaCl buffer, where AfFtn is disassembled into dimers, the emission red
shifts to 337 nm, consistent with the Trp residues becoming more solvent exposed. The
Trp fluorescence spectrum was measure for each protein in 0 and 800 mM NacCl buffer.
All of the mutants exhibited fluorescence spectra similar to that of the wt at 800 mM
NaCl, with similar peak shapes and maximal emission wavelengths. E65R showed a
slight blue shift compared to the wt, with an emission maximum of 331 nm compared to
332 nm for wt. At 0 mM NacCl, significant changes were observed. A127R and wt had the
largest red shifts, moving to 337 and 338 nm, respectively, indicating disassembly for
both proteins. D138K had a red shift of only 2 nm, while E65R shifted by only 1 nm.
These trends for D138K and E65R match those observed by SEC, with E65R showing
minimal structural changes with a change in salt concentration and D138K showing
changes smaller than those of the wt.

DLS corroborated Trp fluorescence results showing A127R with self-assembly behavior
similar to that of the wt, with a decreased 24mer population under low-salt conditions
(Fig. 4.5b). Like the wt, A127R 24mer was present at 800 mM NaCl and not at 0 mM
NaCl. DLS also indicated that at 5 mg/mL protein and 0 mM NaCl, A127R, wt, and
D138K (to a smaller extent) form a broad range of higher-molecular weight aggregates.
These aggregates are too weakly associated to withstand FPLC treatment as no
aggregates were observed on the sizing column under any conditions. Aggregate

formation is concentration-dependent, as wt samples at 1 mg/mL had individual dimer
116



visible in DLS data; however, at 5 mg/mL, only aggregate was present. D138K was
predominantly 24mer at 800 mM NaCl and mostly dimer (with some 24mer) at 0 mM
NaCl, whereas E65R remained fully assembled at both salt concentrations. Native gel
results also support the uniqueness of the E65R mutant, where E65R was the only protein
to run like horse spleen apoferritin (HSAF, used as a control 24mer because of its lack of

salt-mediated disassembly). The wt, D138K, and A127R all ran as smaller species.
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Figure 4.6: Kinetics of assembly of AfFtn variants. DLS was used to monitor assembly
of wt and mutants, starting from dimers. Assembly rate was concentration-dependent for
Al127R, with faster assembly at lower protein concentrations. WT showed fastest
assembly at 1 mg/mL, followed by 5 mg/mL and 2 mg/mL. D138K assembled within the
time it took to take the measurement for all protein concentrations tested.
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Differences in the kinetics of 24mer assembly for the wt, A127R, and D138K were
investigated by monitoring particle size using DLS. Because E65R does not disassemble
with a decrease in ionic strength, no changes were observed by DLS or SEC with a
change in the buffer conditions. The disassembled protein in 0 mM NaCl buffer was
transferred to 800 mM NaCl buffer to induce self-assembly. The rate of assembly was
concentration-dependent, particularly for A127R and wt (Fig. 4.6). For wt protein at 5
mg/mL, assembly appeared to be complete within 4 h. For A127R at 5 mg/mL, the
assembled 24mer population increased to < 75% over 4 h and then stalled with no further
assembly. At 2 mg/mL, both wt and A127R took approximately 24 h to reassemble. At 1
mg/mL, wt assembly occurred within 10 min (the time it took to prepare samples and
take the DLS measurement), and A127R was >90% 24mer within 2 h. Assembly was
significantly faster for D138K than for the wt and A127R at 2 and 5 mg/mL. At these
concentrations, the D138K samples were >90% 24mer within 10 min. At 1 mg/mL,
assembly was still quite fast, with a population of >80% 24mer within 10 min. Rapid
assembly kinetics with D138K at all concentrations tested is consistent with a lack of
aggregate formation, and an orderly process of subunit assembly. This is in contrast to the
case for the wt and A127R, both of which started from large aggregates, particularly at 5
mg/mL. This feature should lead to more reversible and higher-yielding ferritin
disassembly and assembly processes with D138K, e.g., as required for cargo loading.

A less dramatic difference among the protein disassembly kinetics was observed when
moving samples from 800 to 0 mM NaCl. By DLS, A127R and the wt appeared to
disassemble immediately, producing large aggregates. The disassembly of D138K was

more difficult to monitor by DLS because of the relative similarity in diameters of the
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24mer and dimer (and lack of aggregates). Disassembly was observed by SEC for all
three proteins within 25 min. Some 24mer remained for D138K within this time frame,

which matched the results for the 0 mM NaCl equilibrium measurement (Fig. 4.4).
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Figure 4.7: Crystal structure of E65R assembly. E65R exists exclusively in its 24-mer
state in a closed-pore assembly. (a) Cartoon of E65R crystal structure (PDB 5V5K) with
residue 65 highlighted in purple. (b) Open-pore wt AfFtn (PDB 1SQ3) with residue 65
highlighted in purple.

