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Abstract

Protein-ligand interactions are pivotal and ubiquitous in biological systems. Ligands are
small molecules that include therapeutics, substrates, cofactors, inhibitors and many other
species that can either influence protein function or be acted upon by a protein. Our research
efforts focus on two main areas of study. The first is discovery of potential therapies for treating
Alzheimer’s disease, directed against amyloid-beta (A) pathology, and the second is developing
a better understanding of substrate-enzyme behavior after mutation with genetically encoded
non-natural amino acids. Here we describe four works that study protein-ligand interactions.

First, Brilliant Blue G (BBG) was found to be an effective AP aggregation modulator and
reduces Ap-associated neurotoxicity by promoting the formation of off-pathway, non-toxic
aggregates. Structure-activity analysis between BBG and its three commercially-available
analogues (Brilliant Blue R, Brilliant Blue FCF, and Fast Green FCF), revealed that of the group,
BBG was the most effective modulator of AP aggregation and cytotoxicity, and that its
additional methyl groups are important for its enhanced modulating activity. In a follow up
study, BBG was also found to disaggregate Ap40 fibrils.

Second, we found that erythrosine B was able to modulate both AP aggregation and AB-
associated neurotoxicity. Given that this molecule uniquely possesses heavy halogen groups,
through structure-function analysis, we demonstrated that halogenation is responsible for the A
modulating activities of erythrosine B and its analogues. The specific types, arrangement and
placement of the halogen substituents dictated binding attributes, and also the aggregation and
cytotocity modulating activity towards AP. Analysis by a novel competitive-binding assay with
sequence-specific antibodies revealed that erythrosine B and a number of analogues interact with

AP by binding at its N-terminus.



Third, we discovered that incorporation of 3-(2-naphthyl)-alanine (Nal) at GIu30 in the
catalytic domain of murine dihydrofolate reductase (mDHFR) can alter the allosteric
cooperativity of the enzyme. Comparison with the closest natural amino acid analogue mutation,
Trp at position 30, showed that the behavior promoted by Nal results from its unique size and
shape. This is the first report showing that an expanded set of genetically encoded amino acids
can alter the cooperativity of an enzyme. Evaluation of enzyme titers also revealed that the
altered allosteric cooperative behavior is beneficial to the E. coli expression host.

Lastly, we investigated the effects on enzyme function of incorporating Nal, a non-
natural amino acid, within the hydrophobic core and solvent-exposed sites of mDHFR.
Hydrophobic-core mutants: Through mutational analysis, a computed measure of steric
incompatibility was found to have statistically significant monotonic correlations with key
kinetic parameters (K, kear and ke,/Ky,) of mDHFR. Despite being related structurally, Nal was
not an equivalent substitution for Trp and Phe, as it not only caused qualitative secondary
structure changes, but also adversely affected catalytic activity, however, without impacting
substrate binding. Solvent-exposed-site mutants: Nal, a large hydrophobic residue, could be
incorporated at solvent-exposed sites (Phel42 and Phel79) without any adverse affects on the
binding (K;,) and catalytic (ke) components of mDHFR enzymatic function. Results also
revealed that structural changes were related to changes in hydrophobicity changes caused by
mutation. Statistical analysis revealed that substituting Nal for Glu caused significant deviations
in K, when compared to substitution of Nal at hydrophobic residues by an average of +0.60 uM
(Student’s t-test, p < 0.01). These results demonstrate that mutations that minimize impact to

structure can be strategically used to minimize impact on enzyme function.
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Chapter 1

Introduction



Preface
The goal of our research is to study the interaction between ligands and proteins. Here,
ligand refers to any number of small molecules that can interact with a protein, whether it is a
potential small-molecule therapy or an enzyme substrate. This research focuses on two areas
where ligands are important to protein function: 1) The discovery and characterization of
potential small-molecule therapies for protein aggregation-dependent diseases and 2) the

understanding of substrate-enzyme interactions upon incorporation of non-natural amino acids.

Background — Alzheimer’s disease, amyloid-beta pathology and therapeutic strategies
Alzheimer’s disease

Alzheimer’s disease (AD) is the most common form of senile dementia and currently
affects roughly 5 million people in the United States (1, 2). It is characterized by the progressive
loss of memory, the ability to think, emotional stability and overall cognizance. Ultimately the
disease leads to death. In additional to the devastation to the patient, it also carries a heavy
emotional and financial burden on loved ones and on society in general. Patients require round-
the-clock care during the later stages. And, as the 6™ leading cause of death in the United States,
nearly $226 billion in direct costs are required annually to treat and care for patients, and to
combat the disease (1, 2). While palliative care and symptomatic treatments options are
available, a cure or a disease-modifying therapy has yet to be discovered (1, 2). Therefore
discovering a cure or a disease-modifying treatment represents a significant and important

research challenge.



The hallmarks and driving force of Alzheimer’s disease

Diagnosis of the disease is often made by evaluating a patient’s emotional, behavioral
and cognitive state. A definitive diagnosis, however, requires postmortem biopsy of brain tissue.
Although the fundamental cause of AD is still being elucidated, through this procedure,
researchers have discovered that atrophy of the brain, and the development of lesions, consisting
of amyloid-beta (AP) extracellular plaques and tau neurofibrillar tangles are hallmarks of the
disease (3-5).

Both tau and AP have natural activities in healthy brain tissue. AP activates kinase
enzymes (phosphorylation) and acts as a transcription factor, and fau stabilizes microtubules for
axonal structure and transport (6, 7). However when aggregated, AP and hyperphosphorylated
tau are each cytotoxic and provide a substantial driving force in disease progression. While both
AP and tau have a strong correlation with disease, it is common to find AP deposits absent of fau
tangles (8). But most importantly, AP deposits can promote the formation of tau neurofibrillar
tangles (9-11). And tau pathology is considered to occur downstream of AP pathology (9-11).

Therefore, AP represents a particularly important target for therapeutic research (12).

Generation of Ap

AP is produced by the sequential proteolysis of the amyloid precursor protein (APP) by
beta and gamma secretase. And depending on the cleavage location, this process forms a number
of AP isoforms varying in length from 39 to 43 residues (13). The two most common isoforms
found in extracellular plaques consist of 40 and 42 residues and are denoted as AB40 and Ap42,
respectively. AB40 is the most prominent and is nine times more physiologically prevalent in

plaques than APB42 (14, 15). However, APB42 is known to be more toxic and aggregation prone



(14). The toxicity of both AB40 and AP42 arises from their aggregation propensity towards a
fibrillar structure (16-23). And the intermediate conformers that are formed during this pathway
are acutely toxic and cause a cascade of biological responses that lead to their associated toxicity

and the formation of brain lesions (16-18, 24-29).

Therapeutic strategies

While AP production is a naturally occurring process that stays relatively constant
throughout an individual’s life, AD is associated with an impairment of AP clearance from the
brain (30, 31). This impairment leads to an accumulation of A which promotes an environment
that facilitates the aggregation process (31). Since AP is not required for normal function in
animal models, a number of strategies have focused on minimizing AP load in the brain by
reducing the rate of production and/or increasing its rate of clearance (27). These strategies
commonly mediate peripheral biological entities that process AR or APP. Inhibitors have been
developed to minimize the activity of beta and/or gamma secretase, which is effective at
reducing the AP burden in brain tissue (32, 33). However, this approach also confers side effects
as the inhibitors often lack target specificity and also block the activity of the secretases for
contiguous biological targets (1). Research for improving AP clearance has focused on
eliminating microglial dysfunction and/or enhancing proteasome-mediated degradation (34-36).
Peptide immunization has been investigated as a means of controlling AP levels (37-40).
However, incidences of meningoencephalitis have occurred, and pivotal human trials have been
halted (40). Because AP undergoes various conformational changes through toxic intermediates,

a promising therapeutic strategy is to modulate the aggregation process itself.



Amyloid-beta aggregation

AP is generated as a monomer with a random amorphous structure. Aggregation occurs
by two proposed pathways (41). Unstructured A} monomers can associate to form amorphous
globular oligomers. These oligomers are transient conformers that can reconfigure to form
protofibrils or prefibrils. Monomers can also associate through a seeding mechanism, where
individual monomers first transition to a B-turn/B-strand seeding structure that propogates
aggregation (17, 23, 41-49). The B-turn/B-strand conformational transition in either the monomer
or oligomers is required to proceed to fibrillar species. And this transition is considered a rate
limiting step in fibril formation (41, 49, 50).

The hydrophobic effect is a key driving force in the formation of the B-turn in the
monomeric unit which brings together the two hydrophobic regions of AP (25). The turn region
is also further stabilized by the formation of a salt bridge between Asp23 and Lys28. His13 to
Lys16 also plays important roles for oligomerization and fibril propagation (25, 51). Once the -
turn motif is formed, subunits self-associate in an anti-parallel manner to produce protofibrils
that resemble a P-sheet zipper (25). The mature fibrils that are predominant in plaques are
generated by the longitudinal intertwining of protofibrils (51-54). Each of these species in the
pathway can be differentiated using microscopy techniques and/or by employing antibodies and
small molecules, such at thioflavin T and Congo red, that preferentially recognize specific
substructures (55-57). While the propensity of AP is to form fibrils (“on-pathway”), in vitro
studies have also shown that “off-pathway” species can also be formed depending on the
environmental conditions, which indicates that the aggregation process can indeed be modulated

(27, 58).



Modulating amyloid-beta aggregation

The change between different aggregation conformations is controlled by high energy
transition states. Potential therapies, that modulate AP aggregation, exploit the energy landscape,
such that by binding, they lower the activation barrier between different conformations or by
stabilizing particular aggregation states (24, 27, 59, 60). Ultimately, the goal is to inhibit the
formation of acutely toxic aggregates, or to prevent their formation entirely. To this end, research

efforts have focused on antibodies and small-molecules.

Antibodies

Antibodies represent a promising approach to controlling AP aggregation. They have
been shown to both bind and interact with various AP aggregate conformations. These antibodies
can prevent A aggregation in vitro and are used as detection agents for various aggregate
conformers (61-65). However, their general inability to pass through the blood-brain barrier
(BBB) has been a major obstacle in their adoption as potential therapeutic agents (66). However,
a number of advancements have been made in this area. Recently, a chimeric human-murine
low-affinity antibody was developed against the transferrin receptor (TfR). Normally, the wild-
type antibody binds to TfR and is then transported across the BBB. The wild-type form,
however, has only modest brain uptake, due to its retention at the receptor. But the low affinity
mutant exhibited increased brain uptake (67, 68). As proof-of-concept, the mutant anti-TfR was
then coupled with a secondary antibody to form a bispecific unit. The mutant anti-TfR was
shown to facilitate brain uptake of the secondary antibody (67, 68). However, while antibodies
are very promising, their potential immunogenicity still remains an obstacle that could prevent

their broad use (27, 69).



Small-Molecules

Due to the immunogenicity concerns with antibodies, small-molecules are particularly
promising for further research since they do not have this issue. The identification of potential
disease-modifying compounds has focused on groups of molecules with favorable biological
compatibility and attributes. These include ones that are antioxidant, anti-inflammatory, FDA-

approved, and/or permeable to the blood-brain barrier (27).

Polyphenols

Polyphenols are a highly attractive group of antioxidants (70). Since AP toxicity is
mediated by the accumulation of hydrogen peroxide and lipid peroxides within cells,
polyphenols can potentially counteract this effect (27, 70, 71). Just as importantly, polyphenols
are particularly amenable for interacting with A directly. These molecules are found in what are
considered antioxidant-rich foods such as green tea, blueberries, red grapes, turmeric, amongst
others.

Curcumin was one of the earliest polyphenols studied capable of mediating AP and AD
symptoms. Curcumin is a yellow curry pigment found in turmeric, which has anti-inflammatory
and antioxidant properties thought to be beneficial for treatment and prevention of AD (70). It
was found to be a potent modulator of AP aggregation. In vitro it inhibited aggregation, and
disaggregated AP40 fibrils at submicromolar concentrations. It was also able to inhibit Ap42
oligomer formation at similar concentrations (72, 73). Studies have also shown that the geometry
and separation of aromatic moieties within the molecule facilitates its binding to AB (74). When

applied to AD and Tg2576 mouse brain sections, curcumin preferentially labeled plaque regions.



Moreover, upon oral administration to advanced-stage Tg2576 mice, curcumin not only labeled
plaques, but also lowered overall AP and plaque burden in brain tissue (73). Currently, curcumin
is undergoing phase 2 clinical trials for mild-to-moderate AD, to determine its efficacy towards
improving cognitive performance and lowering human brain AP loads (75, 76).

Soon after discovery of the benefits of curcumin, researchers continued to focus their
search for novel disease-modifying compounds in antioxidant-rich foods (70, 77). When red
wine consumption was linked to reduced AD risk, growing interest developed around resveratrol,
the primary polyphenolic antioxidant constituent in grapes and red wine (77-79). Resveratrol was
shown to inhibit AB42 fibril formation and cytotoxicity however it was unable to prevent
oligomer formation (80-82). Nonetheless, it was able to restructure A fibrils and oligomers into
soluble non-toxic, off-pathway oligomers. It was also found to have varying binding affinity
between the monomer and fibrillar AP states and the interaction differed between AB40 and
AP42 (80, 82, 83). Resveratrol also mitigated AP cytotoxicity and markedly lowered levels of
secreted intracellular AP from different cell lines, by enhancing degradation rates through a
mechanism that involves the proteasome (84, 85). However, it did not reduce the rates of AP
production or APP processing, as it did not interact with beta or gamma secretase (84, 85). In
mouse models, oral administration of resveratrol was found to reduce brain plaque burdens with
the most significant improvements occurring in the cortex (-48%), striatum (-89%) and
hypothalamus (-90%). Resveratrol and its immediate metabolites, however, were not detectable
in the brain (86). Currently, resveratrol is under phase 3 clinical trials for AD and in phase 4
clinical trials for Mild Cognitive Impairment (83, 87, 88).

As the popularity of polyphenols increased, one of the more recent additions to the set of

AB-modifying molecules is (—)-epigallocatechin gallate (EGCG) (89, 90). EGCG interacts with



unfolded AP monomer and promotes the formation of non-toxic off-pathway oligomers. This
interaction also extends to the ability to inhibit AR and alpha-synuclein fibrillogenesis. EGCG
can also restructure mature AP and alpha-synuclein fibrils into amorphous aggregates that are
non-toxic to mammalian cell models (89, 90). Studies into the mechanism, also found that
EGCG preferentially binds B-sheet-rich aggregates which provides the driving force for the
conformational changes; however without disassociating them into monomer or smaller
aggregates (89-91). EGCG also promoted a number of auspicious biological responses when
applied in vivo. EGCG inhibited AB42-induced neuronal cell apoptosis (92). In Swedish APP
mutant murine neuron-like cells and APP-over-expressing Tg2576 mouse primary neurons,
EGCG reduced AP generation by enhancing a-secretase activity which promoted the formation
of soluble APP N- and C-terminus fragments (93). EGCG was also able to enhance the memory
and a-secretase activity in the presenilin-2 AD mouse model (93, 94). Currently, EGCG is in
phase 2/3 clinical trials to evaluate whether it slows development of AD-like symptoms and

biomarkers in Down’s syndrome patients, such as the early formation of A plaques (95, 96).

Congo red

In addition to the polyphenols, a number of novel compounds have been discovered that
can modulate AP aggregation and its cytotoxicity. One of the first of these molecules was Congo
Red (97). While it has not been pursued as a potential therapeutic, it has been studied fairly
extensively to understand how small molecule modulators interact with AP. In particular, Congo
red is commonly used to label AP plaques and fibrils (55, 98-100).

It has been shown that Congo red inhibits fibril formation and promotes oligomer

formation. It also has the ability to disaggregate AP40 fibrils. Congo red binds preferentially



within the grooves of B-pleated sheets in amyloid structures (101, 102). And in particular, NMR
studies have shown that it binds to residues 14-26 and 31-37 in AP which correspond to the

hydrophobic regions (103).

Research objectives and significance

To date, small-molecules have provided the most substantial advancements towards
finding a disease-modifying treatment for AD; small-molecule drug candidates are the
significant majority in phase 3 and phase 4 clinical trials. Therefore, greater research efforts are
needed in small-molecules to identify and to characterize potential disease-modifying treatments
for AD.

Therefore, our research focuses on identifying small-molecules that can modulate Af
pathology. Our goal is to diversify the current set of small-molecule modulators as well as to
understand how these small molecules interact with A directly. In particular we are interested in
compounds, especially dyes, with high biocompatibility and biological safety profiles that are
capable of modulating both AP aggregation and cytotoxicity. Initial studies have identified
Brilliant Blue G (BB) as being capable of modulating with AB. Therefore, we would like to

characterize BBG further. Thus the objectives for this research are as follows:

1. Determine whether Brilliant Blue G is an effective modulator of Af} aggregation and

cytotoxicity.
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2. Employ structure-activity analysis using a panel of Brilliant Blue G analogues to
determine whether certain structural features are important for A modulating

activity.

Recently, we identified erythrosine B, which is approved for human consumption, and
which has been shown to modulate both AP aggregation and its associated cytotoxicity.
Erythrosine B is a unique AP modulator in that it possess heavy halogen atoms on its benzoate
and xanthene constituents (104). We hypothesize that halogenation is responsible for the

modulating activity of erythrosine B. Thus the objectives for this research are as follows:

3. Employ structure-activity analysis using a panel of erythrosine B analogues to
determine whether halogenation generates effective modulators of Ap aggregation

and cytotoxicity.

4. Provide insight into the binding interaction between erythrosine B analogues and

AB.

We believe that our research will provide insight into how BBG and ERB and their

analogues interact with AB. These insights will help in the identification, development, and

possible engineering of other potential small-molecules as disease-modifying therapies for AD.
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Background — Non-natural amino acids and applications

The genetic code

There are 64 potential three-nucleotide codon combinations that can encode for an amino
acid. The 20 natural amino acids are encoded by 61 degenerate codons, meaning that certain
amino acids are redundantly encoded. And three codons (TAG, amber; TAA, orchre; and TGA,
opal) are used to stop protein translation. In order to add a new amino acid to the genetic code, a
specific codon that is unique to the new amino acid is required. This means that the 61 codons
that encode the canonical amino acids are not ideal for this purpose (105-108). Therefore, the
amber stop codon (a rare stop codon) and four-nucleotide codons have been used as target sites
for site-specific non-natural amino acid incorporation (109-113). Non-natural amino acids were
first incorporated in vitro (114). To accomplish this, the desired non-natural acid was
aminoacylated to the amber suppressor tRNA by the appropriate aminoacyl-tRNA synthetase for
the non-natural amino acid (115). The aminoacyl-tRNA containing the non-natural amino acid is
then added to an E.coli cell-free expression system, which contains all of the endogenous
translational machinery and an expression vector containing the gene of interest with the TAG
mutation at the target site (114). During translation, the non-natural amino acid is incorporated at

the target amber stop codon.

Expanding the genetic code of E. coli

To accomplish the same feat in vivo, within E. coli, additional translational machinery is
needed to allow the aminoacylation step to occur inside the cell. Therefore, a functional
aaRS/tRNA pair that is specific to the non-natural amino acid and that is orthogonal to the

endogenous aaRA/tRNA machinery is required (105-107, 115). Orthogonal aaRS/tRNA pairs are
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adopted from other organisms. Pairs from different organisms can have unique recognition units
that prevent cross-talk (orthogonality). Through in vitro incorporation studies, a
Methanocaldococcus jannaschii tyrosyl aaRS/tRNA pair (MjTyrRS/ MjtRNA™") was the first
set discovered to be orthoganol to of the endogenous aaRS/tRNA machinery in E.coli (115). An
engineered tyrosyl tRNA synthetase and cognate nonsense suppressor tRNA (MjTyrRS/
MjtRNA™ ¢y ) was evolved from this pair. First the anticodon of MjtRNA™ was mutated to
CUA to create an amber suppressor tRNA (MjtRNA™ cua). In order to alter the specificity
MjTyrRS for the desired non-natural amino acid, MjTyrRS was evolved through successive
rounds of mutational selection. Pairs that could suppress the amber codon were positively
selected in the first round (107). In the second round, pairs that were cognate to canonical amino
acid were negatively selected. This approach has been generalized for evolving other
heterologous orthogonal aaRS/tRNA pairs for site-specific non-natural amino acid incorporation

(107, 114, 116, 117).

Expanding the genetic code of eukaryotes

The general technique described above was also used to expand the genetic code of
eukaryotes. Saccharomyces cerevisiae was the first to have its genetic code expanded to include
non-natural amino acids (118-120). The tyrosyl aaRS/tRNA pair from E. coli was found to be
orthogonal in S. cerevisiae and has become a prime engineering candidate to broaden the number
of non-natural amino acid for incorporation (118, 119). Non-natural amino acids have since been
incorporated in Bacillus stearothermophilus and Chinese hamster ovary cells, 293T, and primary

neuron cells (107, 111, 117, 121, 122).
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Advances of in vivo non-natural amino acid incorporation

A number of advancements in non-natural amino acid incorporation technology have
been aimed at improving the expression yield of proteins within which they are contained.
Because the amber codon is commonly used, often what limits expression efficiency is
competition between release factor 1 and the amber suppressor tRNA (tRNAcya) for the target
amber codon. A successful strategy to increase the efficiency of amber suppression is improving
the expression or overexpression of tRNAcya by using host-optimized promoters or multiple
copies of the tRNAcya gene in a single expression construct, respectively (123, 124). These
approaches help tRNAcua to stoichiometrically out-compete release factor 1 for the target amber
codon.

Other approaches have looked at altering the incorporation machinery itself. Along these
lines, the T and acceptor stem of Mj-tyr-tRNAcys has been evolved for higher amber
suppression efficiency (125). Another example is an orthogonal E.coli ribosome that was
engineered to have lower activity towards release factor 1, which reduces incidences of
premature translation termination (107).

Expression titers have also been increased by genetically altering the expression hosts.
Recently a mutant E.coli MG1655 expression strain was developed in which all instances of
release factor 1 are deleted (126-128). This minimizes any competition that tRNAcya might have
for the amber codon, and allows the non-natural amino acid to be uniquely encoded by the TAG
codon. Misacylation of tRNAcya can also prevent optimal expression yields (129, 130). An
auxotrophic E.coli expression strain, AFWK (Phe/Trp/Lys auxotroph) has been developed to
minimize rates of misacylation of endogenous amino acids that are analogues of non-natural

amino acids (131, 132). In addition to improving expression titers, advancements have also been
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made towards directed evolution of proteins using non-natural amino acids (133). As a precursor,

non-natural amino acids have been applied to phage display selection methods (134).

Applications of site-specific non-natural amino acid incorporation

To date, the application of nAA has focused on providing additional functionality to a
target protein that was not possible with natural amino acids. This review focuses on site-specific
non-natural amino acid incorporation, which is highly tunable to protein engineering applications
(107, 135-138).