Additionally, a 3.08 A resolution X-ray crystal structure of E65R was obtained (PDB

entry 5V5K). Although the quality of the electron density maps does not allow side chain
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conformations to be confidently modeled, the crystallography data do offer insights
pertaining to the global structure of the E65R mutant. As shown in Fig 4.7, the structure
of 24mer E65R shows a shift in the symmetry of the assembled cage to octahedral (as
opposed to the tetrahedral structure of the wt), resulting in a lack of the large triangular
pores. The 544,000 A® volume calculated from the structure of the E65R cage using the
Voss Volume Voxelator program*®’ is roughly 10% smaller than the 600,000 A volume
calculated for a poly-Ala version of the wt (PDB entry 15Q3),? a finding also reflected
in the TEM and DLS results (Table 4.1). These volumes correspond to outer diameters of

10.1 and 10.5 nm for E65R and the wt, respectively.
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Figure 4.8: Native gel electrophoresis showing AuNP association. WT, A127R, and
D138K at ratios of 1:1 AfFtn 24mer: AuNP, but not E65R, which shows lower propensity
for disassembly.
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Finally, the interaction between the assemblies of AfFtn variants with 5 nm AuNPs
coated in BSPP was investigated. It was shown previously that BSPP-coated, 5 nm
AuNPs are more stably encapsulated wt AfFtn than within citrate-coated AuNPs. To
encapsulate the NPs, the proteins were first incubated at 0 mM NaCl overnight at 4° C to
allow for maximal disassembly. AuNPs were added to the sample and for 48 h at room
temperature with gentle agitation. After 48 h, the presence of AuNP did not disrupt the
secondary structure of any of the proteins upon their incubation at a 1:1 AfFtn
24mer:AuNP ratio. However, by native agarose gel electrophoresis, some differences
were observed among the samples. By 48 h, the wt, A127R, and D138K appeared to
successfully encapsulate AuNPs as judged by cleanly overlapping blue protein and red
AUNP bands, while the AuNP bands in the E65R-containing sample remained diffuse. As
shown in Fig. 4.8, successful encapsulation was observed for the wt, A127R, and D138K
at a 1:1 AfFtn 24mer:AuNP ratio. In contrast, the AUNP bands for the E65R-containing
samples were significantly more diffuse, indicating greater variety in particle
charge:mass ratio. Two bands are visible in the Coomassie-stained image, with the less
intense band overlapping with the darkest part of the AUNP bands. This suggests that
although some AuNPs may be encapsulated within the E65R cavity, many are not, likely

because of less disassembly of the protein cage.
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Figure 4.9: Determination of nanoparticle passivation by AfFtn variants. Changes in
SPR peak maximum with respect to salt concentration show higher stability for AuNPs
that appear associated with proteins by gel.

The ability of the protein to stabilize the AuNPs against salt-induced aggregation was
also investigated. With an increase in ionic strength, electrostatically stabilized AuNPs
begin to aggregate, causing a red shift in the surface plasmon resonance (SPR) peak.'*®
By monitoring the SPR peak with an increasing concentration of NaCl, passivation of the
AUNP surface by proteins could be observed (Fig 4.9). Bare AuNPs had the largest SPR
red shift of >40 nm, from 0 to 800 mM NaCl. E65R—AUNP had the next largest shift of
approximately 20 nm, while wt—AuNP, A127R— AuNP, and D138K—AuNP all had

similarly small red shifts of <10 nm. This suggests that E65R does not passivate the

surface of the AuNP, in agreement with the native gel results. As a 24mer, E65R likely
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interacts with the AuNP surface but provides a stabilizing effect smaller than those of the
wt, A127R, and D138K. By TEM several 24mer cages can be seen in contact with the

AUNP surface, supporting this hypothesis.

Figure 4.10: Inter-protomer interactions in mutants of AfFtn. Crystallographic
structures of AfFtn with site 65 highlighted as purple sphere (a, b). (a) Crystallographic
structure for E65R reported herein (closed pore, octahedral structure, PDB 5V5K). (b)
Structure of wt AfFtn (open pore, tetrahedral structure, PDB 1SQ3). Two R65 are in
close proximity at one interface. (c-e) Computationally modeled structures of mutants
with most probable conformations of mutated side chains. Distinct protomers (chains)
have different colors: cyan, yellow, and pink. (c) Within E65R, potential R65-D138 salt
bridge. (d) Within A127R, a potential R127-E65 salt bridge within a sterically crowded
local environment. (e) Within D138K, a potential K139-D34 salt bridge.
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4.5. Discussion

We have designed three novel AfFtn mutants, each replacing a negative or neutral residue
with one that is positively charged. None of the mutations decreased the thermal stability
or hampered the ability of the protein to self-assemble into a nanocage at high ionic
strengths. However, the experimental results demonstrate the profound effect a single-
point mutation can have on the self-assembly of AfFtn. This is in keeping with recent

literature, where E. coli bacterioferritin,*** ferritin-like DNA binding protein from starved

142 159

cells (Dps), ™ and bullfrog ferritin™" were also shown to be susceptible to changes in
self-assembly through minor mutagenesis. While the AfFtn mutations in which a negative
residue is changed to a positive one (D138K and E65R) showed increased 24mer
populations in low-ionic strength solutions, changing a neutral residue to a positive one
(A127R) showed slight destabilization of the 24mer. Even between D138K and E65R
there were significant differences in the favorability of 24mer assembly, with E65R
remaining >90% 24mer at all salt concentrations tested and D138K disassembling under
low-salt conditions. The specific interdimer location of the point mutation greatly affects
self-assembly.