One of the first applications of site-specifically incorporated non-natural amino acids was
to probe the structure and function of proteins. For this particular application, subtle mutational
changes are often required to elucidate the role of a particular amino acid, that site-directed
mutagenesis with canonical amino acids often cannot provide. In a compelling example,
photoaffinity had shown that up to 9 tyrosine and tryptophan residues of the nicotinic
acetylcholine receptor were involved in agonist binding. Their particular roles, however, were
unknown (139). Probing these tyrosines with a set of non-natural amino acids revealed that
Trpl49 of o-subunit was critical for agonist binding involving cation-pi interaction. Since
fluorine has an additive effect on cation-pi interaction, further mutation of the Tr149 with
fluorinated tryptophan analogues, revealed that the strength of the cation-pi interaction could be
manipulated linearly based on the number of fluorine moieties (139).

Fluorinated non-natural amino acids can be used for nuclear magnetic resonance due to
the high magnetiogyric ratio of '°F. The '"F-amino acid, trifluoromethyl-L-phenylalanine was
site-specifically incorporated and was used as an NMR probe to characterize the protein structure

and function of nitroreductase (NTR) and histidinol dehydrogenase (HDH) (140).
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Another application of non-natural amino acids has been the rational engineering of the
spectral properties of fluorescent proteins. Green fluorescent protein (GFP) contains a unique
chromophore consisting of three residues (residues 65-67) (141). The overall B-barrel structure
of GFP acts to protect the chromophore from solvent and mediates the electronic interaction
between the chromophore and a number of functional residues (141, 142). Endeavors to engineer
GFP for different spectral properties, often focuses on mutating the components of the
chromophore to analogous residues. For instance mutation of Tyr66 to histidine and tryptophan
resulted in a spectral emissions shift from green to blue and cyan, respectively (143, 144). These
results indicated that Tyr66 was particularly attractive for site-specifically incorporating a set of
tyrosine, phenylalanine and tryptophan analogues. When Tyr66 was replaced with these
analogues (p-amino-L-phenylalanine, p-methoxy-L-phenylalanine, p-iodo-L-phenylalanine, p-
bromo-L-phenylalanine, and L-3-(2-naphthyl)-alanine), shifts in the fluorescence emissions
wavelength were observed and they corresponded to the strength of each non-natural amino acid
as an electron-donor (145, 146). This work demonstrates that non-natural amino acids can be
used to tailor the properties of proteins, in this particular case, the spectral properties of GFP.

Because a number of non-natural amino acids contain reactive moieties, they can be used
for bioconjugation. While the canonical amino acids, lysine, histidine and cysteine, can be used
for this purpose, their abundance and prevalence in proteins often results in a lack of target
selectivity which yields heterogeneity or non-specific conjugation in the end-product. The
protein N- and C-terminus can also be employed as bioconjugation sites. However, these
locations are often less than optimal (147, 148). The use of reactive non-natural amino acids
overcomes these two major limitations when using the canonical amino acids as conjugation

sites. Non-natural amino acids can be site-specifically incorporated, which allows precise
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targeting as well as control over the number of conjugation sites (149, 150). Non-natural amino
acids can possess three reactive components, terminal ketones, azides, and alkynes, which can be
bioorthogonally conjugated by dehydration, Staudinger ligation, or variations of the Huisgen
cycloaddition (151-161). Recently, p-ethynylphenylalanine and p-azido-phenylalanine were used
as bioconjugate target proteins to either a functionalized fatty-acid chain or to albumin through a
functionalized linker at solvent-accessible sites (152, 162). In both cases, each of the modified
proteins had a significantly improved blood circulation half-life. Earlier work has also shown
that p-azido-phenylalanine can also be used for site-specific glycosylation and PEGylation (163-
165). Bioconjugation using genetically encoded non-natural has also been applied to antibody-
drug conjugates. p-Acetylphenylalanine was site-specifically incorporated into an anti-Her2
antibody fragment and IgG in E.coli and mammalian cells, respectively. The target proteins were
then conjugated to an auristatin derivative which yielded conjugates that exhibited excellent
pharmacokinetics, potent in vitro cytotoxic activity towards Her2-positive cancer cells, and
complete tumor regression in treatment models (166, 167).

Non-natural amino acids have also been employed to improve the existing function of
enzymes beyond what is possible with the canonical amino acids. NTR-CB1954 is an enzyme-
prodrug combination being developed for cancer gene therapy. CB1954 is activated into a
cytotoxic form by NTR, in NTR-producing cells. Efforts have been made to improve the ability
of NTR to activate CB1954 (168). In particular, the active site Phel24 has been identified as
being crucial to NTR function. When mutated with the entire spectrum of canonical amino acids,
position 124 was determined to be the most sensitive to mutation, with the F124K mutation was
the most active towards CB1954 (168). To determine whether non-natural amino acids could

better these results, a panel of Phe analogues was systematically site-specifically incorporated to
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replace Phel24. Results showed that p-aminophenylalanine was able to improve activity
compared to F124K, while p-nitrophenylalanine was able to increase the activity of
nitroreductase two-fold over that of F124K (169). Recently, efforts have also been made to alter
the activity and regioselectivity of the CYP450 family of enzymes which are terminal oxidases in
electron transfer chains and have a broad range of substrate targets. Four aromatic unnatural
amino acids were incorporated at 11 active-site positions of a catalytically promiscuous
CYP102A1. These mutations resulted in significant shifts in regioselectivity, especially for the
incorporation of p-acetyl-phenylalanine at sites near the heme cofactor. Furthermore, catalytic
activity enhancements were also observed with active-site substitutions involving p-amino-
phenylalanine. And these functional changes could not be reproduced with any of the 20
canonical amino acids (170).

Our group has also been improving and altering the catalytic function of enzymes using
non-natural amino acids targeted at the active site. In particular we were able to alter the
methotrexate (MTX) inhibition of murine dihydrofolate reductase (mDHFR) by incorporating p-
bromo-phenylalanine (pBrF) and 3-(2-naphthyl)-alanine (NAI) at Phe31 in the active site. The
pBrF mutation was shown to preferentially disrupt MTX binding over that of substrate. Further
characterization of the Nal mutation also revealed that it enhanced the specificity of mDHFR for

a normally less favorable substrate folic acid (171).

Research objectives and significance
The objectives of our current research efforts are 1) to find new ways that non-natural
amino acids can be used to alter or improve enzyme function, and 2) to understand how non-

natural amino acids can be incorporated into enzymes in order to maintain function.
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Recently, we have identified that mutation of GIlu30 with Nal appears to alter the

cooperativity of mDHFR. Our specific aims for the first project are as follows:

5. Determine whether the mutation of Glu30 to 3-(2-naphthyl)-alanine (Nal) alters the

catalytic allosteric cooperativity of mDHFR.

6. Determine whether the change in allosteric cooperativity of mDHFR that is
imparted by the Glu30 to Nal mutation can be replicated with the most similar

natural amino acid mutation of Glu30 to Trp.

If the specific aims can be successfully completed, to our knowledge, this will be the first
report demonstrating that mutation with an expanded set of genetically encoded amino acids can
alter the catalytic allosteric cooperativity of an enzyme. As the number of biocatalysts increase in
number, this research could provide a new method to alter the regulation mechanism of enzymes,
and enhance our ability to control how enzymes function alone, and in networks.

For our second objective, we would like to determine how non-natural amino acids can
be incorporated into enzymes while maintaining function. The specific aims for this project are

as follows:

7. Investigate how the incorporation of Nal in the hydrophobic core affects the

enzymatic function of mDHFR.
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8. Investigate how the incorporation of Nal in solvent-exposed regions affects the

enzymatic function of mDHFR.

Predicting how mutations affect enzyme function is very difficult. Through this research
we hope to establish principles or strategies for mutating hydrophobic core and solvent-exposed
sites for maintaining function. This research would greatly improve the accessibility and utility
of non-natural amino acids, while improving our understanding of how mutations can made

permissively.
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Part 1

The discovery, development, and characterization of potential small-molecule
therapies for Alzheimer’s disease
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Chapter 2

A safe, blood-brain barrier permeable triphenylmethane dye inhibits amyloid-beta

neurotoxicity by generating non-toxic oligomers
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Abstract

Growing evidence suggests that on-pathway amyloid-beta (A) oligomers are the primary
neurotoxic species and directly correlate with the onset of Alzheimer’s disease (AD). One
promising therapeutic strategy to block disease progression is to reduce levels of these
neurotoxic AP species using small molecules. While several compounds have been shown to
modulate AP aggregation, compounds with such activity combined with safety and high blood-
brain barrier (BBB) permeability have yet to be reported. Brilliant Blue G (BBG) is a close
structural analog of a Food and Drug Administration (FDA)-approved food dye and has recently
garnered prominent attention as a potential drug to treat spinal cord injury due to its
neuroprotective effects combined with BBB permeability and high degree of safety. In this work,
we demonstrate that BBG is an effective AP aggregation modulator, that it reduces AP-
associated cytotoxicity in a dose-dependent manner, and that it acts by promoting the formation
of off-pathway, non-toxic aggregates. Comparative studies of BBG and three structural analogs,
brilliant blue R (BBR), brilliant blue FCF (BBF) and fast green FCF (FGF), revealed that BBG is
most effective, BBR is moderately effective, and BBF and FGF are least effective in modulating
AP aggregation and cytotoxicity. Therefore, the two additional methyl groups of BBG and other
structural differences between the congeners are important in the interaction of BBG with A
leading to formation of non-toxic AP aggregates. Our findings support the hypothesis that
generation of non-toxic oligomers using small molecule modulators is an effective strategy to
reduce AP cytotoxicity. Furthermore, key structural features of BBG identified through structure-

function studies open new avenues into therapeutic design for combating AD.
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Introduction

With an ever increasing number of new cases each year, Alzheimer’s disease (AD) has
become the most common form of senile dementia. The disease is primarily diagnosed in
persons over the age of 65 (172). Symptoms manifest in a slow and progressive manner, but are
ultimately debilitating and fatal. Currently, 5.3 million people in U.S. are affected by AD, with
the number projected to rise to 13.5 million by 2050 (173). Although several U.S. Food and Drug
Administration (FDA)-approved drugs temporarily reduce symptoms, no treatment exists that
slows or stops progression of AD.

A pathological hallmark of AD is the accumulation of insoluble protein aggregates,
composed primarily of neurotoxic amyloid-beta (AP). AP is created from sequential proteolytic
cleavage of the amyloid precursor protein (APP) by the B- and y-secretases (174). Although a
number of AP isoforms, with lengths from 39 to 43 residues are generated, AB40 and APB42 are
the most physiologically relevant forms. In AD patients, AB40 and AP42 are found in
approximately a 9:1 ratio, but AP42 is more aggregation-prone (14).

According to the original amyloid-cascade hypothesis, conversion of soluble Af
monomers into insoluble fibrils causes AD onset (175). Recently the amyloid-cascade hypothesis
has been further refined. Growing evidence suggests that certain types of soluble AP oligomers
are more toxic than A fibrils, and their presence correlates strongly with dementia (29, 80, 176,
177). Therefore, reduction of neurotoxic AP oligomers represents a promising strategy to inhibit
Ap-associated neurotoxicity.

Numerous small molecules have been studied for their ability to modulate AP
aggregation and reduce neurotoxicity (41, 178-180). Congo red, an amyloid-structure specific

dye, has the ability to modulate fibril formation and reduce neurotoxicity of AP (101-103, 181,
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182) Besides amyloid-specific dyes, several lipid-based modulators and polyphenols, such as
scyllo-inocitol, nordihydroguaiaretic acid, curcumin, epigallocatechin gallate (EGCG) and
resveratrol, have been reported to modulate AP aggregation and reduce Af-associated toxicity
(73, 74, 89, 178, 183-186). Although the results from these molecules are encouraging and
validate AP aggregation modulation as a promising strategy, a practical and effective therapeutic
has yet to be identified. Most of small molecule modulators of AP aggregation identified are not
suitable for AD therapeutic leads because they lack low toxicity or blood-brain barrier (BBB)
permeability. Crossing blood-brain barrier is a big challenge in AD drug development; 98% of
small molecule drugs and almost 100% of large molecule drugs cannot cross the BBB (187). For
example, therapeutic application of Congo red has been hindered by poor blood-brain barrier
(BBB) permeability as well as carcinogenicity (97). Although several polyphenol-based AP
modulators including tannic acid and EGCG are very effective in reducing AP neurotoxicity in
cell-based assays (89, 188), tannic acid or EGCG do not cross the animal BBB or the human
BBB, respectively (189-191). As a result, there remains a strong driving force to identify new
small molecule AD therapeutic candidates that modulate AP aggregation and are also safe and
BBB-permeable.

In this article, we identify a new AP modulator with all of these properties. To our
knowledge, AP modulating capacities of triphenylmethane dyes have not yet been reported. Here
we show that brilliant blue G (BBG), a triphenylmethane dye with a demonstrated safety profile
(192) and BBB-permeability (193), also substantially removes AP cytotoxicity even at below
stoichiometric concentration. Brilliant Blue FCF (BBF) is approved by the U.S. Food and Drug
Administration (FDA) as a blue food dye and has one of the highest safety profiles amongst the

seven currently approved synthetic food dyes. In tests, it exhibited no observable toxicity up to a
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daily consumption of 600 mg/kg body mass in healthy animals (194). In the United States, more
than six thousand pounds of BBF is produced annually, and daily intake of up to 12.5 mg/kg is
tolerable in humans (195). A close structural analog of BBF, Brilliant Blue G (BBG), also has
low toxicity and highly favorable biocompatibility, but additionally possesses the ability to cross
the blood-brain barrier (Figure 2.1) (192, 193). BBG has recently garnered prominent attention in
neuroscience regarding its therapeutic potential to treat acute spinal cord injury. In animal
models, systemic administration of BBG reduced damage and expedited recovery after spinal
cord injury (193). BBG also confers neuroprotection to the brain by inhibiting adverse
inflammatory reactions and mitigating multiple sclerosis symptoms (196, 197). With the
possibility for systemic administration into the nervous system with no known adverse side
effects, BBG is an attractive candidate Ap aggregation modulator.

In this article, we explore BBG’s ability to modulate AP aggregation and reduce
neurotoxicity with biochemical, biophysical, and cell-based assays. In particular, we monitored
AP oligomer formation via immunoblotting using AP-conformation specific antibody, All.
Polyclonal A1l antibody reacts with soluble AP oligomers, including neurotoxic oligomeric
conformers, but not with Af monomers and fibrils (20, 80, 198). We report that BBG promotes
AP monomer conversions into non-toxic aggregates. To begin to identify the structural features
of BBG responsible for this activity, we also evaluated the modulating capacities of three close
structural analogs of BBG, brilliant blue R (BBR), BBF, and fast green FCF (FGF) on A
aggregation and cytotoxicity. Our findings suggest that the structural differences of BBG and
BBR from BBF and FGF and two additional methyl groups attached to the triphenylmethane
structure of BBG are important for effective modulation of AP aggregation and cytotoxicity.

Unique interaction modes on AP of BBG and BBR are expected to provide a new insight on
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molecular mechanism of AP aggregation and cytotoxicity. Our findings validate a relatively new

hypothesis that generation of non-toxic AP oligomers by small molecules is an effective way to

reduce Ab-associated neurotoxicity even without preventing AP oligomer formation (89, 188).

Thus, our work provides evidence of and mechanistic details of reduced Ap-associated

neurotoxicity for a novel type of AP aggregation inhibitor that also has encouraging attributes as

a therapeutic lead compound.
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Figure 2.1. Chemical structures of Brilliant Blue G (BBG), Brilliant Blue FCF (BBF), Brilliant Blue R
(BBR), and Fast Green FCF (FGF) at neutral pH.



Materials and methods

Materials

AP40 was purchased from Anaspec, Inc. (Fremont, CA). Human neuroblastoma SH-
SYSY cells were obtained from ATCC (Manassas, VA). Polyclonal A1l anti-oligomer and
horseradish peroxidase (HRP)-conjugated anti-rabbit IgG antibodies were obtained from
Invitrogen (Carlsbad, CA). 4G8 antibody was obtained from Abcam (Cambridge, MA).
Monoclonal 6E10 was obtained from Millipore (Billerica, MA). ECL advance chemi-
luminescence kit was obtained from GE Healthcare Life Sciences. All other chemicals were

obtained from Sigma-Aldrich (St. Louis, MO) unless otherwise noted.

AP Sample Preparation

APB40 samples were prepared as described earlier (199-201). AB40 was dissolved in 0.1
% triflouroacetic acid (TFA) to obtain a 1.0 mM stock solution, which was then incubated for 1
hour at room temperature without agitation. The freshly prepared 1.0 mM stock AB40 solution
was diluted with phosphate buffered saline (PBS) solution (10 mM NaH,PO4 and 150 mM NacCl
at pH 7.4) to obtain a 50 uM AP solution. 50 uM A samples were then incubated at 37 °C for

the desired time.

Dot blotting

2 uL AP40 samples were spotted onto a nitrocellulose membrane and were allowed to
dry at room temperature. The nitrocellulose membrane was incubated in 5 % skim milk
dissolved in 0.1 % Tween 20, Tris-buffered saline (TBS-T) solution for one hour. The 5% milk

TBS-T solution was removed and the membrane was washed three times for 5 minutes each with
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TBS-T solution. The membrane was then incubated in antibody solution for 1 hour. The 4GS,
All and 6EI10 antibodies were diluted in 0.5 % milk TBS-T solution according to the
manufacturer’s recommendation. After incubation the membrane was washed three times for 5
minutes using TBS-T solution. When a peroxidase (HRP)-conjugated antibody (4G8) was used
as the primary antibody, membranes were coated with 2 mL of detection agent from the ECL
Advance Detection Kit (GE Healthcare, Waukesha, WI) and the fluorescence was visualized.
Otherwise, the membrane was incubated in (1:5000 dilution in 0.5% milk TBS-T) HRP-
conjugated IgG for one hour. Then the membrane was washed three times for 5 minutes each
with TBS-T solution and the same detection method as previously described was used. The blot

images were captured using a BioSpectrum imaging system (UVP, Upland, CA).

Thioflavin T (ThT) Fluorescence Assay

5 uL of 50 uM AB40 sample solution was diluted in 250 uL of 10 uM ThT (dissolved in
PBS) in 96-well plates. The resulting ThT fluorescence of AP sample was measured at an
emission wavelength of 485 nm using an excitation wavelength of 450 nm using a Synergy 4

UV-Vis/fluorescence multi-mode microplate reader (Biotek, Winooski, VT).

Transmission Electron Microscopy (TEM)

10 uLL AP sample was adsorbed onto a formvar mesh grid for 1 min. The grids were then
negatively stained with 2 % uranyl acetate for 45 sec., blotted dry and viewed on a Jeol
JEM1230 Transmission Electron Microscope at the Advanced Microscopy Laboratory at the

University of Virginia operated at 80 kV.
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Cytotoxicity Assay

50 mg of 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) obtained
from Millipore (Billerica, MA) was dissolved overnight at 4 °C in 10 mL of PBS. The MTT
solution was then sterile filtered. Human neuroblastoma SH-SYS5Y cells were cultured in a
humidified 5 % CO»/air incubator at 37 °C in DMEM 12:1:1 modified media with 10 % fetal
bovine serum and 1 % penicillin-streptomycin (Thermofisher, Waltham, MA). 25,000 SH-SY5Y
cells were seeded into 96-well plates and incubated for 48 hours. After incubation, the culture
medium was replaced with 100 pL of fresh media, and 10 puL of the AP sample was added to
each well to obtain a final AP concentration of 5 uM. Cells were incubated for an additional 48
hours. The media was then aspirated and replaced with 50 puL of fresh media. 10 pL of the sterile
MTT solution was added, and cells were incubated for 6 hours at 37 °C in the dark. After
incubation 200 pL of DMSO was added to each well to dissolve the reduced MTT, and the
absorbance was measured at 506 nm using a Synergy 4 UV-Vis/fluorescence multi-mode

microplate reader.

Results and discussion
Modulation of Ap Aggregation by BBG
In order to evaluate the aggregation modulation capability of BBG, we employed dot-
blotting, TEM and the ThT fluorescence assay. TEM and ThT fluorescence assays are widely
used to monitor AP aggregation. TEM images provide morphological information of A
aggregates. ThT is a dye that fluoresces at 485 nm when it binds to amyloid fibrils (57, 74, 202).
Therefore, ThT fluorescence measurement is an efficient tool to monitor the progression of fibril

formation. However, the ThT assay is not very effective in detecting soluble oligomers that are

31



known to be more neurotoxic than amyloid fibrils (29, 80, 176, 177). Furthermore, the diversity
of AP aggregate morphologies and differing levels of neurotoxicity (203, 204) represent a
challenge for correlating the aggregate morphology observed by TEM to Ap-associated
neurotoxicity. Recently dot-blotting with AB-specific antibodies was successfully used to detect
and distinguish the spectrum of AP conformer species (20, 80, 198, 205-207). In particular, the
oligomer-specific antibody, All, is useful for detecting neurotoxic AP intermediates. All is a
polyclonal antibody that reacts with soluble on-pathway toxic oligomers (198, 206). Previously it
was shown that AB-associated toxicity could be mitigated by reducing the presence Al1l-reactive
species (80, 89). Alternatively, 4G8 is an AB-sequence-specific monoclonal antibody (208-211)
which has an epitope that lies within amino acids 17 to 24 of AB. The 4G8 epitope corresponds
to a region of the AP peptide that is known to form B-sheet structures. During transition from
monomers and low molecular weight oligomers to fibrils, B-sheet stacking buries the 4GS8
epitope and ultimately limits 4G8 antibody binding. This leads to a dramatic loss of the 4G8
signal which can thereby be used to detect extensive fibril network structure formation (212).
Lastly, 6E10 is a monoclonal antibody that recognizes residues 1-16 of AP, the N-terminus of A
(206, 212). Although the 6E10 antibody was originally thought to bind various AP species
equally strongly, recent studies indicate that the 6E10 antibody binds to different AB species with
different binding affinities (41, 61, 206). Similar to the 4G8 antibody, the 6E10 antibody binding
affinity to fibrils is a few times lower than those of oligomers and monomers. According to the
structural model of AB40 fibril proposed by Grigorieff et. al., two pairs of AP protofibrils
intertwine adjacently to form a fibril (213). In their model, the N-terminus of the each protofibril

is interlocked to form a fibril, which can bury the 6E10 epitope upon fibril formation. We
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performed dot-blotting using a panel of AB-specific antibodies, together with traditional TEM
and ThT fluorescence assay, to monitor the formation of neurotoxic AP oligomers and fibrils.
Two pathologically important AP isoforms, AB42 and AP40, have been widely used to
evaluate the modulating capacities of numerous small molecules on AP aggregation and
cytotoxicity (214-218). We used the more abundant isoform, AB40, in this study. AP samples
were prepared by incubating 50 uM of AB40 monomer from 0 to 3 days at 37 °C without
shaking either in the absence (control) or presence of BBG as described previously (199-201). In
order to detect even weak modulating effect of BBG on AP aggregation, we chose 150 uM of
BBG (3x BBG), which is three times higher than concentration of AB (50 uM). AP samples were
taken periodically during incubation, and subjected to dot-blotting, ThT fluorescence assay, and

TEM.

Incubation Time (day)
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Figure 2.2. Monitoring A aggregation by dot blotting. Oligomer-specific A11 antibody and Ap-
sequence specific antibodies, 4G8 and 6E10, were used.

33



Incubation Time (day)

BBG

Figure 2.3. Monitoring AP aggregate and fibril formation by TEM. 50 uM AP was incubated in
the absence (-) (top panels) or presence of 3x BBG (+) (bottom panels) for 1 to 3 days at 37 °C.
Presence of oligomers and protofibrils (Top-left); protofibrils and isolated fibrils (Top-middle);
fibril mesh network (Top-right); oligomers and protofibrils (Bottom-left); protofibrils (Bottom-
middle); protofibrils (Bottom-right). Scale bar is 100 nm.

In the absence of BBG, dot-blotting results indicated that the majority of All-reactive AP
oligomers formed between day 1 and 2 (Figure 2.2; Figure 2.8A). However, when A3 monomer
was co-incubated with BBG, All-reactive signals remain very low throughout the duration of
the study. However, reduction of the All-reactive signals at day 1 and 2 did not result from a
loss of AP moieties, as supported by the sustained 6E10 signal at days 1 and 2 compared to day 0
(Figure 2.2; Figure 2.8C). In the absence of BBG, the 6E10 signal increases at days 1 and 2 from
day 0 and then decreases at day 3 (Figure 2.2 as well as “no dye” portion of Figure 2.8C). This
variation can be explained by the weaker binding affinity of 6E10 for Af monomers and fibrils
compared to AP oligomers as described previously (61). In the presence of 3x BBG, the 6E10
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signal at day 3 was very strong suggesting the idea that A oligomers rather than Af fibrils were
predominant in the sample. In the AP control sample, the majority of 4GS signal was lost
between day 2 and 3 (Figure 2.2; Figure 2.8B), implying that the majority of 4G8 epitopes were
buried due to compact stacking of B-sheet structures, a prototypical feature of amyloid fibrils
(212). However, in the presence of 3x BBG, a significant 4G8 signal at day 3 was observed,
which also supports the idea that A fibril mesh networks were not formed. These findings imply
that BBG effectively inhibits the formation of All-reactive AP oligomers and AP fibrils, the

most toxic AP species.

0]
o
L

ERRRE

I PBS Only
BBG Only
_1-BBG
1+ BBG

[o)]
o
I

MTT Reduction (%)
P
o

N
o
1

RIS

Controls ' 0 ' 1 ' 2 ' 3

Incubation Time (day)

Figure 2.4. Viability of neuroblastoma SH-SYSY cells incubated with pre-formed AP samples in
the absence or presence of BBG. Preformed AP aggregates were prepared by incubating 50 pM
of AP monomer in the absence or presence of BBG at 37 °C for 0 to 3 days, as indicated in the
graph. Aggregates were then administered to SH-SYSY cells at a final concentration of 5 pM.
After 48 hours, mitochondrial metabolic activity was measured using MTT reduction. Cells
administered with PBS as a control (Black), 3x BBG (15uM) dye only (White with pattern), Ap
incubated without BBG (White), AP incubated with 3x BBG (Grey). Values represent means +
standard deviation (n > 3). Values are normalized to the viability of cells administered with PBS
only. Two-sided Student’s t-tests were applied to the data. * P <0.001, ** P <0.005.
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Next we characterized the morphology of the AP species formed with and without BBG
using negative-stain TEM. TEM images clearly show a distinct morphological difference
between AP samples incubated in the absence and those in the presence of 3x BBG (Figure 2.3).
At day 1, in the absence of BBG, small oligomers (~100 nm in length) were formed (Figure 2.3,
top-left), which is consistent with the dot-blotting results showing that All-reactive AP
aggregates were formed at day 1. Interestingly, even in the presence of 3x BBG, small oligomers
(~100 nm in length) were predominantly observed (Figure 2.3, bottom-left panel). Despite the
morphological similarities, the AP aggregates prepared with 3x BBG possessed substantially
lower immunoreactivity to All antibody than those prepared without BBG. These findings
imply that at day 1, the low A11 reactivity of AP samples co-incubated with BBG resulted from
formation of Al1-unreactive AP oligomers, rather than a complete inhibition of A aggregation.

At day 2, a mixture of oligomers and long protofibrils was observed in the absence of
BBG (Figure 2.3, top-middle; Figure 2.9A), which indicates that some AP oligomers are
converted into protofibrils. However, in the presence of 3x BBG, small oligomers (less than 100
nm) were still predominantly observed similar to day 1 (Figure 2.3, bottom-middle; Figure
2.9B).

At day 3, the AP sample prepared in the absence of BBG exhibited only long mature
fibrils in a meshed network (Figure 2.3, top-right), which is consistent with dot-blotting and ThT
fluorescence results.. Here, ThT fluorescence sharply increased beginning at 48 hr (Figure 2.7),
which was interpreted to be the onset of amyloid formation. In dramatic contrast, in the presence
of 3x BBG, TEM showed that oligomers (~100 nm) remained the predominant species (Figure
2.3, bottom-right), which supports the idea that co-incubation of 3x BBG stops or at least

substantially slow down A aggregation process. Morphological similarities among the BBG-
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treated AP aggregates observed at days 1, 2 and 3 are consistent with very weak All-reactivity
of the BBG-treated samples at least until day 3. These findings support that BBG is an efficient
aggregation modulator. BBG reduces the formation of Al1-reactive AP aggregates by generating
All-unreactive AP oligomers. The results also show that BBG suppresses fibril formation for at

least three days.

Dose-Dependent Modulation of A Aggregation by BBG

To further characterize the aggregation modulation capabilities of BBG, we evaluated
BBG dose-dependent aggregation using dot-blotting and ThT fluorescence assay. S0uM AP was
co-incubated at 37 °C with various BBG concentrations ranging from 0.001x (50 nM) to 10x
(500 uM). Dot-blotting results of AP samples using three AB-specific antibodies (A11, 4G8, and
6E10) are shown in Figure 2.6. When AP was co-incubated with less than 0.1x BBG (5 uM), no
observable changes were found in the A11 immunoblotting patterns (Figure 2.6A). However, co-
incubation with 0.5x BBG or greater resulted in a reduction in the concentration of Al1-reactive
species formed, over the course of the study, confirming previous results. Since All-reactive AP
species were most abundant at day 2, we wanted to quantify inhibition of All-reactive A
species formation (Figure 2.6D). Therefore, for day 2, integrated A11 dot-blot signal intensities
were plotted against BBG concentrations. A half-maximal value of inhibitory concentration
(ICs0) of 0.72x BBG was derived from the data fitting to a sigmoid curve (R?=0.99).

In the absence of BBG, the 6E10 antibody stained AP oligomers, monomers, and fibrils
in decreasing order of intensity, which is consistent with a few fold weaker binding to A fibrils
by the 6E10 compared to oligomers as described previously (61). In Figure 2.6B and C, BBG at

concentration below 1x increases 4G8 and 6E10 signals at day 3. These results are consistent
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with enhanced accessibility of the 4G8 and 6E10 epitopes due to BBG-induced conversion of A
aggregates from fibril mesh networks to oligomers. However, as the concentration of BBG
increases above 1x, 4G8 and 6E10 reactive signals decrease. Finally, in the presence of 10x
BBG, the 4G8- and 6E10-reactive signals both very weak compared to those observed in the
absence of BBG, suggesting that both 4G8 and 6E10 epitopes were substantially lost partially
due to direct binding of BBG to the 4G8 and 6E10 epitopes. The 4G8 epitope corresponds to a
hydrophobic patch of the A that is known to form B-sheet structures. The 6E10 epitope is the N-
terminus of AP carrying both positive and negative charges. Therefore, we speculate that BBG
preferentially binds to the hydrophobic patch of AP and weakly binds to the charged N-terminus

of AP via electrostatic interaction.

Inhibition of Af-associated Cytotoxicity by BBG

Next, we sought to determine whether the conversion of All-reactive aggregates into
off-pathway aggregates reduces Ap-associated neurotoxicity. In order to evaluate the
cytotoxicity of AP species, we employed the MTT-reduction assay and neuroblastoma SH-SYS5Y
cells, widely used for this purpose (80, 185, 219-224). Preformed A aggregates were prepared
by incubating AP monomers in the absence or presence of 3x BBG at 37 °C for the specified
time duration. The preformed aggregates were then administered to neuroblastoma SH-SYSY
cells for 48 hours, and subsequent cell viability was measured by MTT reduction. Before testing
the cytotoxicity of AP samples, we first determined whether BBG by itself is cytotoxic to
neuroblastoma SH-SYS5Y cells. In the presence of 3x BBG dye (15 uM), SH-SYS5Y cell viability
was 95% without any BBG, quite consistent with the good biocompatibility and low toxicity

observed in animals (192, 193).
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Figure 2.5. Dose-dependence of inhibition of AB-associated cytotoxicity by BBG. Preformed
AP aggregates were prepared by incubating 50 uM of AP monomer in the presence of varying
concentrations of BBG (0.001x, 0.01x, 0.1x, 0.5x, 1x, 3x, 5x, and 10x) at 37 °C for 2 days. AB
aggregates were then administered to SH-SYS5Y cells at a final concentration of 5 uM. After
incubation, mitochondrial metabolic activity was measured after 48 hours using MTT reduction.
Values represent means + standard deviation (n > 3). Values are normalized to the viability of
cells administered with PBS only. The data were fitted to a sigmoid curve (R*=0.99).

Next we evaluated AP-associated toxicity. At day 0, AR monomers (5 pM) caused a mild
reduction (15%) in cell viability (Figure 2.4). However, in the presence of 3x BBG (15 uM),
viability recovered to 93% (P < 0.001), which is similar to the viability of 3x BBG dye alone
without AR monomer (95%). This finding indicates that 3x BBG eliminates the cytotoxicity of
AP monomers (5 uM). At day 1, in the presence of 3x BBG, the AP sample exhibited cell
viability of 101 %, significantly higher than the cell viability (90%) of AP samples without BBG

(P < 0.001) (Figure 2.4). These findings support the hypothesis that BBG can counteract the
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cytotoxicity of AP sample and that BBG-induced AP oligomers observed by TEM were non-
toxic.

At day 2, in the absence of BBG, cell viability decreased to 76%. This can likely be
attributed to an increased concentration of All-reactive toxic oligomers and to the emergence of
amyloid fibrils (Figure 2.4). Although amyloid fibrils are less toxic than All-reactive toxic
oligomers, the toxicity of amyloid fibrils is reportedly higher than that of monomers (29, 80). In
the presence of BBG, cell viability was significantly improved to 92% (P < 0.001), consistent
with the reduction of All-reactive AP species in the dot-blot results (Figure 2.2) and lack of
observable fibrils in the TEM image (Figure 2.3). These results suggested that a decrease in the
concentration of All-reactive species correlates with a decrease in AB-associated toxicity.

At day 3, in the absence of BBG, addition of the preformed AP aggregates reduced the
cell viability to 72%. Although the All-reactive signal dropped after day 2, the reduced viability
was most probably caused by the predominant amyloid fibrils converted from both small fraction
of toxic All-reactive aggregates and probably more dominant toxic non-All reactive large
intermediates. Ishii and co-workers showed that AP aggregates larger than 50 kDa were five
times less toxic than AP aggregates smaller than 50 kDa (29). Based on dot-blotting, ThT
fluorescence and TEM, the vast majority of fibrils were formed almost exclusively after day 2
(Figure 2.2, 2.3, and 2.7). Consequently, at day 3, fibrils were the major toxic moieties.
However, when A} was incubated with 3x BBG, cell viability significantly recovered to 92% (P
< 0.001), which is comparable to the viability of cells incubated only with 3x BBG, without AP.
Based on the cell viability results, we concluded that 3x BBG completely mitigates Af-
associated cytotoxicity. Moreover, these findings suggest that the majority of oligomers and

protofibrils formed in the presence of 3x BBG observed in TEM in fact are non-toxic and
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structurally distinct from toxic AP species formed in the absence of BBG. This confirms that
BBG reduces Ap-associated toxicity by promoting the conversion of A monomer to off-

pathway, non-toxic intermediates.
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Figure 2.6. Dose-dependence of AP aggregation modulation by BBG. 50 uM of A3 monomer
was incubated at 37 °C in the absence (No BBG) or presence of the indicated concentrations of
BBG (from 0.001x to 10x) for up to 3 days. Samples were taken on the indicated day and spotted
onto a nitrocellulose membrane. Each membrane was immunostained with the A11 (4), 4G8 (B),
or 6E10 (C) antibody. The blot images were taken by a UVP BioSpectrum imaging system. The
blot image of All-reactive signal of AP samples incubated with varying concentrations of BBG
for two days was processed by ImageJ (NIH). The data were fitted to a sigmoid curve (R*= 0.99)

D).
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Dose-Dependent Inhibition of AB-Associated Cytotoxicity by BBG

In order to evaluate dose-dependent ability of BBG to inhibit AB-associated cytotoxicity,
preformed AP aggregates were prepared by incubating A monomer in the absence (control) or
presence of varying concentrations of BBG from 0.001x to 10x at 37 °C for 2 days. The resulting
preformed species were administered to SH-SYS5Y cells and viability was measured after 48
hours using MTT reduction. From 0.001x (5.0 nM) to 0.1x (0.5 uM) BBG, cell viability
(approximately 72%) was comparable to that of the control. However, cell viability dramatically
improved when 0.5x BBG (2.5 uM) or greater was co-incubated with AP (Figure 2.5).
Consequently, from 3x to 10x BBG, cell viability was maintained in the range of 91 to 93%.
When the data were fitted to a sigmoid dose-dependent curve (R? = 0.99), a half maximal
effective concentration (ECsp) value of 0.55x BBG was obtained. This value corresponded
almost exactly to the significant reduction in the AB-associated cytotoxicity observed at 0.5x
BBG. These results clearly demonstrate that BBG inhibits AB-associated cytotoxicity in a dose-
dependent manner.

Based on the results described earlier, it is obvious that BBG inhibits formation of Al1-
reactive AP oligomers and AB-associated cytotoxicity in a dose-dependent manner. Furthermore,
the ECsy value (0.55x BBG) derived from Ap-associated cytotoxicity sigmoidal regression
(Figure 2.5) corresponds well to the ICsy values (0.72x BBG) derived from the sigmoidal
regression of inhibition of Al1-reactive AP species formation by BBG (Figure 2.6D). Therefore,
we conclude that the inhibition of AP-associated cytotoxicity directly correlates with the
aggregation modulation effects of BBG. Furthermore, considering that BBG-induced oligomers
are non-toxic, reduction of AB-associated cytotoxicity is attributed to BBG-induced, non-toxic

oligomer formation.
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Figure 2.7. Time course of ThT fluorescence of AP samples with varying concentrations of
BBG. 50uM of AP monomer was incubated at 37 °C in the absence (no BBG) or presence of the
indicated concentrations of BBG (from 0.001x to 10x) for up to 80 hours. 5 uL of AP sample

was taken at 0, 6, 24, 32, 48, 54, 72 and 80 hours for ThT fluorescence analysis. ThT
fluorescence was measured in arbitrary units (a.u.). Values represent means + standard deviation
(n=3).

Bias of ThT Fluorescence Reading at High Concentration of BBG

We used ThT binding to verify the onset of fibril formation at varying concentrations of
BBG. As BBG concentration was increased ThT fluorescence of AP sample decreased
accordingly (Figure 2.7), consistent with our findings and observations at 3x BBG. In order to
quantify the inhibition of ThT fluorescence by BBG, we plotted ThT fluorescence versus BBG
concentrations from 10°x to 10x BBG (Figure A1l). Data fitting to a sigmoid curve (R*= 0.99)
generated an ICso value of 0.03x BBG, which is one order of magnitude lower than those
determined for the inhibition of All-reactive species formation by BBG. To explain this

discrepancy, we hypothesized that ThT fluorescence reading was biased due to either spectral
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interference of BBG on ThT fluorescence measurement or competitive binding of BBG to ThT
binding sites on amyloid fibrils. Carver et al. reported that curcumin and quercetin significantly
skewed ThT fluorescence measurements via spectral interference, where alternatively resveratrol
introduced a measurement bias by competing with ThT for amyloid fibril binding sites (225).
Since BBG at neutral pH has negligible absorbance at both 450 nm (excitation wavelength of
ThT fluorescence) and 485 nm (emission wavelength of ThT fluorescence) (226), spectral
interference was ruled out as a source of the bias. Next, to determine whether BBG and ThT
competitively bind to the same sites, we measured the ThT fluorescence of preformed amyloid
fibrils that were momentarily mixed with varying concentrations of BBG immediately prior to
addition of ThT (Figure A2). As BBG concentration increased, ThT fluorescence decreased
accordingly. When the data were fitted to a sigmoidal curve (R2 =0.99), an ICs( value of 0.16x
BBG was obtained. From this we concluded that the ThT fluorescence measurements of A}
samples co-incubated with BBG can be biased since BBG at high concentrations can interfere
with ThT binding to amyloid fibrils. Consequently, the ThT fluorescence assay should be used

with caution at high concentrations of BBG.

Modulation of AP aggregation by BBG analogs

In order to determine whether any structural features of BBG are critical in modulating
AP aggregation and cytotoxicity, modulation of AP aggregation by three close structural analogs
of BBG (BBR, BBF and FGF) were examined by dot blotting and TEM analysis. The four
compounds (BBG, BBR, BBF, and FGF) are congeners sharing the common triphenylmethane
structure. Both BBF and FGF are the FDA-approved food dyes (227). Similar to BBG, BBR is

commonly used to stain proteins in protein electrophoresis. However, the chemical structure of
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BBR differs from BBG by lacking two methyl groups attached to triphenylmethane (Figure 2.1).
Both BBF and FGF have three benzenesulfonate functional groups, whereas BBG and BBR have
two benzenesulfonate functional groups and one uncharged diphenylamine group (Figure 2.1).
FGF differs from BBF with only one hydroxyl functional group attached to one of the

benzenesulfonate functional groups (Figure 2.1).
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Figure 2.8. Modulation of AP aggregation by BBG analogs, BBR, BBF and FGF. 50 uM of A
monomer was incubated at 37 °C in the absence (No Dye) or presence of the indicated
concentrations of BBR, BBF or FGF (1x, 3x, and 10x) for up to three days. Samples were taken
on the indicated day and spotted onto a nitrocellulose membrane. Each membrane was
immunostained with the A11 (4), 4G8 (B), or 6E10 (C) antibody.

Three different concentrations (1x, 3x, and 10x) of each BBG analog were co-incubated
with 50 uM of AP up to three days and the immuno-reactivities of the AP samples were
monitored by All, 4GS, and 6E10 AB-specific antibodies. Similar to BBG, BBR reduced toxic
All-reactive AP species. In the presence of 3x BBR, the All-reactive AP signal became less

than half the All-reactive signal of AP sample incubated without any dye, though 1x BBR did
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not make a substantial change in the All-reactive signal (Figure 2.8A). Co-incubation of 10x
BBR with the AP samples led to almost complete elimination of the All-reactive species.
However, considering that even 1x BBG substantially reduced All-reactive signal (Figure
2.6A), BBR is less effective than BBG in reducing Al1l-reactive species. Similar to 10x BBG,
10x BBR substantially reduced the 4G8-reactive signal, which suggests that both BBR and BBG
bind to the hydrophobic patch (4G8 epitope) of AP in a similar fashion (Figure 2.8B). In
contrast, even at 10x BBR, there was no substantial reduction of the 6E10-reactive signal, which
suggests that BBR interaction mode of AP is different from that of BBG (Figure 2.6C and 2.8C).
These results suggest that BBR reduces All-reactive toxic species, but the interaction mode of
BBR with A is different from that of BBG.

In sharp contrast to BBG, both BBF and FGF exhibited little or minor changes in the
immuno-reactivities of the AP samples against the A11 and 4G8 antibodies from the AP samples
incubated without any dye (Figure 2.8A to C). In particular, even 10x BBF and 10x FGF did not
show any substantial reduction of the neurotoxic All-reactive AP species. At day 3, the AP
samples incubated with either BBF or FGF exhibited strong 6E10 signals, whereas AP
aggregates formed in the absence of any dye exhibits very weak 6E10 signals (Figure 2.8C).
These 6E10 epitope accessibility results suggest that BBF- or FGF-induced A protofibrils and
fibrils have conformations different from those of AP protofibrils and fibrils formed in the
absence of any dye.

Morphology of AP aggregates formed after two days in the absence (no dye control) or in
the presence of one of BBG congeners was analyzed by negative-stain TEM (Figure 2.9). Similar
to BBG, co-incubation of 10x BBR promotes short oligomer formation (less than 100 nm), but

inhibits amyloid fibril formation (Figure 2.9B and C). In contrast, both BBF and FGF induce
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formation of the mixture of long fibrils and protofibrils, whereas the AP aggregates incubated
with BBG for two days are predominantly curvilinear oligomers (Figure 2.9B, D, and E). In
contrast, morphology of the AP aggregates formed in the presence of either BBF (Figure 2.9D)
or FGF (Figure 2.9E) are similar to that of the AP aggregates formed in the absence of any dye
(Figure 2.9A), which is consistent with the dot-blot results that there are little or minor
differences in the immuno-reactivities of the AP aggregates formed in the absence or in the
presence of BBF or FGF. These results strongly suggest that the both BBG and BBR effectively
modulate AP aggregation by promoting short oligomer formation but inhibiting fibril formation.
In contrast, both BBF and FGF are not as effective in modulating AP aggregation as BBG and
BBR, but promote formation of the mixture of protofibrils and fibrils.

A B C

D E

Figure 2.9. TEM images of 50 uM of AP incubated for two days at 37 °C in the absence of any

dye (A4), or in the presence of 10x BBG (B), 10x BBR (C), 10x BBF (D), or 10x FGF (FE). Scale
bar is 100 nm.
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Modulation of AP cytotoxicity by BBG analogs. Modulating effects of the BBG analogs on
AB-associated cytotoxicity were also evaluated by MTT reduction assay of SH-SYSY cells
(Figure 2.10). Similar to 3x BBG, co-incubation of 3x BBR with AP samples recovers the
viability of SH-SYS5Y cells from 76% to 97% (Figure 2.10), which is consistent with the reduced
neurotoxic All-reactive signal of the AP aggregates at 3x BBR (Figure 2.8A). However,
compared with 1x BBG, co-incubation of 1x BBR exhibits less increase in the SH-SY5Y cell
viability (86%) consistent with lower reduction of All-reactive signal. These findings support
the idea that BBR reduces AB-associated cytotoxicity but is less effective than BBG.