It is notable that E65R shows enhanced thermal stability in addition to the formation of
stable 24mer assemblies at low ionic strengths. Increased thermal stability can often go
hand in hand with enhanced cage stability. For example, when the self-assembly

144 \was shifted from a mixture of dimer and 24mer

equilibrium of E. coli bacterioferritin
to 100% 24mer, the T, increased by >20 ° C. Similarly, destabilization in favor of dimers

has led to decreased thermal stability in mycobacterial ferritin,*® E. coli ferritin A,*®*
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Dps,**? and E. coli bacterioferritin.*** For wt AfFtn, the T, under low-salt conditions was
found to be essentially the same as that under high-salt conditions, indicating that the
stability of the dimer is very similar to that of the assembled cage and that 24mer
assembly does not increase the stability of the dimer.™*® However, in E. coli
bacterioferritin, mutations designed to plug an interdimer water pocket with hydrophobic
residues led to significantly enhanced thermal stability (AT, > 20 ° C) but greater dimer
population compared to that of the wt, as the geometry of the more stable dimers
prevented cage formation.'*> A127R appears to favor dimer under low-salt conditions,
and its thermal stability is identical to that of the wt. For D138K, its enhanced 24mer
stability under low-salt conditions also does not appear to be linked to thermal stability,
as it too exhibits the wt T,. The stabilities of the individual protein subunits, their
oligomeric assemblies, and the 24mer assembly are coupled and can be difficult to
resolve.

At low ionic strengths, all the results support enhanced cage stability for E65R and
D138K. The symmetry shift seen in the crystallographic structure of E65R is striking
(Fig. 10a), but such closed-form (octahedral) structures need not exhibit enhanced cage
stabilities. A double mutant of AfFtn, KI50A/R151A, was previously shown to yield
octahedral cage symmetry; however, this mutant maintained the salt-dependent
disassembly and reassembly behavior of the wt protein.*®* The crystallographic structures
of E65R and K150A/R151A are highly similar, with an a-carbon coordinate root-mean-
square deviation (RMSD, as calculated using VMD?*®) of 2.19 A for the assembled

24mer cage (see an alignment of structures in Fig. 11).
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Figure 4.11: Structural alignment of E65R and K150A/R151A. Alignment was
performed using VMD for PDB structures 5V5K (E65R) and 3KX9 (K150A/R151).
Cage structure comparison, with E65R in green, and K150A/R151A aligned magenta.
Quantitative comparison of the two 24mer structures yielded an a-carbon RMSD of 2.19
A, as calculated using VMD.*®

A trimer of subunits from the tetrahedral wild-type structure was used in the
computational design of the mutants. The structure of this trimer is retained in both the
open (tetrahedral, wild-type) structures and in the closed (octahedral) structures of
mutants E65R and K150A/R151A. The crystallographic structures of these trimers in the
wt, E65R, and K150A/R151A are similar, with o -carbon RMSD values of 1.40 A
between E65R and the wt and 1.32 A between E65R and K150A/R151A (see the

alignment of structures in Fig. 12).
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Figure 4.12. Structural alignment of trimer of subunits from 24mer assembly. Wild-
type AfFtn (chains G, H, and J) (cyan), E65R (chains A, B, D) (green), and
K150A/R151A (chains D, C, and D) (magenta). The a-carbon RMSD relative to the
E65R structure was 1.40 A for wild-type, open-pore AfFtn, 1.32 A for K150A/R151A
(chains D, C, and D).

It is remarkable that a single-point mutation led to such a dramatic change in assembly
behavior. This symmetry shift can be rationalized using the structures of the 24mer and
the computationally predicted side-chain conformation of R65. In the wt tetrahedral
assembly, the amino acid exists in two distinct environments because of the symmetry of
the cage. In one environment, R65 on one subunit is positioned directly across from R65
of a neighboring subunit (Fig. 10b), resulting in electrostatic repulsion. In the octahedral
assembly, however, R65 is in only one environment. The residue is not in the proximity

of an R65 residue on a separate protomer, which is consistent with octahedral assembly

being preferred (Fig. 10a). Within the model of E65R, R65 and D138 form a salt bridge
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at the interface present in both the tetrahedral and octahedral assemblies (Fig. 10c), which
could lead to the observed enhanced cage stability. A127R was also predicted to form
complementary electrostatic interactions (Fig. 10d). However, Arg127 is
conformationally constrained at an interface that is more sterically crowded than the pore
environment where the mutations E65R and D138K were introduced. With A127R, this
introduction of a large residue at a subunit interface may reduce the stability of the 24mer
at low salt concentrations relative to the wild type. Within the model of D138K, a K138—
D34 salt bridge is observed between neighboring subunits, which may increase the

population of 24mer relative to that of the wt (Fig. 10 e).