In contrast, BBF and FGF are less effective in modulating the AB-cytotoxicity than BBG
and BBR. Even at 3x BBF and FGF, the SH-SYS5Y cell viability was 80% and 86%, respectively,
which is higher than the cell viability without any dye but 10% lower than the cell viability with
either 3x BBG or 3x BBR. A moderate reduction of AP cytotoxicity produced by BBF or FGF
may be due to increased conversion of more toxic oligomers into less toxic fibrils (Figure 2.9D
and E). Investigations are underway to reveal the underlying mechanisms for this behavior.

Based on our findings, we identify several important structural features of BBG on
modulating AP aggregation and cytotoxicity. Although all four triphenylmethane-based BBG
and analogs exhibit modulating ability on AP aggregation, structural differences of BBG and
BBR from BBF and FGF (one additional diphenylamine group and one less benzenesulfonate
group) are responsible for the unique interaction mode of BBG and BBR on A leading to
formation of non-toxic AP aggregates. In particular, one sulfonate group connected to
triphenylmethane is expected to perturb pi-pi stacking interaction by an electron withdrawing

sulfur atom. Furthermore, considering that BBG is more effective in modulating A aggregation
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and cytotoxicity than BBR, the two additional methyl groups in BBG should also be considered

important.
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Figure 2.10. Viability of neuroblastoma SH-SYSY cells incubated with pre-formed Ap samples
in the presence of BBG or BBG analogs (BBR, BBF, and FGF). Preformed A aggregates were
prepared by incubating 50 uM of AP monomer in the presence of BBG or BBG analogs at 37 °C
for two days, as indicated in the graph. Aggregates were then administered to SH-SYSY cells at
a final concentration of 5 uM. After 48 hours, mitochondrial metabolic activity was measured
using MTT reduction. Cells administered with PBS as a control (Black), A samples incubated
without BBG (White with pattern), AP samples incubated with 1x dye (White) or 3x dye (Grey).
Values represent means + standard deviation (n > 3). Values are normalized to the viability of
cells administered with PBS only. Two-sided Student’s t-tests were applied to the data. * P <
0.001, ** P <0.01.

Taken together, our results conclusively establish that BBG effectively reduces neurotoxic
All-reactive AP intermediates by inducing the formation of non-toxic AP aggregates. BBG
inhibited the formation of All-reactive AP aggregates in a dose-dependent manner. The ICsg
value in the inhibition of Al1-reactive AP aggregate formation by BBG after two-day incubation
was 0.72x BBG. Negative-stain TEM, ThT fluorescence assay and dot-blotting assay results

49



strongly support the idea that BBG promotes the formation of All-unreactive, off-pathway A
oligomers and protofibrils, but inhibits the formation of amyloid fibrils. 15 uM of BBG (3x
BBG) conferred only a minor cytotoxicity (5%) to neuroblastoma SH-SYSY cells, which is
approximately one third of the cytotoxicity of 5 uM of A monomer. At 3x BBG, AB-associated
cytotoxicity was completely suppressed throughout the duration of our study (three days). BBG
effectively inhibits AB-associated cytotoxicity in a dose-dependent manner. The ECsy value of
inhibition of AB-associated cytotoxicity by BBG was 0.55x BBG. These results strongly support
the idea that the inhibition of AB-associated cytotoxicity by BBG directly correlates with the
reduction of neurotoxic All-reactive AP aggregates by BBG. Comparative studies of BBG and
BBG analogs on modulation of AP aggregation and cytotoxicity revealed that the structural
differences of BBG and BBR from BBF and FGF are critical for the unique interaction of BBG
and BBR with APB. Furthermore, considering that BBG is more effective in modulating Af
aggregation and cytotoxicity than BBR, the two additional methyl groups attached to the
triphenylmethane structure in BBG are also important. The inhibitory effects of BBG on Ap-
associated cytotoxicity as well as highly favorable biocompatibility and BBB-permeability make

BBG a promising lead compound for future AD therapeutic development.
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Chapter 3

Halogenation generates effective modulators of amyloid-beta aggregation and

neurotoxicity
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Abstract

Halogenation of organic compounds plays diverse roles in biochemistry, including
selective chemical modification of proteins and improved oral absorption/blood-brain barrier
permeability of drug candidates. Moreover, halogenation of aromatic molecules greatly affects
aromatic interaction-mediated self-assembly processes, including amyloid fibril formation.
Perturbation of the aromatic interaction caused by halogenation of peptide building blocks is
known to affect the morphology and other physical properties of the fibrillar structure.
Consequently, in this article, we investigated the ability of halogenated ligands to modulate the
self-assembly of amyloidogenic peptide/protein. As a model system, we chose amyloid-beta
peptide (AP), which is implicated in Alzheimer’s disease, and a novel modulator of Af
aggregation, erythrosine B (ERB). Considering that four halogen atoms are attached to the
xanthene benzoate group in ERB, we hypothesized that halogenation of the xanthene benzoate
plays a critical role in modulating AP aggregation and cytotoxicity. Therefore, we evaluated the
modulating capacities of four ERB analogs containing different types and numbers of halogen
atoms as well as fluorescein as a negative control. We found that fluorescein is not an effective
modulator of A aggregation and cytotoxicity. However, halogenation of either the xanthenes or
benzoate ring of fluorescein substantially enhanced the inhibitory capacity on A} aggregation.
Such AP aggregation inhibition by ERB analogs except rose bengal correlated well to the
inhibition of AP cytotoxicity. To our knowledge, this is the first report demonstrating that
halogenation of aromatic rings substantially enhance inhibitory capacities of small molecules on

ApB-associated neurotoxicity via AP aggregation modulation.
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Introduction

Halogenation has been widely used to provide organic compounds including
biomolecules with new properties. Introduction of aryl halides into proteins allows chemical
modification via versatile palladium catalyzed cross-coupling reactions with terminal alkene or
alkyne reaction partners (228, 229), and facilitates monitoring structural changes of protein (230,
231). Halogen groups are often inserted during hit-to-lead or lead-to-drug conversions for several
reasons, including enhanced antagonistic/agnostic effects due to improved oral absorption/blood-
brain barrier permeability (232). Furthermore, it was reported that halogenation of aromatic
molecules greatly affects aromatic interaction-mediated self-assembly processes (233). Aromatic
interaction plays an important role in a broad spectrum of molecular self-assemblies (230, 234-
236). In particular, aromatic interaction is considered one of critical contributors to forming
cross-stacked B-sheet structure, so called, amyloid fibrillar structure (237, 238). Planar aromatic
interaction stabilizes the fibrillar structure and determines the direction and orientation of
amyloid fibrils (239, 240). Therefore, perturbation of the aromatic interaction caused by
halogenation of aromatic building block affects the morphology and physical properties of the
fibrillar structure (230).

Herein, we have investigated whether halogenation of ligands can also affect self-
assembly of amyloid-beta peptide (AP), which is implicated in Alzheimer’s disease (AD). A
pathological hallmark of AD is the accumulation of insoluble protein aggregates, composed
primarily of fibrillar AP aggregates. According to the revised amyloid-cascade hypothesis,
certain types of soluble AP oligomers and protofibrils are more toxic than A fibrils and
correlate well with dementia (29, 80, 176, 177). Therefore, modulation of AP aggregation using

small molecules is considered a promising way to eliminate AP associated toxicity (41, 73, 74,
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89, 178, 179, 183-186, 188, 230, 241-244). We recently reported that red food dye erythrosine B
(ERB) is a novel modulator of AB-aggregation in vitro and AP neurotoxicity (245). The good
biocompatibility and possibility of systemic administration make ERB an attractive inhibitor of
AP neurotoxicity (246, 247). Considering that ERB has multiple aromatic rings attached to four
electronegative halogen atoms (Figure 3.1), we hypothesize that the modulatory capacity of ERB
on A aggregation is attributed to halogen atoms. In order to validate our hypothesis that halogen
atoms are key chemical structures for AP aggregation modulation, we evaluated the modulating
capacities of four ERB congeners containing different type and number of halogen atoms, eosin
Y (EOY), eosin B (EOB), rose bengal (ROB), and phloxine B (PHB) (Figure 3.1). We also
evaluated fluorescein (FLN), which has the same xanthene benzoate backbone similar to ERB
but lacks a halogen atom, as a negative control. If halogenation of aromatic rings is indeed
effective in modulating AP aggregation and cytotoxicity, it will enhance our understanding of
molecular mechanism of amyloid formation and facilitate discovery and design of a new series

of halogenated small molecule modulators of amyloidogenic peptides/proteins.
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PHB FLN

Figure 3.1. Chemical Structure of erythrosine B (ERB), eosin Y (EOY), eosin B (EOB), rose
Bengal (ROB), phloxine B (PHB), and fluorescein (FLN) at neutral pH.

Materials and Methods
Materials
AP40 was purchased from Anaspec Inc. (Fremont, CA) and Selleck Chemicals (Houston,
TX). Human neuroblastoma SH-SY5Y cells were obtained from the American Type Culture
Collection (ATCC; Manassas, VA). Polyclonal A1l anti-oligomer and horseradish peroxidase
(HRP)-conjugated anti-rabbit IgG antibodies were obtained from Invitrogen (Carlsbad, CA). 4G8
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antibody was obtained from Covance (Dedham, MA). Polyclonal OC antibody and 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was obtained from Millipore
(Billerica, MA). Nitrocellulose membranes and ECL advance chemiluminescence detection kit
were obtained from GE Healthcare Life Sciences (Waukesha, WI). Eosin Y was purchased from
Acros Organics (Geel, Belgium). All other chemicals were obtained from Sigma-Aldrich (St.

Louis, MO) unless otherwise noted.

AP Aggregation

AP40 stock was prepared as described previously (245, 248) except the pretreatment
using hexafluoroisopropanol (HFIP). It has been reported that HFIP increases the a-helix content
of a protein and is a strong disaggregating solvent of AP (20, 249). Lyophilized AB40 was
dissolved in 100 % HFIP (1 mM) and incubated at room temperature for 2 hours. HFIP was
evaporated under a constant stream of nitrogen, and the peptide was reconstituted in phosphate
buffered saline (PBS) solution (10 mM NaH,PO,4 and 150 mM NaCl, pH 7.4) to a concentration
of 50 uM. If needed, the HFIP treated peptide was dissolved in 100 mM NaOH (2 mM AQP) prior
to dilution in PBS. Erythrosine B, eosin Y, eosin B, rose bengal, phloxine B, and fluorescein
were dissolved in PBS. Concentrated dye stock solutions were added to the peptide solutions.

The AB40 peptide samples were incubated at 37 °C in the absence or in the presence of the dye.

Thioflavin T (ThT) Assay

5 uL of AP sample (50 uM) was dissolved in 250 pL of ThT (10 uM). Fluorescence was

measured in 96-well microtiter plates (Fisher Scientific, Pittsburgh, PA) using a Synergy 4 UV-
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Vis/fluorescence multi-mode microplate reader (Biotek, VT) with an excitation and emission

wavelength of 438 nm and 485 nm, respectively.

Transmission Electron Microscopy (TEM)

TEM was performed as reported previously (245, 248). AP samples (10 pL of 50 uM AP)
were placed on 200 mesh formvar coated/copper grids, absorbed for 1 minute, and blotted dry
with filter paper. Grids were then negatively stained with 2% uranyl acetate solution, blotted dry,

and then inspected with a JEOL 1010 Transmission Electron Microscope operated at 60 kV.

Dot Blotting

Dot blotting was performed as reported previously (245, 248). 2 uL. AP samples were spotted
onto nitrocellulose membranes and were dried at room temperature. A solution of 0.1 % Tween
20 in Tris-buffered saline (TBS-T) solution (0.1% Tween 20, 20 mM Tris, 150 mM NaCl, pH
7.4) was prepared. Each nitrocellulose membrane was blocked at room temperature for 1 hour (5
% milk TBS-T) and washed with TBS-T. Each membrane was then incubated with antibody
(HRP-conjugated 4GS8, All, or OC antibody) in 0.5% milk TBS-T for 1 hour at room
temperature and washed with TBS-T. After immuno-staining with HRP-conjugated 4GS, the
membranes were coated with ECL advance detection agent (based on manufacturer
specifications) and visualized. Alternatively, all other membranes were incubated with HRP-
conjugated IgG in 0.5 % milk TBS-T for 1 hour and washed with TBS-T. Signal detection was
performed as aforementioned using the ECL. Advance Detection kit and was visualized using a
Biospectrum imaging system (UVP, Upland, CA). HRP-conjugated 4G8 and OC were applied at

a 1:25000 dilution while A11 and HRP-conjugated IgG were applied at a 1:10000 dilution.
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MTT Reduction Assay

MTT reduction assay was performed as reported previously (245, 248). SH-SYSY cells
were cultured in a humidified 5 % CO2/air incubator at 37 °C in DMEM/F 12:1:1 containing 10
% fetal bovine serum and 1 % penicillin-streptomycin. 20000 to 25000 cells were seeded into
each well of a 96-well microtiter plate (BD, Franklin Lakes, NJ) and allowed to acclimate for 3
days. 10 pL of AP sample was added to each well and incubated for 2 days. The cells were
washed by replacing the culture media with fresh media and incubating for 1 hour. The wash
media was replaced with fresh media. 10 uL of MTT was added to each well and incubated in
the dark for 6 hours at 37 °C. After incubation, reduced MTT was dissolved with 200 uL of
DMSO. After reduced MTT dissolution, the absorbance was measured at 506 nm using a

Synergy 4 UV-Vis/fluorescence multi-mode microplate reader (Biotek, VT).

Circular Dichroism (CD)

CD analysis of AP samples was performed as described previously (102, 217). Ap sample
was diluted 1:10 using double distilled water. Samples were measured using a Jasco J710
spectropolarimeter with a 1 mm path length. The reported spectrum for each sample was the
average of at least 5 measurements and the background was subtracted using appropriate
controls. In case of samples containing any dye, the background spectra were obtained using

controls containing the same concentration of the dye.

AP Binding Assay
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The binding of ERB, EOY, ROB, PHB, and FLN to AB40 was assessed using modified
assays based on emission fluorescence quenching techniques described in the literature (250-
253). The concentration of each of the dyes was fixed at 20 uM. In order to evaluate
fluorescence quenching of the dye upon binding to AB40, AB40 was mixed with the dye in a
final concentration of 0 to 25 uM in citrate buffer at pH 4.5. The excitation wavelengths used
are as follows: ERB — 317 nm, EOY — 480 nm, ROB — 510 nm, PHB — 500 nm, and FLN — 432
nm. The emission wavelengths where the data were collected are as follows: ERB — 548 nm,
EOY - 536 nm, ROB — 565 nm, PHB — 555 nm, and FLN - 512 nm. With FLN, fluorescence
quenching was also investigated due to binding to bovine serum albumin (BSA - New England
Biolabs, Ipswich, MA) by mixing with FLN in a final concentration of 0 to 25 uM BSA in citrate
buffer at pH 4.5. Where appropriate, the dissociation constant, K4, was determined using the non-
linear regression curve fitting to Eq. 1 shown below. In Eq. 1, n is the number of binding sites,

and [D] is the molar concentration of free dye.

n[D]

=2 Eaq 1
Kq +[D] 7

Where, n is the average number of dye molecules bound to protein molecule and thus is

calculated as shown in Eq. 2.

And, [D,] and [P,] are the total molar dye (set at 20 uM) and AB40 concentrations, respectively
and X is the fraction of dye bound to AB40 at each AB40 concentration, calculated as shown in

Eq. 3. In Eq. 3, Fjee, Fops., and Fy correspond to the free 20 uM dye fluorescence, fluorescence
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observed at a certain AB40 concentration, and the fully quenched fluorescence values,
respectively.

Ffree— Fobs.
X =L

Eq. 3
Ffree_ Fo

We assessed the binding of EOB to AB40 and BSA, using an absorbance technique
described in the literature based on the observation that upon protein binding (254), the
absorbance maximum of EOB shifts from 514 to 530 £ 5 nm. The concentration of EOB was
fixed at 20 uM. AB40 and BSA concentrations were varied from 0 to 60 uM and 0 to 25 uM,
respectively, and the absorbance was measured at 530 nm. Citrate buffer at pH 4.5 was also used

for the EOB binding assay.

Sequence-Specific Antibody Immunostaining.

Dot blotting was performed as reported previously.(245, 255-257) 2 uL AB40 peptide
samples were spotted onto nitrocellulose membranes and were dried at room temperature. A
solution of 0.1 % Tween 20 in Tris-buffered saline (TBS-T) solution (0.1% (v/v) Tween 20, 20
mM Tris, 150 mM NaCl, pH 7.4) was prepared. Each nitrocellulose membrane was blocked at
room temperature for 1 hour (5 % (w/v) milk TBS-T) and washed with TBS-T. Each membrane
was then incubated with an A sequence-specific primary antibody (HRP-conjugated 4GS, HRP-
conjugated 6e10, 12C3, 2H4, Anti-AB-22-35, or 11A50-B10 antibody) in 0.5% (w/v) milk TBS-
T for 1 hour at room temperature and washed with TBS-T. After immunostaining with HRP-
conjugated 4G8 and 6el10 primary antibodies, the membranes were coated with ECL Prime

detection agent (based on manufacturer specifications) and visualized. Alternatively, all other
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membranes were incubated with the appropriate HRP-conjugated anti-mouse or anti-rabbit IgG
secondary antibody in 0.5 % (w/v) milk TBS-T for 1 hour and washed with TBS-T. Signal
detection was performed as aforementioned using the ECL Prime Detection kit and was
visualized using a Biospectrum imaging system. HRP-conjugated 4G8, 6e10, and IgG secondary
antibodies along with the 11A50-B10 antibody were applied at a 1:10000 dilution, while the
2H4, 12C3, and Anti-AB-22-35 antibodies were applied at a 1:7000 dilution. When appropriate,

the resulting dot blot intensities were quantified using Image J.

Results and Discussion

ERB, EOY, and PHB Substantially Inhibit Ap-Associated Cytotoxicity

In order to evaluate the modulation capability of ERB and its analogs (EOY, EOB, PHB,
and ROB), we employed the widely-used MTT reduction assay (80, 185, 219, 220, 245, 248).
AP aggregates were prepared by incubating A} monomers with or without 3x ERB analog. In
the absence of any ERB analog, AP aggregation was monitored by ThT fluorescence assay. The
ThT fluorescence of AP aggregates started to increase at day 4 and reached the plateau at day 6
(Figure 3.2A), indicating that AP protofibrils and fibrils were primarily formed from day 4. In
order to evaluate cytotoxicity of AP aggregates containing AP intermediates, we chose AP
samples incubated for 5 days in the absence or presence of 3x ERB analog. The preformed A
aggregates were then administered to neuroblastoma SH-SYS5Y cells, and cell viability was
determined by MTT reduction (Figure 3.2B). We determined whether A monomer or ERB
analog is cytotoxic to neuroblastoma SH-SYSY cells, and the results are shown in Figure 3.2B.
AP monomers (5 uM) caused a mild reduction (11%) in the cell viability. All ERB analogs (15

uM) except ROB also caused only mild reduction in the cell viability ranging from 0 to 8%.

62



However, 3x ROB substantially reduced the cell viability (34%). ROB has been tested to ablate
certain types of cancer cells including melanoma (258, 259), and so it is not surprising that ROB
is cytotoxic to SH-SYSY cells.

Next, we determined the cytotoxicity of Ap monomers incubated with or without ERB
analog for 5 days, and the results are shown in Figure 3.2B. 5 uM of A aggregates without any
ERB analog (AP control) substantially reduced the cell viability to 63%. Co-incubation of A
monomers in the presence of 3x EOB (15 pM) resulted in an SH-SYSY cell viability was 65%,
which is not significantly different from that of AP control. However, co-incubation of AP
monomer with 3x ERB, EOY, or PHB significantly increased the cell viability (around 21%). In
the presence of 3x ROB, cell viability was 70%, which is only 7% higher than that of the A
control. The MTT reduction assay results clearly indicate that 3x ERB, EOY, and PHB can
substantially inhibit AB-associated cytotoxicity but 3x EOB cannot. The A} monomers incubated
with 3x ROB (15 pM) led to a substantial reduction in the cell viability (30%). However, since
3x ROB alone (no AB) was intrinsically toxic and led to a similar reduction in cell viability
(34%), it is difficult to gauge the effect that 3x ROB coincubation had on Ap-induced
cytotoxicity. In order to clarify this, we repeated the MTT cell viability assay, this time
comparing the results obtained using 2.5 puM and 5 pM AP, both with corresponding
concentrations of 3x ROB (7.5 uM and 15 pM, respectively — Figure B1; Panels A and B in the
Supporting Information). Since the ThT fluorescence of the AP aggregates reach a plateau at day
6, the AP aggregates in day 3 were used as A intermediate controls. When 5 uM A and 15 uM
ROB was used, we again observed a substantial reduction in cell viability upon the addition of
3x ROB alone and AP intermediate controls compared to AP monomer and PBS samples (Figure

C1; Panel A). However, when concentrations of 2.5 uM AP and 7.5 uM ROB were applied to
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the cells, the intrinsic cytotoxicity of ROB alone (no AP) was greatly reduced to approximately
the level of the A monomer control (Figure C1; Panel B). These results allowed us to interpret
the true effect ROB had on AB-induced toxicity. Similar to EOB, coincubation of A monomers
with 3x ROB for 3 days did not significantly alleviate the AB-associated cytotoxicity displayed
by the AP intermediate control. Next, in order to investigate the effect that dye binding to AP had
on Af-associated toxicity, AP intermediates from day 3 of aggregation were mixed with 3x ROB
and immediately added to the SH-SYS5Y cells. As with coincubation, the results showed that
ROB binding to AP did not alleviate the associated toxicity (Figure C1; Panels A and B). In
addition, since the AP intermediates mixed with 3x ROB immediately prior to addition to the
cells showed similar cell viability to the AP intermediate control, we concluded that the intrinsic
toxicity of ROB and AP are not additive.

It should be noted that careful execution of the MTT reduction assay and interpretation of
the results is required due to several factors. The first potential issue is that AP induces expedited
exocytosis of reduced MTT. Several reports have shown that AP aggregates can facilitate
reduced crystalline MTT deposition on the cell surface leading to decreased MTT uptake (260-
262). In our previous studies, there was good correlation between MTT reduction and cell
viability which was corroborated by Alamar blue reduction, which maintains solubility upon
reduction (248). Therefore, the MTT reduction assay was considered valid with the described
cell line and AP preparation method. The second issue relates to potential spectral interference
between the dyes being investigated and reduced MTT. In order to minimize this potential issue,
all viability assays incorporated thorough washing steps, as detailed in the Methods section. To
validate the thoroughness of the washing steps, residual dye concentrations were quantified. The

results showed that less than 3% of residual dye remained in the wells after washing (Table B1 in
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the Supporting Information). Next, we quantified the interference effect these quantities might
have on the final MTT absorbance measurement. Our results showed that the interference was
less than 5% for all dyes ( Table B1 in the Supporting Information), which is consistent with the
random uncertainty of the MTT assay (4 to 6%) in Figure 3.2B and Figure B1, which indicates
that the dyes do not cause significant spectral interference in the MTT assays.

By correlating the chemical structures of ERB analogs and their inhibitory capacities on
AP cytotoxicity, we deduced the following. First, EOY, which contains four bromine atoms in
the same locations as the four iodine atoms in ERB, exhibited similar inhibitory capacities on A
cytotoxicity as ERB. However, EOB, which contains two nitro groups in the place of the two
bromine atoms in the xanthene group of EOY, did not show any significant inhibitory capacity
on AP cytotoxicity. Therefore, these findings clearly indicate that either bromine or iodine atoms
in the two positions of xanthene group are critical for AP cytotoxicity inhibition. Second, PHB,
which contains four extra chlorine atoms in the benzoate ring structure present in EOY, exhibits
significant inhibitory capacities on AP cytotoxicity (similar to EOY). The third conclusion we
made was in regards to ROB, which did not eliminate Ap-associated cytotoxicity. ROB differs
from ERB in that it is outfitted with four extra chlorine atoms in the benzoate ring and differs
from PHB in that the bromine atoms on the xanthene group are replaced with iodine. The ROB
results clearly indicate that not only the presence, but also the specific position of the

halogenation, is important in determining the potency in inhibiting AB-cytotoxicity.
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Figure 3.2. Monitoring AP aggregation by ThT fluorescence assay and measuring A-associated
cytotoxicity using MTT reduction assay. (A) Time course of ThT fluorescence of A} samples. 50
uM of AP monomer was incubated at 37 °C. 5 uL of AP sample was taken daily for 8 dyes for
ThT fluorescence analysis. ThT fluorescence was measured in arbitrary units (a.u.). Values
represent means + standard deviation (n = 3). (B) Viability of neuroblastoma SH-SYSY cells
incubated with ERB analog controls and pre-formed AP samples in the absence or presence of
ERB analog. Preformed AP aggregates were prepared by incubating 50 uM of A} monomer in
the absence or presence of ERB analog (EOB, PHB, EOY, ERB, EOY, or ROB) at 37 °C for 5
days. Aggregates were then administered to SH-SYSY cells at a final concentration of 5 uM.
After 48 hours, MTT reducing activity was measured. Values represent means + standard
deviation (n > 3). Values are normalized to the viability of cells administered with PBS only.
Two-sided Student’s t-tests were applied to the MTT reduction data of AP aggregates in the
presence of ERB analog at day 5 compared to that of the AP only control. (NS; Not significant,
*; P <0.001, **; P <0.05).
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Figure 3.3. CD spectra of Ap monomer and preformed AP aggregates. (A) CD spectra of AP
monomer, AP aggregates formed in the absence or presence of 10x EOB or PHB for 5 days at 37
°C. (B) CD spectra of AP aggregates formed in the absence or presence of 10x EOY, ERB, or
ROB for 5 days at 37 °C.
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AP Monomers Aggregate to Form Prefibrillar and Fibrillar Aggregates

In order to determine whether AP cytotoxicity inhibition by ERB analogs is associated
with AP aggregation modulation, we characterized the AP aggregates formed in the absence or
presence of each ERB analog using CD, TEM, and dot-blot assays. CD analysis has been widely
used to monitor secondary structure changes of proteins (14, 263-265). The CD spectrum of A}
monomer did not exhibit any spectral feature of a-helix and B-sheet, but showed typical features
of dominantly disordered structure (Figure 3.3A). The CD spectrum of AP aggregates at day 5
exhibited the typical signatures of B-sheet structure, including a minimum at 217 nm (Figure
3.3A), which indicate that disordered AP monomers aggregated into B-sheet rich fibrillar
aggregates.

The TEM image of AP monomers incubated for 5 days also clearly show the existence of
the AP aggregates consisting of protofibrils and short fibrils (Figure 3.4; Panel AP only).
Recently, dot-blotting with AB-specific antibodies was widely used to detect the spectrum of A}
aggregates with different conformations (20, 80, 198, 205-207, 242). OC is a polyclonal antibody
that reacts with neurotoxic fibrillar oligomers, protofibrils and fibrils (80, 206). It was shown
that AB-associated toxicity could be eliminated by reducing the OC-reactive species (80). Dot-
blot assay using the OC antibody confirmed the existence of fibrillar structure at day 5 (Figure
3.5; Panel OC). 4G8 is an Ap-sequence-specific monoclonal antibody (208-211) of which
epitope is known to be residues 17 to 24 of AP. During transition from monomers to fibrils, -
sheet stacking buries the 4G8 epitope and ultimately limits 4G8 antibody access to the epitope
leading to a significant reduction in the 4G8 reactivity (245, 248, 266). Therefore, the reduction
in 4G8 reactivity of AP} aggregates at days 5 and 6 can be attributed to the formation of fibrils

and the lateral fibril stacking (Figure 3.5; Panel 4G8). All is a polyclonal antibody that reacts
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with disordered prefibrillar aggregates (80). The weak All-reactivity of the AP aggregates at
day 5 indicate that content of disordered prefibrillar AP aggregates was low (Figure C2 in
Supporting Information). Therefore, the CD, TEM, and dot-blot results using Ap-specific
antibodies clearly show that the AP aggregates at day 5 mainly consist of fibrillar aggregates

including protofibrils and short fibrils.

AB only EOB EOY

PHB ERB ROB

Figure 3.4. TEM images of 50 uM of AP incubated for five days at 37 °C in the absence of any
dye (AP only), or in the presence of 3x EOB, EOY, PHB, ERB, or ROB. Scale bar is 100 nm.
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Figure 3.5. Modulation of AP aggregation by ERB and ERB analogs. 50 uM of A} monomer
was incubated at 37 °C in the absence (AP only) or presence of 3x and 10x ERB analogs (EOB,
EOY, ERB, ROB, and PHB) for up to 6 days. For each antibody, all samples were spotted onto
one nitrocellulose membrane. Each membrane was immuno-stained with the OC or 4G8
antibody. For clearer presentation of the data, the sections of each membrane were cut and re-
arranged.
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Figure 3.6. Modulation of AP aggregation and cytotoxicity by FLN. (A) CD spectra of A
monomer incubated for 7 days at 37 °C in the absence (A aggregate) or presence of 10x FLN
(FLN). (B) TEM images of 50 uM of AP incubated for seven days at 37 °C in the absence of any
dye (AP only), or in the presence of 3x FLN. Scale bar is 100 nm. (C) Dot blot images of A
aggregates formed without (AP only) or with 3x and 10x FLN using OC and 4G8 antibodies.
For each antibody, all samples were spotted onto one nitrocellulose membrane. Each membrane
was immuno-stained with the OC or 4G8 antibody. For clearer presentation of the data, the
sections of each membrane were cut and re-arranged. (D) Viability of neuroblastoma SH-SY5Y
cells. Three controls (PBS buffer, AR monomer, and FLN) and two AP aggregates formed in the
absence or presence of 3x FLN at 37 °C for 5 days. Values represent means + standard deviation
(n > 3). Values are normalized to the viability of cells administered with PBS buffer only. Two-
sided Student’s t-tests were applied to the MTT reduction data. (*; P = 0.013).
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EOB Does Not Modulate Ap Aggregation, but PHB Substantially Inhibits Ap Aggregation

Next, we characterized the AP aggregates formed in the presence of 3x or 10x EOB. The
CD spectrum of AP aggregates formed with EOB exhibits dominant B-sheet structure, possibly
fibrillar structures, similar to that of AP control (Figure 3.3A). The TEM images also show that
the EOB-induced AP aggregates have protofibrils and short fibrils similar to the AB control
(Figure 3.4; Panels EOB and A only). Furthermore, the EOB-induced AP aggregates exhibit
immuno-reactivity against OC-, 4G8-, and All-antibodies similar to those of the AP control
from days 0 to 6 (Figure 3.5; Figure B2 in Supporting Information). The CD, TEM, and dot-blot
assay results clearly indicate that the co-incubation of EOB with A monomer does not
substantially affect A aggregation process, which is consistent with the MTT reduction results
showing that the cytotoxicity of the EOB-induced A} aggregates was comparable to that of A
control (Figure 3.2B). These findings indicate that addition of two nitro groups and two bromine
atoms to xanthene benzoate does not enhance modulatory capacity on AP aggregation and
cytotoxicity. However, considering the possibility of negative effects of two nitro groups on the
modulatory capacity of halogenated xanthene benzoates, we also tested the other xanthene
benzoate derivatives which contain only halogen atoms.

In case of PHB, the CD, TEM, and dot-blot assay results clearly indicate that co-
incubation of Af monomer with PHB significantly inhibits the A} aggregation process (Figures
3.3A, 3.4, and 3.5). First, the CD spectrum of the AB monomers co-incubated with PHB for 5
days do not show any typical features of a-helical and B-sheet structure strongly indicating that
the PHB-induced AP species has the disordered structure (Figure 3.3A). In the TEM image of

the PHB-induced A[ species, no AP aggregates were observed (Figure 3.4; Panel PHB)
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indicating no large molecular weight aggregates are present in the AP sample. Since no
aggregates were detected in the TEM image, the dot-blot assays using fibrillar or disordered
oligomer-specific antibodies (OC- or All-antibodies) were employed to monitor formation of
AP oligomers. The AB monomers co-incubated with either 3x or 10x PHB exhibit neither OC-
nor All-reactivity, indicating that the PHB-induced AP species were neither fibrillar nor
disordered prefibrillar AB oligomers (Figure 3.5 Panel OC; Figure B2 in the Supporting
Information). Therefore, the TEM, CD, and dot-blot assay results strongly support the idea that
co-incubation of PHB significant inhibits formation of any AP oligomers/higher molecular
weight aggregates, but allows maintaining A monomer-like structural features. Considering
that AR monomer is known to be a non-toxic species (80, 245, 248), the substantial reduction of
Ap-associated cytotoxicity by co-incubating A monomer with PHB can be attributed to the A}

monomer-like structure of the PHB-induced A} species.

EQY, ERB, and ROB Substantially Inhibit Fibrillar Structure Formation

We then characterized the AP aggregates formed in the presence of 3x or 10x EQY,
ERB, or ROB. The three CD spectra of the AP aggregates formed with one of the three ERB
congeners (10x EOY, ERB, and ROB) were almost overlapped (Figure 3.3B), indicating that the
secondary structure contents of the AP aggregates are similar. The negative epllipticity value
over all ranges of wavelength and the strong negative ellipticity values below 200 nm indicate
the typical features of denatured proteins (267) or disordered AP aggregates induced by small
molecules (80, 89). Therefore, the CD analysis results support the idea that the three AP
aggregates formed with EOY, ERB, and ROB have an increased disordered structure content but

a decreased P-sheet structure (possibly fibrillar structure) compared to A control. However, the
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overlapped CD spectra of the AP samples with the three 10x dyes make it difficult to determine
relative APB-aggregation modulating capacities of the three dyes. Therefore, the CD spectrum of
the AP aggregates formed with a lower concentration (3x) of EOY, ERB, or ROB was also
obtained (Figure C3 in Supporting Information). The estimated -sheet content, possibly fibrillar
structure, of the AP} samples with the three dyes based on the ellipticity value around 217 nm is
in descending order of EOY, ERB and ROB. The TEM images of the three AP} aggregates
formed with EOY, ERB, and ROB also show that the morphology of the three A} aggregates are
quite different from that of AP control (Figure 3.4). The EOY-induced AP aggregates are
primarily small protofibrils in the length of 20 to 40 nm and a small portion of ~ 100 nm straight
protofibrils (Figure 3.4; Panel EOY), whereas the A} control mainly consisted of protofibrils and
fibrils in the length of > 300 nm (Figure 3.4; Panel AP only). The ERB-induced AP aggregates
are curvilinear aggregates protofibrils, suggesting that the disordered structure content is higher
than that of the AP control (Figure 3.4; Panel ERB). The ROB-induced A} aggregates also
appeared as curvilinear protofibrils, but are thinner than the ERB-induced A aggregates (Figure
3.4; Panel ROB). Dot-blot assays using the OC and A1l antibodies were employed to estimate
the relative amount of fibrillar and prefibrillar aggregates in the AP samples. At day 5, the EOY-
, ERB-, and ROB-induced AP aggregates were in descending order of OC-reactivity (Figure 3.5;
Panel OC), which is quite consistent with the trend found in the CD analysis (Figure C3 in the
Supporting Information). In contrast, the ROB-, ERB-, and EOY-induced A} aggregates were in
the descending order of All-reactivity (Figure C2 in Supporting Information). Since the ROB-
induced AP aggregates exhibit very high All-reactivity, we investigated whether there was any

spectral interference of all ERB analogs with the dot-blot assay using the A1l antibody. The
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ERB congeners alone as well as the Al1-reactive AP aggregates were spotted to a nitrocellulose
membrane and then the All-reactivity of the samples was determined. Only ROB exhibits a
significant All-reactivity comparable to those of AP samples (Figure C4 in Supporting
Information). Therefore, caution should be taken to interpret All-reactivity of AB samples
containing ROB. None of the ERB congeners exhibit a significant immuno-reactivity against the
OC and 4GS antibodies (data not shown). The decrease in the OC-reactivity of the ERB analogs
can be directly interpreted as a decrease in the fibrillar structure content, but the increase in the
All-reactivity of the ROB-induced should not be interpreted as an increase in the prefibrillar
content.

For all three ERB congeners (EOY, ERB and ROB), the CD spectra, TEM images, and
dot-blot assay using OC-antibody clearly indicate that there was a substantial of reduction in the
fibrillar structure. Combined with the MTT reduction assay results (Figure 3.2B), such a
reduction in the fibrillar structure can be attributed to a reduction in the Af-associated
cytotoxicity for EOY and ERB. Although the All-reactivity of the ROB-induced A aggregates
is greater than that of the A control, the All-reactivity is most likely overestimated. It is also
interesting to note that even though ROB did not reduce AB-associated cytotoxicity in the MTT

assay, these results show that it is clearly a potent inhibitor of the Ap-aggregation.

FLN Does Not Effectively Modulate Ap Aggregation and Cytotoxicity

Investigating the modulatory capacities of ERB congeners on AP cytotoxicity and
aggregation reveals that even a subtle change in their chemical structure from the ERB structural
template can affect their modulatory capacities. In order to further validate our hypothesis that

the modulatory capacities of the ERB congeners are related with the presence of halogen atoms,
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we also evaluated the modulatory capacities of FLN as a negative control without any halogen
atoms (Figure 3.1). The CD spectrum of the FLN-induced AP aggregates clearly exhibits the
typical features of B-sheet rich structure (Figure 3.6A). The TEM image of the FLN-induced A3
aggregates also indicates that protofibrils and fibrils are dominant species similar to the AP
control (Figure 3.6B). Furthermore, the OC-reactivity of the AP aggregates formed with FLN at
days 5 and 6 are very comparable to those of the AP control (Figure 3.6C), indicating that the
FLN-induced AP aggregates had fibrillar aggregates as much as the AP control. The 4G8-
reactivity of the FLN-induced AP aggregates with FLN remained unchanged up to day 7,
whereas the 4G8-reactivity of the AP control dropped at day 5. Such a slightly higher 4G8-
reactivity of the FLN-induced AP aggregates at day 5 is likely because the FLN-induced fibrils
are not laterally stacked and so allow the 4G8 binding to its epitope better than the AP control.
The CD, TEM, and dot-blot assay results conclusively demonstrate that FLN does not modulate
the AP aggregation as much as EOY, ERB, or ROB.

Next, we investigated whether FLN affects the Af-associated cytotoxicity. Similar to the
ERB analogs, Ap monomers were incubated in the absence of or presence of FLN for 5 days,
and the resulting aggregates were subjected to the MTT reduction assay. The viability of the
SH-SYS5Y cells treated with the AP control (5 uM) was 66% (Figure 3.6D). Co-incubation of the
AB monomer with FLN led to a small increase in the cell viability (6%) (Figure 3.6D), but the
difference was only marginally significant (P = 0.013), while ERB, EOY, and PHB led to a
substantial increase in the cell viability (P < 0.001). The MTT assay results indicate that FLN did
not substantially eliminate AP cytotoxicity, which is consistent with the fact that FLN did not

modulate AP aggregation.
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Figure 3.7. Less halogenated xanthene benzoate ligand binding site identification using
sequence-specific antibody panel. Shown are representative dot blotting results of AB40
monomers mixed with (+ ligand) or without (AB40-) 0.3 to 3% molar excess concentrations of
EOY (A) or FLN (non-halogenated, weakly binding control molecule) (B) for the six sequence-
specific antibodies and then dotted within 5 min after mixing. For better ease of viewing, each
antibody was developed on a separate membrane and then cut and pasted for the compiled
results.
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Figure 3.8. More extensively halogenated xanthene benzoate ligand binding site identification
using sequence-specific antibody panel. Shown are representative dot blotting results of Ap40
monomers mixed with (+ ligand) or without (AB40-) 0.3 to 3x molar excess concentrations of
ERB (A), PHB (B), or ROB (C) for the six sequence-specific antibodies and then dotted within
5 min after mixing. For better ease of viewing, each antibody was developed on a separate
membrane and then cut and pasted for the compiled results.

Table 3.1. Binding properties of ERB analogs to AB40 monomers.

Dye (20 uM) ERB EOY PHB ROB EOB FLN
Dissociation Constant (uM) 3.35 0.14 0.89 1.36 Poor Binding Poor Binding
Number of binding sites 2.1 1.4 1.4 2.0 Poor Binding Poor Binding
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Halogenation of Xanthene Benzoate Generates Efficient Binders of Ap

Having discovered from the CD, TEM, and dot-blotting results that ROB, PHB, ERB,
and EOY (but not EOB and FLN) are potent inhibitors of AP aggregation, we then investigated
possible correlations between these inhibition results and the binding affinity of the dyes to AP.
Dissociation constant (K4) values and the number of binding sites were calculated for ROB,
PHB, ERB, and EOY using fluorescence quenching of 20 uM concentrations of the dyes upon
binding to AP (Table 3.1). The results showed that EOY most strongly binds AP among the dyes
used in this study. Intriguingly, the FLN (negative control lacking halogen atoms) quenching
results showed that FLN has exceptionally poor binding affinity for Ap with less than 3% of the
dye bound even in the presence of an excess molar concentration of 25 uM AP (Figure C5 A in
the Supporting Information). In order to maintain consistency with the other five small
molecules, our first preference was to employ a similar fluorescence quenching technique to
assess the binding of 20 uM EOB (analog of EOY with replacement of the two bromine atoms
close to benzoate group in EOY with two nitro groups) to AB40. Despite varying reports in the
literature about the fluorescence of the EOB molecule (250-253) and trying various solvents and
pH conditions (acids, bases, alcohols), in our hands, the EOB fluorescence was too low for use in
the quenching assay. Therefore, we employed an assay based on the characteristic shift in the
absorbance maximum of EOB upon protein binding. The results showed that like FLN, EOB
weakly binds AP with less than 3% of the dye bound even in the presence of an excess molar
concentration of 25 uM A (Figure C5 B in the Supporting Information). The number of binding
sites on AP40 for the four dyes (RRB, EOY, ROB, and PHB) ranges between 1.5 and 2

suggesting that these dyes interact with multiple sites of AB40. The multiple binding sites may
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explain different properties of the AP aggregates induced by the dyes. Since EOB and FLN
displayed very poor binding affinity to AP and were also poor inhibitors of AP aggregation, it
clearly demonstrates that halogenation is very effective in generating molecules that tightly bind

and consequently modulate the aggregation of Ap.
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Figure 3.9. Summary of strong binding sites for Ap40 aggregation modulating ligands. FLN
(weakly binding, non-aggregation-modulating control molecule) does not strongly bind. ERB,
EQY, PHB, and ROB all strongly bind to the common loci of AAs 10-16 on ApB40. ERB, PHB,
and ROB also bind strongly to other sites on the N terminus. The top panel shows the binding
location and coverage of the sequence-specific antibodies. The lower panel shows the binding
location of ERB, EOY, PHB and ROB.
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Heavy Halogen Atoms Play a Key Role in Modulating Ap Aggregation

Taken together, the TEM, CD, dot-blot, dye binding, and MTT reduction assay results
indicate that FLN (negative control) without any halogen atom does not bind and modulate the
AP aggregation and cytotoxicity, whereas ERB congeners (ERB, EOY, PHB) containing
multiple halogen atoms substantially modulated the AP} aggregation and effectively reduced the
AP cytotoxicity. Considering that FLN has a polyphenol-like structure but is a very poor AP
aggregation modulator, the molecular mechanism underlying the A} aggregation modulation by
ERB congeners was different from those of polyphenols. The assay results strongly support the
idea that halogen atoms in the ERB congeners play an important role in the modulating A3
aggregation, and in the case of ERB, PHB, and EOY, ultimately AP cytotoxicity. Having
established this, the next issue becomes determining which specific features of halogen atoms are
critical in modulating the AP} aggregation.

From the CD, TEM, and dot-blot results of FLN and ERB analogs, several trends were
found. First, the electronegativity of the halogen atoms/functional groups attached to xanthene
group play an important role in AP aggregation modulation. Although the results clearly show
that EOY (which has four bromine atoms attached to the xanthene group) and ERB (which has
four iodine atoms attached to the xanthene group) are both potent inhibitors of AP fibril
formation, ERB was slightly more effective than EOY at reducing the formation of fibrillar
structures in the dot blotting and TEM assays. Furthermore, when the two bromine atoms close
to benzoate group in the EOY structure are replaced with the two nitro groups in EOB, the
inhibitory capacities of the small molecule on A fibril formation are eliminated. Therefore, the
order of AP fibril formation inhibitory capacity by xanthenes constituent group is I (ERB) > Br

(EOQY) > NO; (EOB). Because of this, either the electronegativity or size of the functional group
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attached to xanthene ring can be attributed to the inhibitory capacity of the ERB analogs. The
order of the electronegativity and size of three atoms/groups is NO, > Br > I or NO, > I > Br,
respectively. Therefore, we concluded that the inhibitory capacities are inversely proportional to
the electronegativity of functional group attached to xanthene group rather than size, which is
consistent with the recent findings on organofluorine AP aggregation inhibitors (268). Second,
PHB and ROB (both of which contain four chlorine atoms on the benzoate group in addition to
xanthenes group structures of EOY and ERB, respectively) led to the potent inhibitory capacities
on AP aggregation compared to the non-halogenated control molecules, EOB and FLN. This
indicates that either polarity change or steric hindrance caused by four chlorine atoms added to
the benzoate group resulted in the enhanced inhibitory capacities. However, ROB does not
reduce AP cytotoxicity, suggesting that both the location and type of halogen atoms on the
xanthene benzoate affects the extent of AP cytotoxicity inhibition.