It is striking that we see substantial differences in self-assembly kinetics for the proteins
alone, yet in the presence of AuNPs, protein assembly encapsulating the AuUNP seems to
be similarly fast for the wt, A127R, and D138K. A high-ionic strength solution perhaps
does not model the charged AuNP surface, and thus, differences seen in protein-only
assembly are not observed in the presence of AuNPs. We hypothesize that the AUNP
nucleates protein assembly at its surface and may thereby increase the effective
concentration of protein in solution, while favoring assembly over possible aggregation
pathways. The DLS results suggest that protein concentration has a large effect on the
rate of protein cage assembly, with a decreasing protein concentration in some cases
leading to faster assembly. This is likely due to minimal aggregation of dimers at low
concentrations, allowing assembly to occur. Reassembly could not be monitored by DLS
at 0.3 mg/mL because of the low signal-to-noise ratio, but on the basis of the results from

1, 2, and 5 mg/mL samples, we would expect assembly to occur rapidly at 0.3 mg/mL for
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all three proteins that disassemble.

When NPs are introduced into a biological medium, protein adsorption is rapid and
evolves with time. This shell of protein on the NP surface is termed the protein corona.*®*
Protein adsorption has been shown to sterically stabilize NPs against aggregation with
increasing salt concentrations,*®* * similar to our results. A127R, D138K, and wt
protein all successfully encapsulated AuNPs as seen by a native gel and prevented
aggregation of AuNPs with an increasing ionic strength compared to particles without
protein present. Although E65R does not encapsulate AuNPs at the same high yields as
the disassembling proteins, there is still some level of AuNP stabilization, as the SPR red
shift for the EGSR—AUNP sample was smaller than that of bare particles. The fully
assembled E65R cage may be adsorbed to the AUNP surface. It is possible

that the cage dynamics of E65R are such that some AuNPs are encapsulated, as indicated
by faint bands overlapping by the native gel (Fig 4.8). Such is the case for lumazine
synthase from Aquifex aeolicus , a protein cage capable of encapsulating large protein
cargo without first disassembling.'®” The greater 24mer stability and cargo selectivity
exhibited by E65R open up the possibility of designing more specific ferritin—cargo
interactions in the future. New types of cargo for ferritin encapsulation are being

investigated.

4.6. Conclusion

We have shown that single-point mutations of AfFtn can have varying effects on thermal
stability, assembly symmetry, and self-assembly equilibrium, Kinetics, and reversibility.

More dramatic charge changes such as changing negatively charged residues to positive
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ones increased the stability of the 24mer at decreasing ionic strengths, while a less
dramatic change, changing a neutral residue to a positive one, had a slightly destabilizing
effect. The E65R mutant shows enhanced cage formation as well as thermal stability,
formation of the 24mer under low-salt conditions, and self-assembly in octahedral
symmetry rather than tetrahedral. The kinetics of self-assembly were also affected by
mutation, with A127R showing nanocage assembly that was slower than that of the wt,
and D138K assembling faster. These results corroborate earlier studies with other ferritin
species, demonstrating the generality of single-point mutations along subunit interfaces
dramatically affecting cage self-assembly. All mutants showed some salt stabilization of
AuUNPs compared to bare particles, but only mutants that retained their ability to
disassemble showed full AUNP encapsulation. Enhanced control over protein cage
assembly could have applications in delivery, nanomaterials separations, and controlled

inorganic NP synthesis.
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5| Computational Design of Self-Assembling Peptide Cages with

Surface Plasticity

5.1Abstract

The computational design of protein-protein interactions allows for the potential
development of symmetric assemblies of homomeric protein complexes with spherical
shapes and hollow interiors. Precise control of the size and thickness of such assemblies
would allow for the design of protein cages for encapsulating cargo of specific sizes, such
as nanoparticles or other proteins. Rational and computational approaches have been used
to design synthetic protein cages, but the lack of size tunability of the individual subunits
has made it difficult to target specific sizes. Coiled-coil peptides have a periodic structure
that makes them amenable to size tuning. We computationally designed a helical peptide
to self-assemble into a tetrameric coiled-coil, which further assembles into a spherical
cage. The design explicitly incorporated side chain conformational symmetry breaking
between two a-helices in an asymmetric unit, allowing for the assembly of 48 individual
a-helices in an octahedral arrangement. The designed sequence was synthesized and the
Kinetics of self-assembly of the peptides was controlled by dialysis from denaturing to
non-denaturing conditions. Assemblies were analyzed with dynamic light scattering
(DLS) and transmission electron microscopy (TEM), which revealed that the designed
peptide assembles into spherical particles of the target size and shape. This

computationally designed nano-cage serves to illustrate the possibility of designing
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assemblies with specific dimensions using short, designed peptide sequences.

5.2. Introduction

Interactions between proteins occur extensively in living organisms and are involved in
most cellular processes.*® The strength of protein-protein interactions (PPIs) ranges from
weak and transient association (Kq~ uM) to the formation of tightly bound complexes (Kq
< uM).'®8 1% Bjochemical signals are passed across cells and across membranes by

cascades of transient PPIs, 1"

whereas strong associations hold functional protein
complexes together.*™* Protein complexes can be composed of a single type of protein
(homo-oligomeric) or from different types of proteins (hetero-oligomeric). Some protein

complexes, such as vaults'®, virus capsids, and ferritin cages,'’* self-assemble into

particles with hollow interiors.