Despite the two bromine atoms attached to xanthene benzoate group, EOB is not an
effective modulator of AP aggregation and cytotoxicity, Alternatively, we speculate that two
nitro groups in EOB offset the positive effects of two bromine atoms on the modulatory capacity.
Although more studies are required to clearly understand why EOB is not an effective
modulator, other halogenated xanthene benzoates without any nitro group clearly exhibited the
enhanced modulatory capacity on AP aggregation over the xanthene benzoate without any

halogen atom (FLN).

Competitive antibody binding analysis reveals that EOY, ERB, PHB, and ROB bind at the

N-terminus of Af
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Previously, we had determined that sequence-specific antibodies were useful for
detecting small molecule binding locations on AP monomer (36). Tangential to developing a
method for determining the small-molecule binding sites using sequence-specific antibodies, we
investigated the binding mode for EOY, ERB, PHB and ROB, the four small molecules which
were shown to have strong binding interaction with AB. These three xanethene benzoate analogs
were also shown to be effective modulators and AP aggregation and cytotoxicity.

For this purpose we employed a panel of sequence specific antibodies with known
binding locations shown in the top panel of Figure 3.9. When AP monomer was briefly pre-
incubated with EOY, ERB, PHB or ROB, gently washed and immediately dot blotted, we found
that a lack of signal for a particular antibody corresponded to a location where the small
molecules had bound.

Based on the immunostaining results, we found that each of the small-molecules
prevented the 12C3 antibody from binding, indicating a binding locale within amino acid
residues 11-16 (Figure 3.7 and 3.8). Since EOY only disrupted 12C3 binding, this suggests that
this is its only binding site (Figure 3.7). ERB was also shown to block 2H4 binding while
permitting some 6E10 binding. This suggests that ERB has a second binding site which
corresponds to amino acid residues 1-4 (Figure 3.8).

PHB, and ROB, on the other hand, exhibited a different binding mode. In addition to
blocking 12C3 binding, they also blocked 2H4 and 6E10 binding (Figure 3.8). This suggests that
these small molecules have a fairly large binding area consisting of the first sixteen residues.
The summary of results is shown in the bottom panel of Figure 3.9. These results corroborate our

previous gand shown in Table 3.1. The fact that ROB was found to have two binding sites

83



suggests that the two sites are non-overlapping and each binding site is partially located within

the overlapping region of the antibody binding sites (Figure 3.9).

Conclusions

In this article, our investigation has conclusively established that ERB and two ERB analogs
(EOY and PHB) effectively reduce Af-associated neurotoxicity by modulating AP aggregation.
In the case of ROB, while modulating capacities of ROB on AP aggregation are prominent, it
was not capable of alleviating APB-associated neurotoxicity. Comparative studies of ERB and
ERB analogs on modulation of AP aggregation and cytotoxicity revealed that FLN is not an
effective modulator, but adding four heavy halogen atoms (either Br or I) to the xanthene group
substantially enhanced the modulatory capacities on AP aggregation and cytotoxicity. Adding
four Cl atoms to the benzoate group also significantly enhanced the AP aggregation modulation.
In particular, co-incubation of PHB that contains four bromine atoms in the xanthene group and
four chlorine atoms in the benzoate generates the low-molecular-weight AB species with
disordered structure similar to A monomer, which makes PHB a unique AP aggregation
modulator. Considering that halogen atoms play an important role in modulating Ap aggregation
and cytotoxicity, ERB analogs are considered a new type of AP modulators, halogenated small
molecules. To our knowledge, this is the first report demonstrating the heavy halogen atoms
added to multiple aromatic rings can confer inhibitory capacities on AB-associated cytotoxicity.
Our studies can open a door to convert a poor AP aggregation modulator into an effective one by
adding heavy halogen atoms and serves as guidance to discover or design novel AP aggregation

modulators. Considering that ERB analogs are effective modulators of a-synuclein implicated in
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Parkinson’s disease (269), halogenation of small molecules might be a general way to obtain

effective modulators of other amyloidogenic peptides and proteins.
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Part 2

Investigating enzyme-substrate interaction upon non-natural amino acid

incorporation
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Chapter 4

An active site mutation with an expanded set of genetically encoded amino acids

alters allosteric cooperativity in murine dihydrofolate reductase

87



Abstract

Cooperative allosteric enzyme control is fundamental to the regulation of biological
systems. This control mechanism affords both efficient energy and resource utilization.
Dihydrofolate reductase (DHFR) is an important allosterically-active enzyme found in all
organisms. The primary function of DHFR is the reduction of dihydrofolate to form
tetrahydrofolate. Dihydrofolate reductase metabolism at low substrate concentrations (< 200 uM
DHF) has Michaelis-Menten kinetics, which is absent of cooperativity. Here we show that wild-
type murine DHFR (mDHFR) exhibits positive cooperativity (Hill number, h = 4.0 £ 1.0) at
higher substrate concentrations (> 200 uM DHF). The mDHFR™™ mutant exhibited
continuous positive cooperative kinetics (Hill number, h = 3.5 + 0.5) throughout the entire
concentration range (0 — 1200 uM DHF). Unlike the wild-type, at low DHF concentrations (<
200 pM), mDHFR™™ kinetics are non-Michaelis-Menten. There is an upward curvature which
is consistent with the positive cooperativity (sigmoidal) observed at higher DHF concentrations.
A tryptophan mutant mDHFR®®Y was created to determine whether the closest natural amino

acid anologue to Nal could promote the same behavior. Despite having significantly lower

activity, mDHF exhibited similar kinetic behavior to wild-type, and not mDHF
across the entire DHF concentration range (0 — 1200 uM). And consequently it retained
Michaelis-Menten kinetics at low DHF concentrations (< 200 puM). This indicates that
mDHFR™™ was able to alter cooperativity at low DHF concentrations (< 200 pM) due to its
unique size and shape. Because Trp and Nal can only weakly hydrogen bond with DHF,
impairing hydrogen bonding between position 30 and DHF is not sufficient alone to alter

cooperativity. As each of the mDHFR variants share a similar Ky, value, and mDHFR®*" and

mDHFR®™ ghare similar key values at high DHF concentrations (> 200uM), suggests that the
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E30Nal mutation may “lock” mDHFR into a shared conformation that is conducive to
cooperativity, and inherently present in mDHFR at high DHF concentrations (> 200 uM DHF).
We also found that the E30Nal mutation was highly beneficial to the E.coli expression host
which allowed disproportionately higher titers than the E30W mutant. To our knowledge this is
the first report showing that an expanded set of genetically encoded amino acids can alter the
allosteric cooperativity of an enzyme. In particular, this work also shows that non-natural amino
acids can elicit responses that are not possible with a similar natural amino acid due to their

subtle differences in shape and size.
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Introduction

Allostery is a protein regulation mechanism in which the binding of an effector molecule
affects another site of the protein (270-275). As biological systems have been evolved for
homeostasis, allostery is incredibly important as it enables the control and regulation of energy
and resource utilization to maximize efficiency and productivity (272, 276). A number of model
proteins have harnessed the power of allosteric control. A classical example is hemoglobin, the
oxygen-transport protein in red blood cells. The binding of carbon dioxide at the allosteric site
reduces the affinity of hemoglobin for oxygen. Allostery provides hemoglobin its bifunctionality
to not only carry oxygen throughout the body but also to take up carbon dioxide for expulsion
(277, 278). Another model of allosteric regulation is aspartate carbamoyltransferase (ATCase)
which catalyzes the first step in the pyrimidine biosynthesis pathway (279). ATCase has a
number of effectors. Binding of the substrate causes ATCase to shift towards the catalytically
active state. CTP, an end-product of the pathway, however, causes a decrease in catalytic
velocity. And ATP, the product of the parallel purine biosynthesis pathway enhances catalysis
(279, 280).

Enzymes typically exhibit hyperbolic enzyme kinetics, which has classically been

modeled by the Michaelis-Menten equation (Equation 1) (281).

The Michaelis-Menten (hyperbolic) model for non-cooperative enzyme kinetics:

_ kcatlE1[S]

K +1S] M
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[E] and [S] are the enzyme and substrate concentration, respectively. ke, is the substrate
turnover rate and K,, is the substrate concentration at half-maximal velocity. This simple but
elegant model describes the general reaction mechanism by which product is formed upon
enzyme and substrate binding. For this type of mechanism, there is no cooperative
communication between various regions of the enzyme that can be detected through the kinetics.
Allosteric systems, however, can possess cooperativity between sites that can be observed in the
reaction kinetics. Cooperative kinetics is generally modeled by the Hill equation which takes on

a sigmoidal shape (Equation 2) (271).

The Hill (sigmoidal) model for enzyme kinetics with allosteric cooperativity:

_ keqelEN[S]"
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For the Hill equation, k., and Ky are analogous to the Michaelis-Menten parameters ke
and K, respectively, while h, the Hill coefficient, numerically describes the degree of
cooperativity. Cooperative regulation often acts analogously to feedback and feedforward control
(271, 274). An effector can be activating (positive cooperativity) and cause an enhancement to
kinetics, or it can be inhibiting (negative cooperativity) and cause a suppression of enzyme
activity. Positive cooperativity is present when h > 1. Alternatively, negative cooperativity is
present when h < 1. And when h = 1, the Hill equation simplifies to the Michaelis-Menten
equation (282).

A number of publications have demonstrated that mutations can alter the allosteric

cooperativity of certain enzymes. Often, these mutations are within the catalytic domain. One
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example is the mutation of key active-site arginine residues of phosphofructokinase (PFK). The
reverse reaction of PFK is characterized by Michaelis-Menten kinetics which is absent of
cooperativity. However, mutations of the Argl62 and Arg243 to serine were able to promote
positive cooperativity for the reverse reaction, which is evident by the resulting Hill numbers
being greater than one (283, 284). Chorismate mutase (CM) from yeast is another well studied
allosteric enzyme. Mutational studies have shown that two different -catalytic-domain
substructures, a loop (residues 212 — 226) and a helix region (reisdues 227 — 251) are
independently responsible for the sensitivity of CM towards its two allosteric effectors, tyrosine
and tryptophan (285). Mutations can also remove signs of cooperativity in the kinetics. This was
accomplished by mutating glutamate and histidine residues in the active site domain of insulin-
degrading enzyme, which rendered the enzyme insensitive to its effector (286).

Dihydrofolate reductase (DHFR) is also allosterically-active. The cofactor, NADPH,
facilitates the binding of the substrate, dihydrofolate (DHF) (287-290). NADPH mediates the
opening and occlusion of the active site through the motion of loop regions (290). Moreover, it
has been shown that a network of residues control the overall structure (291, 292). However,
cooperativity has not been evident in the enzyme kinetics at lower, more physiologically-
relevant, substrate concentrations, where DHF reduction kinetics is normally characterized (293-
298). In this regime, the kinetics follows the Michaelis-Menten model where cooperativity is
absent (288, 293, 296, 299-307). However, while probing the active site residues through
mutation, we discovered that the mutation of Glu30 to 3-(2-naphthyl)-alanine (Nal) (E30Nal),
from an expanded set of genetically encoded amino acids, alters the cooperativity of murine
DHFR (mDHFR) (Figure 4.1) (308). The objectives of this work are 1) to characterize the

E30Nal

kinetic and cooperative behavior of the mDHFR mutant and to demonstrate that it is
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different from that of wild-type mDHFR, and 2) to compare the kinetic and cooperative behavior
between the E30Nal and E30W mutation to determine if the same response can be reproduced

with the most structurally similar natural amino acid.

HO © HO o

Trp Nal

Figure 4.1. Structures of tryptophan (Trp) and 3-(2-naphthyl)-alanine (Nal).

Materials and Methods

Materials

3-(2-naphthyl)-alanine (Nal) was obtained from Chem-Impex (Wood Dale, IL). The
twenty natural amino acids, ampicillin, kanamycin, L-(—)-fucose, and 2,5-dihydroxybenzoic acid
(DHB) were purchased from Sigma-Aldrich (St.Louis, MO). Dihydrofolic acid (DHF),
nicotinamide adenine dinucleotide phosphate (NADPH), and isopropyl [-D-1-
thiogalactopyranoside (IPTG) were purchased from Santa Cruz Biotechnologies (Dallas, TX).
Sequencing-grade modified trypsin was procured from Promega (Madison, WI). Nickel-
nitrilotriaceticacid affinity column resin (Ni-NTA column) and plasmid pQE16 were obtained
from Qiagen (Valencia, CA). C18 ZipTip pipette tips were obtained from Millipore (Billerica,
MA). All other chemicals, unless otherwise noted, were purchased from Fisher Scientific

(Pittsburg, PA) and were used without additional purification.
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Expression of wild-Type mDHFR and mDHFR®"Y

Wild-type mDHFR and mDHFR™" are encoded in pQE16-mDHFRY" and pQE16-
mDHFR™"Y. Each pQE16 plasmid containing the gene for either wild-type mDHFR or
mDHFR™"Y was transformed into the AFWK (Phe, Trp, Lys auxotroph) E.coli expression
strain. The enzymes were expressed in M9-20AA media (6 g/L Na,HPO,, 3 g/l KH,PO4, 0.5
g/L NaCl, 0.1 mM CaCl,, 1 mM MgSO,, 0.4 % glucose, 50 mg/L of each of the 20 natural
amino acids) supplemented with 100 mg/mL ampicillin. The cells were grown to ODgyo = 1.0
and induced with a final concentration of 1 mM IPTG. Cells were harvested after overnight
induction at 32 °C. The mDHFR being used has the residues MRGSGI appended to the N-
terminus and the hexahistidine purification tag located on the C-terminus (171).

Expression of mDHFR™""

The two plasmids pQE16-3 OAmb_mDHFR-yPheRSnaph/pREP4-thNAPhCCUA_UG were co-
transformed into the AFWK E.coli host. The cells were grown in M9-20AA, supplemented with
100 mg/mL ampicillin and 50 mg/mL kanamycin, until ODgoo = 1.0. Cells were harvested and
centrifuged at 4,500 x g for 8 mins. The resulting cell pellet was resuspended and gently washed
with 0.9 % NaCl and centrifuged again at 4,500 x g for 8§ mins. The resulting cell pellet was
resuspended in M9-17AA (6 g/L Na,HPOy4, 3 g/ KH,PO4, 0.5 g/L NaCl, 0.1 mM CaCl,, 1 mM
MgSOy4, 0.4 % glucose, 0.05 g/L of each of the natural amino acids except phenylalanine,
tryptophan, and lysine, which were supplemented at a final concentration of 25 uM, 50 uM and
100 uM, respectively. The M9-17AA was then supplemented with 3 mM of Nal. After

incubation at 37 °C for 10 mins, induction was initiated by the addition of IPTG to the culture at
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a final concentration of 1 mM. The cells were allowed to induce overnight at 32 °C. The mDHFR
being used has the residues MRGSGI appended to the N-terminus and the hexahistidine

purification tag located on the C-terminus (171).

Protein purification

Purification of the mDHFR variants including wild-type was performed using Ni-NTA
resin per manufacturer (Qiagen, Venlo, Limburg). The manufacturer protocol was followed with
the exception that 20 mM and 40 mM imidazole were used in the lysis and wash buffers,

respectively.

Determination of protein concentration

Purity of purified mDHFR variants was determined by analyzing SDS-PAGE protein
gels. The protein gel images were taken using a UVP BioSpectrum imager (Upland, CA) and
then analyzed by VisionWorks image analysis software. Protein concentration was determined

by absorbance measurements at 280 nm, using a calculated extinction of 24,750 cm™M™ (171).

Confirmation of in vivo Nal Incorporation by MALDI-TOF/MS

Incorporation of Nal in mDHFR®™ was confirmed by MALDI-TOF/MS with tryptic
digestion. 1 pL of 1 pg/uL trypsin (in 50 mM acetic acid) was added to 10 pL of 5 uM
mDHFR®™ in elution buffer (50 mM NaH,PO,, 300 mM NaCl, and 250 mM imidazole, pH =
8.0). Upon addition, the sample was incubated at 37 °C overnight. 12 pL of 5 % trifluoroacetic
acid was added to stop the reaction. Digested peptides solutions were desalted using C18 Ziptips

according to the manufacturer’s protocol (EMD-Millipore, Darmstadt, Germany). 20 mg/mL of
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2,5-dihydroxybenzoic acid and 2 mg/mL of L-fucose dissolved in 10 % ethanol was used as the

matrix for MS analysis using a Microflex MALDI-TOF/MS (Bruker, Billerica, MA) (171).

Dihydrofolic acid (DHF) reduction Kinetics

NADPH-dependent mDHFR reduction of DHF was monitored by measuring the decrease
in absorbance at 340 nm using a Synergy four multimode microplate reader (BioTek, Winooski,
VT) following manufacturer protocol (Sigma-Aldrich, St. Louis, MO). Reactions were carried
out in MTEN buffer 50 mM 2-(N-morpholino)ethanesulfonic acid (MES), 25mM
tris(hydroxymethyl) aminomethane (Tris), 25 mM ethanolamine, and 800 mM sodium chloride,
pH 7.5). For determining kinetics at low DHF concentrations, the final reaction contained 0 —
200 uM of dihydrofolate (DHF), 300 uM of NADPH, and 5 to 100 nM enzyme, which was
added to initiate the reaction. For determining kinetics at high DHF concentrations, the final
reaction contained 0 — 1200 uM of dihydrofolate (DHF), 3000 uM of NADPH, and 5 to 100 nM
enzyme, which was added to initiate the reaction. Enzyme was pre-incubated with NADPH for
10 minutes prior to addition. All measurements were performed in at least triplicates. Reaction
rates with respect to substrate concentration were fit to either the Michaelis-Menten model or the
Hill model to obtain kinetic parameters (171, 309). The extinction coefficient for NADPH-

dependent DHF reduction reaction is 12,300 M/cm at 340 nm at 25 °C (310, 311).

Results and Discussion
Hereinafter, mutations will be denoted as E30W, where the E represents the native site
residue, 30 denotes the position of the mutation site (based on numbering for PDB:ID 1U72) and

Nal and W represent 3-(2-naphthyl)-alanine and tryptophan (Trp), respectively (Figure 4.1).

96



Preparation of wild-type mDHFR and mutants

mDHFR variants were prepared using the methods described by Zheng (171). Each of the
variants were successfully expressed and purified as evident by a clear protein band for mDHFR
at 23.5 kDa on SDS-PAGE (Figure 4.2). For mDHFR™™* and mDHFR***V, since both Trp and
Nal differ in mass from Glu by no more than 68 Da, the protein band migration distance was not

noticeably attenuated as a result of the relatively minor mass contribution of Nal or Trp.
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Figure 4.2. SDS-PAGE of purified wild-type mDHFR (WT), mDHFR®™ (E30Nal), and
mDHFR™™Y (E30W). Samples were run on a 12% polyacrylamide gel and stained with
Coomassie Blue.
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Figure 4.3. Confirmation of in vivo Nal incorporation at position 30 by MALDI-TOF/MS. The
residue numbering corresponds to positions based on PDB ID:1U72. The top panel shows the
spectrum for the tryptic digest of wild-type mDHFR. The peak corresponding to the wild-type
fragment with glutamic acid at position 30 (containing residues 29 — 32) is denoted by the arrow
at 537.3 m/z. The bottom panel shows the spectrum for the tryptic digest of mDHFR™™ The
peak corresponding to the fragment containing Nal at position 30 (containing residues 29 — 32) is
denoted by the arrow at 605.3 m/z. The horizontal line denotes the difference in mass between
the Nal-containing mutant fragment and the corresponding wild-type fragment. a.u. denotes
arbitrary units.
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Verification of in vivo Nal incorporation at position 30 of mDHFR by MALDI-TOF/MS

Nal incorporation was accomplished using the engineered, heterologous, orthogonal
yPheRS"™"/ytRNA™ i g pair that is highly specific to Nal. Additionally, the AFWK E. coli
expression strain, which is a Phe, Trp, and Lys auxotroph, was used to preclude misacylation of

thNAPhSCUAfug, thus preventing the formation of the most likely misincorporation products

E30Nal

b

with Phe and Trp at the target site. To further confirm the successful expression of mDHFR
site-specific in vivo incorporation of Nal at position 30 was verified by MALDI-TOF/MS
analysis (171, 308). Nal was successfully incorporated and yielded a unique fragment mass of
605.3 m/z (Figure 4.3, bottom panel). The corresponding wild-type fragment was found at 537.3
m/z (Figure 4.3, top panel). As expected, the difference in mass of the two fragments, 68.0 m/z,
was equivalent to the mass difference between Nal and glutamic acid which is 68.0 + 1.0 m/z.
This indicates that Nal was successfully incorporated at position 30 in mDHFR. Also the
corresponding wild-type fragment and fragments pertaining to misincorporation of Phe and Trp
were not observed in the mutant spectra indicating that Nal was incorporated efficiently at

position 30 (Figure 4.3, bottom panel).

The E30Nal mutation shows evidence of cooperativity at low DHF concentrations (0 — 200
nM)

The primary function of mDHFR is to reduce DHF to tetrahydrofolate (THF) (288).
Previously, under 200 uM DHF, wild-type mDHFR has been shown to possess Michaelis-
Menten kinetics (Equation 1) (171, 288, 293, 296-305, 310-313). Here, as expected, wild-type
mDHFR was verified to have Michaelis-Menten kinetics (Figure 4.4A) (314). Wild-type k. and

K were determined to be 2.93 + 0.02 s” and 2.16 + 0.18 pM, respectively (Table 4.1). The
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coefficient of determination (r*) for this regression was found to be 0.997 indicating a good fit
(Figure 4.4A).

Alternatively, mDHFR™™ kinetics exhibited an upward curvature, which suggests a
positive cooperative mechanism (Figure 4.4B). This type of kinetic behavior cannot be
physically described by the single binding mode and the single reaction energy landscape of the
Michaelis-Menten model. To verify the enzyme-dependent nature of this kinetic response, two

E30Nal

sets of measurements (0 — 200 uM DHF) were obtained at different mDHFR concentrations

(50 nM and 100 nM). As expected for an enzyme-dependent response, at 50 nM mDHFR ™™
for each DHF concentration, the corresponding reaction velocity was approximately half of that
of 100 nM mDHFR®™ (Figure 4.4B). At both enzyme concentrations, since only DHF
concentration was varied, DHF appeared to bolster the rate of its own metabolism which is
suggestive of homotropic activation.

To ensure that hysteresis and transient behavior did not bias DHF reduction rates and
produce a false-positive cooperative kinetic response for mDHFR™™ in addition to pre-
incubating each mDHFR sample with NADPH (prior to initiation of the reaction), reaction rates
were monitored for up to an hour to ensure that measurements had been made at steady-state.
Reaction rates did not show aberrant hystoretic or transient behavior that is normally
characterized in mDHFR by a sudden rise or fall in catalytic activity (Figure 4.5) (313, 315).