Protein-based nano-containers could be used to encapsulate molecular cargo, and could
serve as targetable drug-delivery vehicles.'”® Cage-like protein nano-structures have been
also investigated for their potential to serve as templates upon which to display antigens
for vaccine development.'” Computational design has been used previously to reengineer
naturally occurring proteins into homo-oligomeric and hetero-oligomeric assemblies.**
175 However, these constructs lack size tunability given the non-periodic nature of the
globular protein subunits. On the other hand, the size and length of helical peptides can
be easily controlled given their periodic structure. When designed to arrange into

spherical assemblies, the size of the resulting nano-cages may be potentially controlled as

well.
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Figure 5.1: Schematic of peptide-based nanocages. Peptide cages of various sizes could
be targeted by varying the length of the helical peptide subunits.

We set out to computationally design helical peptides that assemble to form spherical
nano-cages with octahedral symmetry. We devised and implemented the concept of
“sequence symmetry” between subunits in non-symmetrical assemblies in an octahedral
arrangement. Side chain rotamer probability profiles are calculated independently for
different chains, but amino acid probabilities are constrained so that equivalent residue
positions of different chains have identical amino acid probabilities. In this manner we

can access single sequences that are compatible with multiple distinct local environments.

The resulting 29-residue peptide sequences were experimentally realized and
characterized. One of the sequences exhibited behavior consistent with self-assembly to
form the targeted nano-cage. Dynamic light scattering (DLS) experiments confirmed that
the peptides formed assemblies of the target size in solution, and transmission electron

microscopy (TEM) images confirmed that spherical particles of the target size were
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formed.

5.3. Computational Design of Self-Assembling Peptides

To design a peptide nano-cage, we targeted an assembly of coiled-coils in a spherical
arrangement with octahedral symmetry. We selected the antiparallel tetrameric coiled-
coil GCN4-pV as the backbone template upon which to construct protein-protein
interfaces that would lead to self-assembly of the nano-cage. GCN4-pV is a highly stable
tetramer of a-helices, which lead us to hypothesis that this structure would be amenable
to substantial sequence variation. By maintaining the amino acid identities at core
positions along the heptad repeat, we could ensure that the correct oligomerization state
and internal symmetry were maintained. The D, symmetric arrangement of the tetramer
means that there are three perpendicular C, axes, which cannot be mapped
simultaneously onto the Oy, point group. As a consequence, the asymmetric unit must be
composed of a dimer of a-helices with one internal C; axis. A second C, axis can be
mapped onto one of the C, axes of the Oy, point group. Applying all symmetry operations
results in the formation of a spherical arrangement of 12 coiled-coil subunits constructed
from 24 asymmetric units. This results in a total of 48 individual a-helices that make up

the nano-cage as illustrated in Fig. 5.2.
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Figure 5.2: Coiled-coil based peptide cage formation. The coiled-coil unit (center) is
composed of an asymmetric unit of two a-helices (yellow) and a C, symmetry related
element (magenta). Formation of the octahedral cage occurs with the application of the
22 remaining symmetry operations. Cages of different sizes can be formed by translation
of the coiled coil subunit in and out the plane, and rotation about the C, axis.

An atomic coordinate file for GCN4-pV/*'® was obtained from entry in the Protein Data
Bank (PDB 2B22). The structure was modified to provide an N-terminal acetyl cap and a
C-terminal amide cap; each was added to the structure using PyMol. The GCN4-pV
crystal structure contains one a-helix in the asymmetric unit, and the antiparallel tetramer

can be generated from the symmetry operations of the 14,22crystal space group.
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The crystal lattice information was used in PyMol to obtain one half of the coiled-coil,
corresponding to antiparallel dimer. A coordinate file consisting of two chains of the
tetramer was generated from the asymmetric unit (designated as chain A) and a symmetry
mate (designated as chain B). The resulting structure was centered at the origin by
translating each set of atomic coordinates. A sequence-structure energy landscape was
generated by considering translations and rotations along a C2 symmetry axis of the
tetrameric bundle (x =y at z = 0), and calculating the atomic coordinates of symmetry
related elements within Oy. The 24 symmetry operations for the Oy point group were
obtained from the F432 space group table in The International Tables for
Crystallography.’” In the F432 space group table, the x=y line at z = 0 is one of the C,
axes in the set of transformations used to generate Oy, symmetry. The symmetry related
element generated by this operation from the dimeric asymmetric unit results in the

formation of the full tetrameric coiled-coil as well as the octahedral cage.

Starting from the configuration shown in Fig 5.3, R is defined as the displacement along
the C, axis, while 0 is defined as the rotation about the axis. Values of R were varied
from 28 A to 43 A at 0.1 A intervals and values of 6 were varied from 0° to 180° at 1°

intervals.
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Figure 5.3: Asymmetric unit of octahedral assembly. Peptide asymmetric unit
backbone and structural degrees of freedom.
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At each point on the landscape, an ensemble with the following degrees of freedom
(Table 5.1) was considered. Valine residues at the d and e positions, leucine residues at

the a positions, and asparagine at 16 (e position) were retained as in the GCN4-pV

sequence.
Sites Degrees Of Freedom
1 Acetyl cap — 1 conformation.
31 Amine cap — 1 conformation.
8,9, 15,22, 23,30 Valine — All conformations from Dunbrack 2002 rotamer library.
5,12, 19, 26, 29 Leucine — All conformations from Dunbrack 2002 rotamer library.
16 Asparigine — 10 most common probable conformations from Dunbrack 2002 rotamer library.
2,3,4,6,7,10,11,13, 14, All amino acids except cysteine and proline — up to thel0 most common probable conformations
17, 18, 20, 21, 24, 25, 27, 28 from Dunbrack 2002 rotamer library.

Table 5.1: Ensemble amino acid type and conformational degrees of freedom. Amino
acids and rotamer conformations allowed at each site on the alpha helix.

The resulting ensembles consisted of a total 4502 unique identity-rotamer (monomer)
states across 62 sites. Virtual copies of the asymmetric unit were created in an octahedral
arrangement using the 24 symmetry transformation matrices of the F43, crystal space
group. For a given configuration of the nano-cage, monomer states having high net
potential interactions (>30 kcal/mol) with backbone atoms of any subunit (plus energy of

interaction with the side chain of its symmetry related element) were removed.
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The site-specific type/rotamer probabilities were determined by minimizing an effective
free energy for each computationally generated candidate octahedral assembly. The

following parameters and constraints were used:

Parameter Setting
Force field version AMBERS84
Force field paramers Electrostatic, Van der Waals, dihedral, hydrogen bond
B 0.5 mol/kcal
Non-bonded cut-off 8A
Distance-dependent dielectric 4re
Pairwise energy cap 30.0 kcal/mol

Table 5.2: Parameters of structure-energy landscape calculation. Force field energetic
terms and values of adjustable parameters.
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Figure 5.4: Sequence structure energy landscape. Local minima were selected for
further design calculations.

For each candidate nano-cage structure, the calculations yield an effective internal
energy, which is an average energy obtained using the calculated monomer state
probabilities (Fig. 5.3). The 32 configurations on the landscape with lowest internal
energies were chosen for sequence selection calculations. At each of these points, an
ensemble was generated with the same amino acid degrees of freedom indicated in Table
5.1, but all conformations in the Dunbrack rotamer library were allowed. Free energy

minimization was carried out as indicated above, but with the following additional
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constraints. At each residue position i of chains A and B within the asymmetric unit, m;
types (amino acids) and cm;j conformations of each amino acid (type) are permitted. We
let o denote the amino acid type and r(a) the side chain rotamer state; m - 1 constraints
were imposed to constrain that the amino acid probabilities and equivalent sites on chains

A and B are equal.

min F(w, b) = U(w)-¥

subjectto 0 £ w, £1, (5.3)

a a w(a,ra)=1

a;=lr(a;)
and a w'(a,r(@))- a w’'(@,r(@))=0

r(a) 1(a)

where the residue index i is used for equivalent sites of the two helices A and B in the

asymmetric unit.

In order to guarantee that equivalent sites were populated with the same sets of amino

acid types, the following trimming procedure was implemented:
1) Generate crystal lattice of untrimmed ensemble.
2) Remove high-energy states by trimming procedure outlined above.
3) Discard crystal lattice.

4) For equivalent sites on chains A and B, remove all conformers from the site on

chain B of any amino acid type not permitted energetically at the corresponding
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site on chain A. Conversely, remove all conformers on the site on chain A of any

amino acid type not found at the corresponding site on chain B.
5) Generate crystal lattice of trimmed ensemble.

After each round of ensemble free energy minimization, each site was examined for
highly probable amino acid types. If at any given site the most probable amino acid was
more than twice as probable as next most probable amino acid, all other amino acid
degrees of freedom were removed. Determination of the monomer state probabilities
using the reduced ensemble was carried out, and the procedure was repeated until no
further degrees of freedom were removed. The calculated probabilities were used to

select sequences and conformations for further computational validation.

For each result, a coordinate file (PDB format) was generated with the most probable
conformation of the most probable type at each site. These PDB files contained a
CRYST1 header indicating an F432 space group with unit cells spaced apart by more
than 999 A. This serves to generate the octahedral cage assembly from the crystal lattice

routines in analysis and visualization software.
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Figure 5.5: Cage assembly of a designed peptide. a) Structure of the peptide nano-cage
at R =30 A and 0 = 44°. Cage diameter from the outer edges is 8.6 nm. b) Overlap of the
two chains in the asymmetric unit of showing differences in side chain conformations.

All 32 candidate sequences and structures were uploaded to the Proteins, Interfaces,
Structures and Assemblies (PISA) server'”” and the assemblies were analyzed. To further
assess the likelihood of forming the targeted peptide assemblies in solution, each
candidate coiled-coil was subjected to a trimeric protein-protein docking calculation
using the ClusPro web server.}”®*82 A coordinate file of only a single tetrahelical coiled-
coil was uploaded to the server as the receptor, the multimer docking option was selected,
and the number of subunits was specified as three. The program predicts the structure of
a trimer of helical bundles using only the monomer (tetrahelical coiled coil) structure.

Only designs that were predicted as stable by PISA and ClusPro were considered for
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experimental validation. PISA defines as stable an assembly with a calculated energy of

dissociation score greater than 0 kcal/mol.