Due to the suspected cooperative nature of DHF metabolism by mDHFR™ Nal g
preliminary regression against the Hill model (Equation 2) was performed (274, 282, 316). Since
by up to 200 uM DHF, a saturation (maximum) reaction velocity had not been reached, kinetic

parameters could not be obtained for this portion of the kinetics (0 — 200 uM DHF) (Figure

4.4B). Nonetheless, the regression against the Hill model provided a good fit for both the 50 nM
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and 100 nM enzyme concentration results. The coefficient of determination (r2) was found to be
0.999 for both sets of results (Figure 4.4B). This demonstrates that up to 200 uM of DHF, wild-
type and mDHFR™™ are governed by fundamentally different catalytic regulation mechanisms.
While wild-type innately follows Michaelis-Menten kinetics, which is non-cooperative,

mDHFR® M displays both non-Michaelis-Menten kinetics and evidence of cooperativity.
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Figure 4.4. mDHFR reaction kinetics at low DHF concentrations (0 — 200 uM DHF). (A) 5 nM
wild-type mDHFR (B) 50 nM and 100 nM mDHFR®™™ and (C) 100 nM mDHFR™"Y were
used for kinetic measurements. Reactions were conducted using varying DHF concentrations (0
— 200 uM) and 300 uM of NADPH. Hyperbolic (Michaelis-Menten) regression was performed
on wild-type mDHFR and mDHFR™Y kinetics. Sigmoidal (Hill) regression was performed on
mDHFR™™ kinetics. Error bars denote standard errors (n = 3).

Table 4.1. Michaelis-Menten kinetic parameters for DHF reduction (0 - 200 uM DHF).
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Variant mDHFR"! mDHFR®Na! mDHFR™"Y

Keat (57) 2.93 +0.02 0.15 + 0.003
Km (uM) 2.16+0.18 Non-Michaelis- 8.37+0.77
Keat/Km (s/pM)  1.36+0.11  Menten Kinetics (018 + 0.002
r 0.997 0.991

1) WT denotes wild-type.

2) Reactions were conducted with DHF concentrations from 0 — 200 uM and 300 uM NADPH.
3) For mDHFR™™*, kinetics did not fit regression to the Michaclis-Menten equation.

4) 1 is the coefficient of determination. Standard errors are reported (n=3).

Table 4.2. Hill kinetic parameters for DHF reduction (0 - 1200 uM DHF).

Variant mDHFR™' mDHFR®™ mDHFR®™Y
Keat 57 426 + 24 1.11£0.09 1.17£0.13
Ky (uM) 511+32 650 + 41 533 + 67
Keat/Kn (s™) 0.83 +0.06 0.0017 +0.0001  0.0024 +0.0003
h 40+1.0 35+0.5 2.7+0.7

r 0.998 0.996 0.994

1) WT denotes wild-type.

2) Reactions were conducted with DHF concentrations from 0 — 1200 uM and 3000 uM of NADPH..
3) Regression was performed against the Hill (sigmoidal) model for allosteric cooperativity.

4) 1 is the coefficient of determination. Standard errors are shown (n = 3).

mDHFR™" has one kinetic mode while wild-type mDHFR has two

REMNa - the  substrate

In the effort to determine kinetic parameters for mDHF
concentration range was expanded for kinetic measurements in order to find the maximum
(saturation) velocity. The maximum velocity was approached at approximately 1200 uM DHF
(Figure 4.6A). Expectedly, mDHFR®™ kinetics possessed hallmark features of a continuous
sigmoidal response across the entire substrate concentration range (0 — 1200 uM) (Figure 4.6A).
Upon regression against the Hill model, the kinetic parameters, ke, Ky and h were determined to
be 1.11 £0.09s™, 650 + 41 pM, and 3.5 + 0.5, respectively (Table 4.2). Since h was greater than

one, this verifies that mDHFR™™ strongly exhibits positive cooperativity. The coefficient of

determination for this regression was found to be 0.996 indicating a good fit. Since for the
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kinetic measurements, only DHF concentration was varied, this indicates that mDHFR®™ DHF
metabolism occurs via homotropic activation.

At substrate concentrate concentrations of up to 200 uM DHF, wild-type mDHFR
functioned by Michaelis-Menten kinetics. But like mDHFR®? ONal it also exhibited the onset of a
global maximum velocity at approximately 1200 uM DHF (Figure 4.6B). The activity increase
after the first saturation velocity plateau at 200 uM DHF indicates that wild-type mDHFR has
additional modes of associating with and reducing DHF. Since the strength of additional modes
of association with the same ligand cannot increase without help from an effector molecule, this
indicates that above 200 uM DHF, a cooperative mechanism is present. Similarly, stepwise
activity increases, such as the transition at 200 uM DHF for a single enzyme system are not
possible without a change to the reaction energy landscape (309, 317, 318).

Therefore, the Hill model was applied to obtain wild-type kinetic parameters at high DHF
concentrations (> 200 uM DHF). Since cooperativity is present only at higher DHF
concentrations, to obtain an accurate representation of the cooperativity, points below 200 uM
DHF were excluded from the regression (Figure 4.6B). For wild-type, ke and K, were
determined to be 426 + 24 s and 511 + 32 uM, respectively. The Hill coefficient, h, was
determined to be 4.0 = 1.0 (Table 4.2). The coefficient of determination for the regression was
found to be 0.998 which indicates a good fit. And with h > 1, this indicates that, at higher DHF
concentrations, wild-type mDHFR is innately governed by positive cooperativity as well, and
also has a significantly higher catalytic activity than mDHFR 5™ (282, 316).

While DHF metabolism by mDHFR®™ occurs continuously by positive cooperativity,
over the entire substrate concentration range, wild-type mDHFR has two distinct reaction modes

(Figure 4.6B). For wild-type, at lower concentrations (< 200 uM) DHF reduction occurs by
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Michaelis-Menten kinetics which is absent of cooperativity (Figure 4.4A). And as DHF
concentration is increased, kinetics is regulated allosterically by positive cooperativity (> 200
uM DHF) (Figure 4.6B). The fact that wild-type and mDHFR®™ have similar K, (500 pM
and 650 uM, respectively) and h (4.0 and 3.5, respectively) values, and both reached their global
maximum velocity at around 1200 puM DHF illustrates that the E30Nal mutation is responsible
not only for lowering activity but also for altering the cooperativity at low DHF concentrations

(£200 uM) (Figure 4.6A and 4.6B).
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Figure 4.5. Representative baseline-adjusted kinetic measurements for mDHFR® ONal at varying

DHF concentrations (5 — 200 uM). Absorbance measurements at 340 nm were taken 10 minutes
after pre-incubation of mDHFR™ ONal with NADPH. The final NADPH concentration was 300
uM. Values were baseline-adjusted so that each measurement start point equals zero on the y-
axis (n = 1). Arbitrary units, a.u.
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Figure 4.6. mDHFR reaction kinetics at high DHF concentrations (0 — 1200 uM DHF). (A) 100
nM mDHFR®™ and 100 nM mDHFR™"" and (B) 5 nM wild-type mDHFR were used for
reactions. Reactions were conducted with 0 — 1200 uM of DHF and 3000 uM of NADPH.
Sigmoidal (Hill) regression was performed on the saturation kinetics for each mDHFR variant.
Wild-type mDHFR and mDHFR™Y kinetics were regressed without points below 200 pM
DHEF. Error bars denote standard errors (n = 3).
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The change in allosteric cooperativity is caused by the particular shape and size of Nal

To determine if the change in cooperativity was attributable to a unique feature of Nal,
we created mutant mDHFR™Y (mutation of Glu30 to Trp) as a basis for comparison (Figure
4.1). Tryptophan, like Nal, is a bulky planar hydrophobic amino acid. It has two conjugated
aromatic rings and is the natural amino acid with the most similar size and shape to Nal. We
expected that if a natural-amino-acid mutation could replicate the cooperative regulation
behavior found in mDHFR®™ it would be mDHFREW,

However, interestingly, mDHFR®’Y mimicked wild-type and not mDHFR® ONal
behavior. Up to 200 pM DHF, mDHFR™®Y followed Michaelis-Menten kinetics (Figure 4.4C).
For this concentration range, the k¢, and K,;, of mDHFR®"Y were determined to be 0.15 + 0.003
s' and 8.37 + 0.77 pM, respectively (Table 4.1). The coefficient of determination for this
regression was found to be 0.994 and indicates a good fit. Since Trp can only weakly hydrogen
bond the pteridin substituent of DHF, the higher K, for mDHFR™®" compared to that of wild-
type is consistent with a lower binding affinity caused by impaired hydrogen bonding between
Trp30 and DHF (319, 320). The lower ke also corroborates previous findings, which
demonstrated that Glu30 is involved in DHF metabolism (296, 319, 321, 322).

When the DHF concentration range was expanded, mDHFR™Y, similarly to the other
two variants, also reached a maximum velocity plateau at approximately 1200 uM DHF (Figure

E30W

4.6A). In a similar manner to wild-type, mDHFR was regressed with the Hill model and

velocities measured below 200 uM were excluded. ken, K, and h were determined to be 1.17 +
0.13 s, 533 + 67 uM and 2.7 £ 0.7, respectively (Table 4.2). The coefficient of determination

E30W

was found to be 0.994, indicating a good fit. Like wild-type, mDHFR also possessed two

modes of reducing DHF. Interestingly, although in the low DHF regime (< 200 puM),
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mDHFR™Y possessed a weaker DHF binding affinity (higher K,) than wild-type, all three
variants shared a similar K, and h value. This indicates that while Glu30 is important for
substrate turnover, unencumbered hydrogen bonding between position 30 and DHF is not critical
for substrate binding at high concentrations (> 200 pM). Instead hydrogen bonding is more
pertinent at low substrate concentrations, evident by the unique binding behaviors of each variant
at low DHF concentration (0 — 200 uM DHF). Also since Trp and Nal have weaker hydrogen
bonding potential than glutamate, this indicates that impairing hydrogen bonding alone was not
sufficient to mediate the regulation change asserted by the E30Nal mutation (323).

Most importantly, it is clear that for mDHFR® ™

, the replacement of Michaelis-Menten
kinetics with allosteric cooperativity at low DHF concentrations is a direct result of the size and
shape of Nal because the same response could not be replicated with mutation to Trp. Nal is
larger than Trp, and contains two 6-membered rings while Trp has a 5- and 6-membered ring.
Although both are planar, the orientation and carbon connectivity of the aromatic rings are
unique between the two residues.

The cooperative attribute of mDHFR""™*

is favorable for the expression host

DHFR is an essential enzyme that generates tetrahydrofolic acid which is a de novo
precursor to purines, thymidylic acid and certain amino acids. It has been shown that expression
of recombinant mDHFR is beneficial to E.coli expression hosts, and that mDHFR expression
titers have a positive linear correlation with catalytic efficiency (307, 322). Based on the Hill
regressions, mDHFR®"Y and mDHFR™™ shared similar catalytic efficiencies, despite being

far less productive than wild-type (by 384 and 364-fold, respectively) (Table 4.2). However,

there was a marked discrepancy between catalytic efficiency and expression yields for these two
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variants. For mDHF , expression titers were merely 4% of wild-type expression titers,

which is consistent with its low catalytic efficiency (Table 4.3). However, mDHFR™"N
expression titers were disproportionately higher at nearly half (48%) of wild-type expression
titers (Table 4.3). Since the regulation mechanism at < 200 pM DHF is the most significant
difference between mDHFR™™ and mDHFR™V, this suggests that the cooperative nature of
mDHFR™™ at low substrate concentrations (0 — 200 uM) is a highly favorable attribute that is

beneficial to the expression host. The mechanism behind this behavior, however, is still

unknown.

Table 4.3. Wild-type mDHFR and variant expression/purification relative yields.

Variant mDHFR%" mDHFR ™! mDHFR®'WY
Relative Yield (%) 100 48 +9 4+1

1) Yields were determined after Ni-NTA purification and are relative to wild-type DHER (DHFR""). WT denotes wild-type.
2) Standard errors are reported (n = 3).

Discussion
One striking feature of the mDHFR (Wild-type mDHFR, mDHFR***Y and mDHFR® C'Nal)
variants is that they share a similar reaction landscape at high DHF concentrations; consequently

they result in similar Ky and h values. This result suggests that mDHFR> M

may share a similar
conformation to those of wild-type mDHFR and mDHFR™**Y at high DHF concentrations (>200
uM DHF) (290, 324). Especially between mDHFR®™ and mDHFR™Y, this phenomenon
would be expected because Trp and Nal are structural analogues. However, since mDHFR®"
has one continuous cooperative catalytic mode across the entire measured substrate

concentration range, this suggests that the E30Nal mutation may “lock” mDHFR into the

inherent conformation that is present at high DHF concentrations which is conducive to
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cooperativity. This is consistent with the Monod-Wyman-Changeux model which suggests that
cooperativity is possible when an enzyme can take on discrete conformations (274, 303, 317,
324, 325).

While mDHEFR is allosterically active, it is not apparent why the mutation of Glu30 to
Nal would alter its cooperativity (270, 271, 273-275, 290, 326, 327). To find clues, we looked at
other allosterically regulated enzymes with cooperativity. Based on the comparison of several
well characterized enzymes, key residues that are involved in cooperativity often share a number
of similar attributes. This commonality would make sense since sequence similarity has been
used to identify allosterically-active residues (275, 316, 326, 328). Comparison of these residues
shows that they are 1) located in the catalytic domain, 2) stabilize the catalytic state through
intramolecular interactions, and 3) are involved in the transition of the enzyme conformation
from the inactive (T, tight) to active (R, relaxed) state. For example, residues that are involved in
allosteric coopertivity, Argl62 and Arg243 in PFK, Thr226 in CM and GIn231 in ATCase are
each located in the catalytic domain. These residues also hydrogen bond with their respective
substrate or allosteric effector molecule. Most importantly, these residues are involved in the
transition between the T and R enzymatic states (317, 318).

Glu30 also shares a number of these characteristics. Like the other residues involved in
cooperativity, Glu30 resides in the catalytic domain of mDHFR. Glu30 also hydrogen bonds
with dihydrofolate (DHF). And lastly, its equivalent residue in E. coli DHFR, Asn27, is involved
in the conformational transition between the T and R states, which suggests that Glu30 plays a
similar if not the same role (303-305, 312, 316, 329) . We hypothesize that these similar
attributes may be indicators of residues, like Glu30 that are allosterically-active and may be

involved with cooperativity.
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Conclusions

Here we have identified a mDHFR mutant containing the E30Nal mutation that has a
different catalytic regulation scheme than its wild-type counterpart. Previous, mutational and
structural analysis of mDHFR has shown that Glu30 is responsible for both substrate binding and
catalytic function. Previous work has shown that at low DHF substrate concentrations (< 200
uM) mDHEFR is governed by Michaelis-Menten kinetics. We have expanded upon this work to
evaluate higher substrate concentrations (> 200 uM) and have shown that wild-type mDHFR is
inherently governed by two catalytic modes that are substrate-concentration-dependent. Wild-
type was governed by Michaelis-Menten and homotropic activation at low (< 200 uM) and high
(>200 uM) DHF concentrations, respectively. Alternatively, mDHFR®™ had one continuous
catalytic regulation mechanism for the entire substrate range (0 — 1200 pM) and exhibited
homotropic activation. The mDHFR™®Y mutant was created to determine whether it could
replicate the behavior of the E30Nal mutation. mDHFR™Y, however, mimicked wild-type and
not mDHFR™™ mDHFR™’Y had two catalytic modes that are substrate-concentration-
dependent. And finally, mDHFR™" was governed by Michaelis-Menten and homotropic
activation at low (< 200 pM) and high (>200 pM) DHF concentrations, respectively. These
results demonstrate that incorporation of Nal at position 30 alters the cooperativity of mDHFR.
This change is driven by the particular shape and size of Nal, since the same attribute could not
be reproduced when Glu30 was mutated to the most similar natural amino acid analogue, Trp.
Furthermore, since both Trp and Nal can only weakly hydrogen bond with the pteridin
substituent of DHF, impairing the hydrogen bond alone between position 30 and DHF is not

sufficient to alter the cooperativity of mDHFR. Furthermore, examination of expression titers
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showed that despite having low catalytic efficiency (since 30 is important for catalytic turnover),
homotropic activation was extremely beneficial to the expression host based on the relatively
high expression titers of mDHFR™"*. This work demonstrates that although non-natural amino
acids possess an array of chemical properties, simply based on the subtle changes to shape, non-
natural amino acids have the ability to fill roles that natural amino acids cannot. To our
knowledge this is the first report showing that an expanded set of genetically encoded amino

acids can alter the cooperativity of an enzyme.
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Chapter 5

Strategizing the selection and placement of an expanded set of amino acids for

maintaining enzyme function
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Abstract

The ability to incorporate non-natural amino acids (nAAs) during protein synthesis has
greatly broadened the protein engineering space by providing new building blocks with unique
structures, chemistry and reactivity, not found in natural amino acids. General knowledge of how
mutations affect enzyme function is limited. With the increasing diversity of residues available
for protein synthesis, understanding how mutations affect enzyme function is crucial. Here, we
investigate how nAAs can be incorporated into enzymes while minimizing the impact on
function. The goals are two-fold; 1) to increase the accessibility and utility of nAAs for protein
engineering applications, and 2) to provide insight into how mutations outside of the active site
can affect enzyme function. 3-(2-naphthyl)-alanine (Nal) was strategically incorporated at
positions in the hydrophobic core and at solvent-exposed regions in murine dihydrofolate
reductase (mDHFR). Six hydrophobic core mutants (V50Nal, 151Nal, V112Nal, W113Nal,
F134Nal, and V135Nal) and six solvent-exposed site mutants (V43Nal, E44Nal, F142Nal,
E143Nal, F179Nal, and E180Nal) were created, to investigate the effect of mutation on enzyme
function caused by changes in steric compatibility and change in hydrophobicity, for each region
respectively. Hydrophobic-core mutants: The Lennard-Jones repulsive (LJR) score, a measure of
steric incompatibility, calculated using RosettaDesign, was found to have a positive linear
correlation with the absolute deviation in K;, from that of wild-type (Pearson’s correlation
coefficient, r = 0.831; p = 0.041). The kinetic parameters, ke, and k../K,, were found to have a
negative monotonic correlation with the LJR score, based on the Spearman correlation
coefficient (p = —0.886; p = 0.019). Despite being related structurally, Nal was not an equivalent
substitution for Trp and Phe as it caused structural changes and adversely affected catalytic

activity, however, without impacting K,. Solvent-exposed-site mutants: Nal, a large
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hydrophobic residue, could be incorporated at solvent-exposed sites (Phel42 and Phel79)
without any adverse affects on the binding (K,,) and catalytic (ke) components of mDHFR
function. As expected, changes in secondary structure were also found to trend with HDMNR.
Statistical analysis revealed that substituting Nal for Glu caused significant deviations in K,
when compared to substitution of Nal at hydrophobic residues by an average of +0.60 uM (Two-
tailed, unpaired, Student’s t-test, p < 0.01). For the solvent-exposed site, a trend or correlation
catalytic activity and any other parameter, investigated here, was not observed. Collectively,
these results indicate that mutations that are intended to minimize structural changes can be used

to strategically minimize impact on enzyme function.
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Introduction

Protein engineering has been used extensively to create useful proteins with improved,
modified and/or added function. The ability to engineer a protein to a particular state or to
possess a desired attribute depends on the sequence and structure space. The advent of
technology to genetically encode and incorporate non-natural amino acid (nAA) into proteins has
greatly expanded the protein engineering space by increasing the number and diversity of
residues available for protein synthesis and mutation. Originally only the 20 natural amino acids
could be used in protein biosynthesis. Now, over 50 nAAs have been successfully incorporated
in vivo into various protein targets (105, 114, 118, 171, 330). A significant advantage of using
nAAs is that they possess unique, structure, chemistry and reactivity compared to the natural
amino acids.

Site-specific incorporation of nAAs has been used for a range of protein engineering
applications. For example, due to the high magnetiogyric ratio of '°F, fluorinated nAAs have
been used as NMR probes to determine the structure and function of nitroreductase (NTR) and
histidinol dehydrogenase (140). Tyrosine, phenylalanine and tryptophan analogues, (p-amino-L-
phenylalanine, p-methoxy-L-phenylalanine, p-iodo-L-phenylalanine, p-bromo-L-phenylalanine,
and 3-(2-naphthyl)-alanine have been used to substitute Tyr66, a chromophore residue of green
fluorescent protein (GFP) (131, 144-146). These substitution mutations were able to alter the
spectral properties of GFP, yielding shifts in fluorescence emission wavelengths corresponding
to the strength of each nAA as an electron donor (131, 144-146), which demonstrated that
strategic nAA selection and placement could be used to tailor protein function. The use of nAAs
has also been applied to improving the properties of enzymes beyond the limits of natural amino

acids. For the enzyme-prodrug combination, NTR-CB1954, being developed for cancer gene
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therapy, Phel24 of NTR, through mutation with the entire spectrum of natural amino acids was
shown to be the most sensitive site for improving NTR catalytic activity towards CB1954 (168).
Site-specific incorporation of p-aminophenylalanine at Phel124 was able to increase the activity
of NTR for CB1954 two-fold over the best natural amino acid mutation, F124K (169). A group
of bioorthogonally reactive nAAs, containing terminal ketones, azides, and alkynes have been
developed for bioconjugation applications (148, 149, 151, 153-155, 157, 164). Since nAA
incorporation can be targeted to specific locations in a protein, they can be used to create specific
and homogeneous conjugation products, which are often not possible with methods using natural
amino acids, such as cysteine and lysine (150, 158, 160, 161). Bioconjugation of fatty acids and
polyethylene glycol (PEGylation) at reactive nAA sites have improved the blood-circulation
longevity of pharmaceutically-relevant enzymes and antibodies without loss of function (152,
163, 166). Additional functionalities have also been covalented added to proteins, such as the
bioconjugation of an auristatin derivative, a cancer drug, to an anti-Her2 antibody fragment and
IgG, for targeted drug delivery against Her2-positive cancer cells. nAAs have also been used to
alter enzyme properties. In CYP102A1, a catalytically promiscuous cytochrome P450, four
aromatic unnatural amino acids were site-specifically incorporated at 11 active-site positions
resulting in certain mutants exhibiting significant shifts in regioselectivity and improvements to
catalytic activity (170). Also, the replacement of Phe31 of murine dyhydrofolate reductase with
3-(2-naphthyl)-alanine and p-bromo-phenylalanine were capable of altering specificity of
mDHFR for a less favorable substrate, folic acid, and reducing its binding affinity to an artificial
inhibitor (methotrexate), respectively (136, 171).