Agreement between ClusPro docking prediction and the designed cage models was
judged visually. The representative structures of the most populated cluster for each set of
coefficients (“balanced”, “electrostatic-favored”, “hydrophobic-favored”, and
“VdW+Elec”) were visually compared to the predicted cage assembly. If each docked
chain in the ClusPro prediction could be assigned to an equivalent chain in the design,
then the design was judged to be stable. The backbone RMSD (atoms N, C, CA and O)
between the prediction and the design was calculated. Seven candidates were selected as
those having a low internal energy from the sequence calculations and low predicted

PISA assembly scores.
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Name R (A) 0(°) Final PISA AGix Best Sequence

Ensemble (kcal/mol) ClusPro
Energy
(kcal/mol) Prediction -
Backbone
RMSD (A)
3D-1 31 44 -281.608 -1042.4 Elec+VdW | VIDLTTVVNFLDFVNESLYHV
VEWLRVLV
4.99
3D-2 30 46 -274.54 -986.2 Electrostatic | FVDLTTVVNRLDYVNTSLYS
-favored VVTWLRVLV
1.894
3D-3 31 54 -257.375 -907.8 Balanced TVDLTHVVWTLDKVNKTLY
HVVTLLRILV
5.02
3D-4 30 44 -292.338 -7151.7 Balanced EVDLVKVVNRLDTVNKSLYD
VVTYLRKLV
2.868
3D-5 32 138 -284.95 -726.8 Balanced EVDLVHVVRDLDYVNKRLY
YVVTWLRHLV
5.539
3D-6 31 45 -303.527 -688.4 Electrostatic | DDALVTVVNRLDRVNESLYY

-favored VVEDLRKLV

4.754

3D-7 30 43 -294.916 -680.7 Electrostatic | DEDLTRVVNRLDTVNKGLYD
-favored VVTYLRKLV

3.057

Table 5.3: Self-assembling peptide candidates. Top seven candidates were ranked by
predicted PISA assembly stability, with ensemble average energy, most probable
sequence, and Best ClusPro prediction.

5.4. Experimental Verification

Experiments were carried out by members of the laboratory of Professor Darrin Pochan
at the University of Delaware. Peptides were synthesized by microwave-assisted solid-
phase peptide synthesis (MW-SPPS) and purified on a reverse-phase high-pressure liquid

instrument (RP-HPLC).
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Circular dichroism (CD) spectra were collected at pH 4.5, pH 7.0, and pH 9.5. The 3D-4
peptide was observed to possess a high degree of a-helical character at pH values of 4.5
and 7.0, consistent with the design. The peptide also displayed a high degree of stability,
as evidenced by a lack of a cooperative melting point transition during temperature melt
experiments. Given that the theoretical isolectric point of this sequence is around pl =
9.5, a decrease in a-helical character (molar ellipticity at 222 nm) is to be expected at pH
9.5 due to a decrease in stabilizing electrostatic interactions or due to aggregation and

precipitation of the peptide.
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Figure 5.6: Circular dichroism spectra of 3D-4. Data were collected at pH 4.5, pH 7.0,
and pH 9.5.
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The self-assembly 3D-4 peptide was carried out in a controlled manner by solubilizing
the peptide in denaturing conditions and dialyzing into selected buffer solutions. A

schematic of the self-assembly protocol is shown in Fig 5.5.

Self-assembly protocol

Solubilize

Peptide

Buffer solutions:

1. pH 4.5 Acetate (AB) |10 mM Buffer, 20 °C
2. pH 7.0 Phosphate (PB)|3500 Da MWCO

3. pH 9.5 Borate (BB)

Characterization:

* Transmission Electron
Microscopy (TEM) -—
Dynamic Light
Scattering (DLS)

Figure 5.7: Self-assembly protocol for 3D-4 nanocage. Peptide is solubilized in
denaturing conditions and dialyzed into a refolding buffer. Refolding of the peptide
initiates self-assembly of the peptide nanocages.

In order to determine distribution of particle sizes in solution, dynamic light scattering
(DLS) measurements were collected at various concentrations and for a range of pH
values. Self-assembly of the peptide cages proved to be sensitive to the conditions used,

with pH, ionic strength, and peptide concentration as important factors.
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Figure 5.8: Dynamic light scattering data for 3D-4 at varying pH. At pH 4.5, the
average particle hydrodynamic diameter is 7.6 + 1.9 nm, compared to the expected
peptide cage diameter of 8.6 nm in the design model.
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Figure 5.9: Dynamic light scattering data for 3D-4 at varying buffer strength. At an
acetate buffer concentration of 10 nm, peptide forms larger order aggregates.
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Transmission electron microscopy (TEM) was used to visualize the 3D-4 peptide nano-
cages. Solutions of peptide were dialyzed from denaturing conditions to 6 pM guanidine
hydrochloride (GnHCL) in pure water. Solutions of 1 mM peptide concentration were
observed to form non-specific aggregates, with no well-defined particles observed.
Solutions of 0.05 mM peptide concentration were observed to form well-defined
spherical particles, with no non-specific aggregate formation. Most particles observed
were in the range of 9 nmto 11 nm, with some larger particles of around 13 nm observed.

Sonication of the solution helped to break up these higher-order structures.

1 100 Nnm

Figure 5.10: Transmission electron microscopy (TEM) image 3D-4 at 1mM peptide
concentration. Non-specific aggregates and fibril-like structures were observed at a
1mM concentration.
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Figure 5.11: Transmission electron microscopy (TEM) image 3D-4 at 0.05 mM
peptide concentration. At a peptide concentration of 0.05 mM, extensive particles
formation is observed with no non-specific aggregation. Most particles are in the range of
9nm to 11 nm (indicated by white arrows), with some larger particles of around 13 nm
(indicated by yellow particles). These larger particles could be composites of smaller
particles, such as dimers or trimers.

5.5. Discussion

We have designed a set of peptides that we hypothesized would self-assemble into
spherical nano-cages with octahedral symmetry. Point-group symmetry is a common
feature of protein assemblies,™® and has been used extensively in the design of novel

protein-based structures.*4¢ 183184 Thjs

is based on the fact that symmetric arrangements
can produce assemblies from subunits that interact by way of a single identical

interface.™® Icosahedral symmetry provides the highest number of chiral subunits that can
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be arranged symmetrically, with 60 subunits arranged to form spherical particles.

We chose to use a-helical peptides as the subunits from which to form hollow spherical
nano-cages with octahedral symmetry. However, the use of tetrameric coiled-coil subunit
results in competing systems of symmetry, one for the internal symmetry of the bundle,
and one for the overall symmetry of the assembly. If any of the axes of symmetry internal
to the coiled coil do not align with one of the symmetry axes for the assembly, then
different a-helices will occupy non-equivalent positions within that assembly.
Interactions between identical molecules occupying non-equivalent positions will break
the strictly symmetrical arrangement, resulting in the presence of more than one unique

interface.

Symmetry breaking necessitates that the subunits interact in distinct manners depending
on their positions within the assembly. Viruses have evolved proteins with interface
plasticity capable of interacting in distinct ways, gaining the ability to go beyond the
symmetrical limit to form large capsids without increasing the size of their genetic

material. 1%

Rational and computational approaches have been used in the design of highly symmetric
protein assemblies, such as homo-oligomeric and hetero-oligomeric icosahedral cages
derived from naturally occurring proteins. ** 436172183 Haying achieved the symmetrical
limit with computational protein design, an ongoing challenge has been the capacity to
break the symmetry in the design of biomaterials.*®* One strategy that has been suggested

for symmetry breaking in the design of protein assemblies is to allow for sequence
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variations between subunits at non-identical interfaces, thus changing the oligomeric state

from homomeric to heteromeric.*** %

To design truly homomeric assemblies with broken symmetry requires identifying a
sequence of amino acid side chains that will adopt more than one distinct conformational
target. These target conformations should have energies that are nearly equivalent, so the
population of one state does not outcompete the population of the other. The large
number of conformational degrees of freedom available to solvent-exposed side chains,
combined with the astronomically large number of sequences that are possible from the
set of natural amino acids, should make it theoretically possible to access molecules with

nearly degenerate energy states.

To access such sequences we devised a “sequence symmetry” constraint that could be
applied to sequence optimization calculations. As shown in equation 5.3, rotamer
probabilities at all sites in the asymmetric unit were calculated independently, but the
sum of rotamer probabilities for each amino acid was constrained to be equal at
equivalent residue positions. This resulted in identical sequence profiles for the two

chains in the asymmetric unit, but different populations of likely rotamer states.

We applied the sequence symmetry constraint to the minima of a sequence-structure
energy landscape composed of an asymmetric unit of two a-helices in an octahedral
arrangement. The resulting models were subjected to fast Fourier-transform docking

178-182

calculations to identify subunits that were likely to assemble into the designed

structures in solution. A select number of sequences were chosen for synthesis and
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experimental characterization. One such sequence, termed 3D-4, had a solubility in water

that made it amenable to solution experiments.

The assembly of the 3D-4 peptide in solution was sensitive to experimental conditions, a
phenomenon that is well known for protein nano-cage formation.'®” %8 A high
concentration of self-assembling proteins leads to run-away oligomerization, resulting in
the formation of aggregates. The same is true of our designed nano-cages, which require
dilute conditions for formation. In order to prevent rapid aggregate formation of the
peptide subunits, the self-assembly process was carried out in a gradual manner by
dialyzing from denaturing conditions to non-denaturing conditions. This process was
successful in annealing the system into its target configuration, avoiding Kinetic trapping

in local minima.

The dialyzed solutions were shown to form oligomers of well-defined size in solution
with a hydrodynamic diameter consistent with the design model. The particles were
observed directly with TEM imaging, further confirming that the design of the nanocages
was successful. The close agreement between the particle sizes predicted from the design
models and the particle sizes observed experimentally serves to validate the hypothesis
that the a-helical subunits self-assemble into nanocages by accessing distinct surface

conformations.

5.6. Conclusion

We have shown that it is possible to design custom-sized homomeric peptide-based

nanocages by using coiled-coil subunits of specific length and oligomerization state. The
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internal symmetry of the coiled-coiled subunit can be reconciled with the overall
symmetry of the assembly by allowing for symmetry breaking between a-helical
segments. The self-assembly of these synthetic systems can be controlled by a gradual
transitioning of the peptides from unfolded to a-helical, thus preventing the uncontrolled
assembly that results from the strength of the designed protein-protein interactions
between subunits. We observed that the computationally designed peptide formed
assemblies of the target size in solution, and were well defined enough to visualize their
spherical shapes by TEM. This methodology paves the way for the design of nano-
compartments with precise dimensional control by overcoming the constraints imposed

by the use non-periodic subunits and perfect point-group symmetry.
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