However, in general one of the primary obstacles in protein engineering is being able to

correctly predict how mutations will affect enzyme function. This is especially a challenge when
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applying non-natural amino acids, which have a diversity of structures and chemistries, and
where rational or semi-rational design is still commonly employed (136, 140, 145, 152, 162, 169,
171, 331-334). With the increasing diversity of residues available for protein synthesis,
understanding how mutations affect enzyme function is crucial. Therefore, the goal of this work
is to investigate how nAAs can be permissively incorporated into enzymes. Enzymes are a
particularly attractive test platform, since enzyme function is a two step process involving an
obligate substrate binding step and a catalysis step. Both of these steps can be characterized
simultaneously to evaluate the effects of nAA incorporation on function. For this work, murine
dihydrofolate reductase (mDHFR) was used as the model protein. Numerous crystal structures
for DHFR are resolved, and the enzyme kinetics has been extensively characterized (291, 293,
295-298, 307, 335-339). mDHFR function will be characterized though the saturation kinetics of
DHF metabolism which will be fit to the Michaelis-Menten equation to obtain the kinetic
parameters K;, and k., to evaluate the impact of nAA incorporation on the binding and
biocatalytic components of mDHFR function, respectively. Here we focus primarily on the effect
of site-specific incorporation nAAs into the hydrophobic core and solvent-exposed regions as
these two regions are common to almost all globular proteins and have similar characteristics
from protein to protein. Also these two regions are commonly studied. Active site residues are
excluded from this research effort since enzyme function and the role of active-site residues
vary.

Since enzymes require their structure to function properly, we hypothesize that mutations
that are intended to minimize structural changes will have a lesser impact on mDHFR function
(340-353). Since the structure of the hydrophobic core is governed by its sequence and steric

compatibility, six nAA incorporation sites were selected from the hydrophobic core of the
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mDHFR in order to investigate how the steric compatibility of a hydrophobic non-natural amino
acid affects mDHFR function (340-353). Since hydrophobic residues govern protein surface
structure, six mutations were selected from solvent-exposed regions to investigate how changes
in hydrophobicity at these sites affect mDHFR function (340, 341, 343, 345). Two non-natural
amino acids, p-bromo-phenylalanine (pBrF) and 3-(2-naphthyl)-alanine (Nal), and their
corresponding aminoacyl tRNA synthetase/tRNA pairs, used to incorporate them, were available
to us for this work (131, 132). As Nal is larger than pBrF, we selected it for our work. Given that
Nal is bulky residue that is larger than any natural amino acid it can be used to manipulate both

the sterics of the hydrophobic core and hydrophobicity of solvent-exposed sites.

Materials and Methods

Materials

3-(2-naphthy)-alanine (Nal) was obtained from Chem-Impex (Wood Dale, IL). The
twenty natural amino acids, ampicillin, kanamycin, L-(-)-fucose, and 2,5-dihydroxybenzoic acid
(DHB) were purchased from Sigma-Aldrich (St.Louis, MO). Dihydrofolic acid (DHF),
nicotinamide  adenine  dinucleotide phosphate (NADPH), and isopropyl p-D-1-
thiogalactopyranoside (IPTG) were purchased from Santa Cruz Biotechnologies (Dallas, TX).
Sequencing-grade trypsin was procured from Promega (Madison, WI). Nickel-nitrilotriaceticacid
(Ni-NTA) affinity column resin and plasmid pQE16 were obtained from Qiagen (Valencia, CA).
C18 ZipTip pipette tips were obtained from Millipore (Billerica, MA). All other chemicals,
unless otherwise noted, were purchased from Fisher Scientific (Pittsburgh, PA) and were used

without additional purification.
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Expression of wild-Type mDHFR

Wild-type DHFR encoded on the plasmid pQE16-mDHFR " -yPheRS™"" was expressed
in M9-20AA media (6 g/L Na,HPO4, 3 g/L KH,PO4, 0.5 g/L NaCl, 0.1 mM CaCl,, 1 mM
MgSOy4, 0.4 % glucose, 50 mg/L of each of the 20 natural amino acids) supplemented with 100
mg/mL ampicillin. The pQE16 plasmid containing the mDHFR gene was transformed into the
AFWK host. The cells were grown to ODgoo = 1.0 and induced with a final concentration of 1

mM IPTG. Cells were harvested after overnight induction at 32 °C.

Expression of mDHFR Nal variants

In order to express the Nal variants, the two plasmids pQE16-XXAmb mDHFR-
yPheRSnaph and pREP4-thNAPh"‘CUA_UG were co-transformed into the E. coli AFWK host. Here
XX represents the corresponding position of amber codon suppression based on PDB ID: 1U72
(296). The cells were then grown in M9-20A A, supplemented with 100 mg/mL ampicillin and 50
mg/mL kanamycin, until ODgy = 1.0. Cells were harvested and centrifuged at 4,500 x g for 8
mins. The resulting cell pellet was resuspended and gently washed with 0.9 % NaCl and
centrifuged again at 4,500 x g for 8 mins. The resulting cell pellet was resuspended in M9-17AA
(6 g/L Na,HPOy, 3 g/ KH,POy4, 0.5 g/L NaCl, 0.1 mM CaCl,, 1 mM MgSOy4, 0.4 % glucose,
0.05 g/L of each of the natural amino acids except phenylalanine, tryptophan and lysine which
were supplemented at 25 uM, 50 uM and 100 pM, respectively (152). The M9-17AA was then
supplemented with 3 mM of Nal. After incubation at 37 °C for 10 mins, induction was initiated
by the addition of IPTG to the culture at a final concentration of ImM. The cells were induced
overnight at 32 °C. The mDHFR being used has the residues MRGSGI at to the N-terminus and a

hexahistidine purification tag at the C-terminus (171).
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Protein purification

Purification of the mDHFR variants including wild-type was performed using Ni-NTA
resin per manufacturer protocol (Qiagen, Venlo, Limburg). The manufacturer protocol was
followed with the exception that 20 mM and 40 mM imidazole were used in the lysis and wash

buffers, respectively (171).

Determination of protein purity and concentration

The yield and purity of the purified DHFR variants were determined by analyzing SDS-
PAGE protein gels. The protein gel images were taken using a UVP BioSpectrum imager
(Upland, CA) and then analyzed by VisionWorks image analysis software. Protein concentration
was determined by absorbance measurements at 280 nm, using a calculated extinction coefficient

of 24,750 cm™M™ (171).

Confirmation of in vivo Nal incorporation by MALDI-TOF/MS

Incorporation of Nal was confirmed by MALDI-TOF/MS after enzymatic digestion of
each variant. 1 pL of 1 pg/pL trypsin (in 50 mM acetic acid) or 1 pL of 1 pg/uL of
chymotrypsin (in 50 mM acetic acid) was added to 10 pL of 5 uM each DHFR variant in elution
buffer (50 mM NaH,PO,, 300 mM NaCl, and 250 mM imidazole, pH = 8.0). Upon addition the
sample was incubated at 37 °C overnight. 12 uL of 5 % trifluoroacetic acid was added to quench
the reaction. Digested peptides solutions were desalted using C18 Ziptips according to the
manufacturer’s protocol (EMD-Millipore, Darmstadt, Germany). 20 mg/mL of 2,5-

dihydroxybenzoic acid and 2 mg/mL of L-fucose dissolved in 10 % ethanol was used as the
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matrix for MS analysis using a Microflex MALDI-TOF/MS (Bruker, Billerica, MA). Variants
V43Nal, E44Nal, V50Nal, I51Nal, F134Nal, V135Nal, F179Nal, and E180Nal were digest by

trypsin. V112Nal, W113Nal, F142Nal, and E143Nal were digested by chymotrypsin (171).

Dihydrofolic acid (DHF) reduction Kinetics

NADPH-dependent mDHFR reduction of DHF was monitored by measuring the decrease
in absorbance at 340 nm using a Synergy four multimode microplate reader (BioTek, Winooski,
VT) following manufacturer protocol (Sigma-Aldrich, St. Louis, MO). To determine DHF
reduction kinetic parameters, 60 uM of NADPH and varying concentrations of dihydrofolate
(DHF) (0 — 40 uM) were dissolved in MTEN buffer (50 mM 2-(N-morpholino)ethanesulfonic
acid (MES), 25 mM tris(hydroxymethyl)aminomethane (Tris), 25 mM ethanolamine, and 800
mM sodium chloride, pH 7.5). Reactions were initiated by the addition of enzyme to a final
concentration of 2 to 100 nM (depending on the variant). Enzyme was pre-incubated with
NADPH for 10 minutes prior to addition. Bovine serum albumin (BSA) was added to each
reaction at a final concentration of 0.1 mg/mL (310, 311). While BSA has previously been used
in the DHFR kinetic assay (310, 311), a supplemental experiments used for validating BSA use
in the kinetic assay is located in the Supporting Information section Appendix D (Figure D1 —
D3). All measurements were performed in at least triplicates. Reaction rates with respect to
substrate concentration were fitted against the classical Michaelis-Menten model in order to
determine kinetic parameters, Kea, K, and keo/Kp, (171, 293-298). The extinction coefficient for

NADPH-dependent DHF reduction reaction is 12,300 M™'/cm at 340 nm at 25 °C (310, 311).

Circular Dichroism
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Eluted mDHFR was desalted on a PD-10 column (GE Healthcare, Pittsburgh, PA) per
manufacture protocol and then diluted using 10 mM phosphate buffer to a final concentration of
2 uM enzyme. Samples were measured using a Jasco J-710 spectropolarimeter with a 1 mm path
length. The reported spectrum for each sample was an average of at least 5 measurements and
the solvent background spectrum was subtracted. CD sprectra were only obtained for V43Nal,
E44Nal, WI113Nal, F134Nal, F142Nal, E143Nal, F179Nal, and EI180Nal, because
expression/purification titers were too low for V50Nal, I51Nal, V112Nal, and V135Nal to

conduct the analysis (354).

Computational analysis of conformational stability and mutational steric compatibility
Computational analysis of the conformational stability of mDHFR after non-natural
amino acid incorporation was performed using the molecular modeling program RosettaDesign,
version 3.4 (355, 356). The energy score output of RosettaDesign is a linear sum of the Lennard-
Jones potential, the Lazaridis-Karplus solvation energy, an empirical hydrogen bonding
potential, the internal energy of sidechain rotamers, the Coulombic electrostatic energy potential,
the energetic favorability of a specific amino acid based on ¢/y angles, and a unique reference
energy for each amino acid (355-357). For a given crystal structure, RosettaDesign uses a Monte
Carlo method to simulate residue annealing by scanning through a large number of rotamers for
a given non-natural amino acid (from the SwissSidechain database) to minimize the energy score
output. For this analysis, a fixed-backbone technique was used (358). A fixed backbone
technique has previously been used successfully for computational design of proteins (359-365).
Since a crystal structure for wild-type mDHFR bound to either DHF or folic acid (FOL) is not

available, the human DHFR (hDHFR) structure (PDB ID: 2W3M) was used instead. The
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hDHFR structure is highly homologous to that of mDHFR, and the two have greater than 95%

sequence conservation (296, 339).

Results and discussion

Part I: Non-natural amino acid incorporation within the hydrophobic core

Selection of non-natural amino acids for site-specific incorporation in the hydrophobic core

In order to investigate the effect of mutation within the core, we looked at the available
hydrophobic non-natural amino acids (nAA) that have previously been incorporated successfully
(107, 136, 308, 366). Of those, two hydrophobic nAAs, p-bromophenylalanine (pBrF) and 3-(2-
naphthyl)-alanine (Nal) and their corresponding engineered aminoacyl tRNA synthetase/tRNA
pairs were available to us for this work (131, 132, 308). While the lower size spectrum of
hydrophobic residues is well covered by the natural amino acids, the use of larger sidechains is
limited only by the ability to engineer suitable corresponding heterologous orthogonal suppressor
tRNA and aminoacyl tRNA synthetase pairs (171, 367, 368). This presented an opportunity to
investigate whether larger hydrophobic amino acids could be successfully incorporated into the
core while maintaining enzyme function (346). Nal, a bulky hydrophobic Phe/Trp analogue, was
selected for this purpose (Figure 5.1) (308). Nal has two conjugated rings and is larger in mass
and van der Waals volume than any natural amino acid, as well as pBrF (Figure 5.1) (369). Nal
also comes from one of the largest families of nAAs, the Trp/Tyr/Phe analogues, that are

extensively used for protein engineering applications involving non-natural amino acids (136).

123



HN {
S NN
H.N.
H2NI Hsz\ HZN\Ag H2N£/ Hsz/ HoN H,N 2
HO 0 HO 0 HO o) HO 0 HO o) HO o) HO o) HO S

Ala Val lle Leu Met Phe Trp Nal

86.4A°  121.0 A3 138.3 A® 138.3 A® 139.5 A 159.0 A® 178.7 A 199.7 A®

Figure 5.1. Structures and the calculated van der Waals volumes of hydrophobic amino acids in order of increasing size. Van der
Waals volumes were calculated using the method described by Zhao (369).
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Table 5.1. Parameters derived from computational and crystal structure analysis.

Variant Wild-type W113Nal V112Nal F134Nal V135Nal I51Nal V50Nal
fa_rep (kcal/mol) 14.1+0.5 66.5+0.7 121.3+34.8 59.7+2.3 779+1.5 96.7+0.6 121.4+1.2
DTS (A) NA 9 12 6 7 8 8

1) fa_rep is the Lennard-Jones repulsive score derived by computational analysis (RossettaDesign 3.4) using a fixed-backbone method using PDB ID: 2W3M. Standard errors are reported (n = 3).
2) DTS, distance to the substrate. Distances represent the lowest edge-to-edge distance from the native residue to the substrate and are binned to a whole number. For example, 8A represents an actual

edge-to-edge distance between 8 to 9 A.
3) NA, not applicable.

Table 5.2. Michaelis-Menten kinetic Parameters for nDHFR NADPH-dependent DHF reduction.

Variant Wild-type W113Nal V112Nal F134Nal V135Nal I51Nal V50Nal
Keat (s'l) 3.66 £ 0.02 2.95+0.002 0.029 £ 0.0001 1.46 +0.0002 0.32 +0.0004 0.028 +£0.0002 0.020 £+ 0.0002
K, (uM) 1.94 +0.08 2.10+0.19 2.61 £0.12 1.87 +£0.19 1.47 £ 0.08 3.01+0.11 343+0.24
Keat! Kin (WM/5) 1.9+0.1 1.4+0.1 0.011 £0.001 0.78 +£0.08 0.22 +£0.01 0.0092 +0.001 0.0058 +0.0004
Rel. Koo/ K (%) 100.0 74.5+12.7 0.6 +0.05 41.4+8.1 11.7+12 0.5+0.05 0.3 +0.04
|AK | (uM) NA 0.16 0.67 0.07 0.47 1.07 1.49

1) Rel. kea/Ki is the relative catalytic efficiency of the particular variant compared to that of wild-type.
2) Reactions were conducted with DHF concentrations of 0 — 40 uM and 60 uM of NADPH.
3) |AK,,| is the absolute difference between the K, of the mutant mDHFR and that of wild-type mDHFR

4) Standard errors are shown (n = 3).
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Selection of hydrophobic-core incorporation sites

To select mutation sites, we calculated the accessible solvent area (ASA), a common
practice used to locate residues of the hydrophobic core (343, 370). Since solvent accessibility is
highly restricted within this area, we restricted our selection to residues (PDB ID: 1U72) with
ASA less than or equal to 2.0 % (296, 343, 370). To eliminate bias that can be associated with
using only a single algorithm, we calculated ASA values using three different published
calculators to ensure that values were in close accordance with one another (ASA-View,
CUPSAT and SDM) (371-373). The ASA cutoff criteria limited selection to include five
hydrophobic regions. While this selection criterion may not encompass all core residues, this
method nearly guarantees the selection of only hydrophobic core residues, especially to ones that
are buried with limited accessibility to solvent (343, 370, 374). Additionally, we excluded active
site and binding pocket residues in order to minimize direct interaction with the substrate and
cofactor, which is not being studied herein. The ASA criterion was also verified to naturally
exclude residues that are exposed to bulk solvent. We also excluded core residues that are
involved in sidechain-sidechain and sidechain-backbone hydrogen bonding pairs, as these
residues are normally crucial to structure and function (323, 375).

With the aforementioned criteria, selection was narrowed to the B-strand portion of the
core (296). From here, we carefully selected three pairs of adjacent mutations sites, one pair from
each region, for site-specific incorporation of Nal. Between mutants of adjacent sites,
confounding variables such as differences in location-dependent behavior and local structural
environment are expected to be minimized and this facilitates pairwise comparison (340, 341,
343, 376, 377). Each adjacent pair of mutation sites consists of a small valine residue and larger

hydrophobic residue. Valine was selected as the smaller residue since it represents an
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intermediate hydrophobic residue size, and because it serves as a common residue to facilitate
comparison across regions. The size difference between valine and the adjacent residue allows
comparison to determine whether the residue size difference between the mutant and native
residue (SDMNR) is an important variable that can impact enzyme function. Positions Val50,
Ile51, Vall12, Trp113, Phel34, and Vall35 were selected (based on position numbering for
PDB:ID 1U72) (296). Therefore, six mutants were created, with Nal site-specifically
incorporated only at the target site. Since Nal is an analogue to Trp and Phe, Trp113 and Phel34
serve as conservative mutation sites based on size and shape.

Hereinafter mutations are denoted as, for example, V135Nal, where V is the native site
residue valine, 135 is the position of the target incorporation site and Nal represents 3-(2-
naphthyl)-alanine. Natural amino acids are denoted with single letters. This nomenclature is used

to denote both the mutations and mutants.

Preparation of Nal variants

The mDHFR variants were prepared using a modified version of the method described by
Zheng (171). mDHFR variants were successfully expressed and purified as evidenced by a clear
protein band at 23.5 kDa on SDS-PAGE (Figure 5.2). As was the case, since Nal only differs in
mass from Val, Ile, Phe and Trp (native residues of Nal incorporation sites) by no more than 97.9
Da, the protein migration distance was not noticeably attenuated from the relatively minor mass

contribution of Nal incorporation.
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Figure 5.2. SDS-PAGE showing purified wild-type mDHFR and hydrophobic core mutants. WT
denotes wild-type. Samples were run on a 12% polyacrylamide gel and stained with Coomassie
blue.
Verification of in vivo Nal incorporation by MALDI-TOF/MS

Nal incorporation was accomplished using the engineered, heterologous, orthogonal
yPheRS™"/ytRNA™ 4 yg pair that is highly specific to Nal (131, 308). Additionally, the
AFWK E. coli expression strain, which is a Phe, Trp, and Lys auxotroph, was used to preclude
misacylation of thNAPhSCUA_Ug, thus preventing the formation of the most likely
misincorporation products with Phe and Trp at the target site (131). In vivo site-specific
incorporation of Nal at each target site was verified by MALDI-TOF/MS. Prior to MALDI-
TOF/MS, each variant was enzymatically digested by either trypsin or chymotrypsin to produce

a fingerprint of peptide fragments of known length and mass. Successful incorporation yields a
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Nal-containing fragment with monoisotopic mass equivalent to the monoisotopic mass of the
native fragment plus the difference in mass between Nal and the native site residue (171).
MALDI-TOF/MS analysis confirmed the successful incorporation of Nal at each
location. For V50Nal and I51Nal, the expected monoisotopic masses for the Nal-containing
fragments were 1156.6 m/z (residues 47 - 55) and 1142.5 m/z (residues 47 - 55), respectively.
The actual monoisotopic masses for the Nal-containing fragments were found to be 1156.4 m/z
and 1142.1 m/z for V50Nal and 151Nal, respectively (Figure 5.3A and 5.3B). For V112Nal and
W113Nal, the expected monoisotopic masses for the Nal-containing fragments were 1164.5 m/z
(residue 107 - 121) and 946.4 m/z (residues 106 - 113), respectively. The actual monoisotopic
masses for the Nal-containing fragments were found to be 1164.5 m/z and 946.5 m/z for
V112Nal and W113Nal, respectively (Figure 5.4A and 4B). For F134Nal and V135Nal, the
expected monoisotopic masses for the Nal-containing fragments were 685.3 m/z (residue 133 -
137) and 733.3 m/z (residues 133 - 137), respectively. The actual monoisotopic masses for the
Nal-containing fragments were found to be 685.4 m/z and 733.4 m/z for F134Nal and V135Nal,
respectively (Figure 5.5A and 5.5B). The masses for each of the Nal-containing fragments were
within £ 1.0 m/z of the expected monoisotopic masses, which is within the standard error for
MALDI-TOF/MS measurements and indicates that Nal was successfully incorporated at each
target position. Masses corresponding to Nal-containing fragments were not observed in the
wild-type spectra indicating that the Nal-containing fragment for each variant is unique and each
arises from in vivo incorporation Nal at the correct position. Also the corresponding wild-type
fragment and fragments pertaining to misincorporation of Phe and Trp were not observed in the

mutant spectra indicating that Nal was incorporated efficiently (131).
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Figure 5.3. Confirmation of in vivo Nal incorporation by MALDI-TOF/MS for hydrophobic
core mutants. The mass spectroscopy spectra verifying incorporation of Nal at the target site for
mutant A) V50Nal (residues 47 - 55) and B) IS1N (residues 47 - 55). For each sample, the left
panel shows the spectrum of the wild-type enzymatic digest. The right panel shows the spectrum
of the mutant enzymatic digest with the Nal-containing fragment. In the right panel, the peak
corresponding to the Nal-containing fragment is indicated by the arrow. In the left panel, if
present, the counterpart wild-type fragment with the native residue is marked by an arrow. The
residue numbering corresponds to PDB ID:1U72. The horizontal bar indicates the mass
difference between the Nal-containing fragment and corresponding wild-type fragment with the
native residue. a.u. denotes arbitrary units.
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Figure 5.4. Confirmation of in vivo Nal incorporation by MALDI-TOF/MS for hydrophobic
core mutants. The mass spectroscopy spectra verifying incorporation of Nal at the target site for
mutant A) V112Nal (residues 112 - 121) and B) W113Nal (residues 106 - 113). For each sample,
the left panel shows the spectrum of the wild-type enzymatic digest. The right panel shows the
spectrum of the mutant enzymatic digest with the Nal-containing fragment. In the right panel, the
peak corresponding to the Nal-containing fragment is indicated by the arrow. In the left panel, if
present, the counterpart wild-type fragment with the native residue is marked by an arrow. The
residue numbering corresponds to PDB ID:1U72. The horizontal bar indicates the mass
difference between the Nal-containing fragment and corresponding wild-type fragment with the
native residue. a.u. denotes arbitrary units.
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Figure 5.5. Confirmation of in vivo Nal incorporation by MALDI-TOF/MS for hydrophobic
core mutants. The mass spectroscopy spectra verifying incorporation of Nal at the target site for
mutant A) F134Nal (residues 133 - 137) and B) V135Nal (residues 133 - 137). For each sample,
the left panel shows the spectrum of the wild-type enzymatic digest. The right panel shows the
spectrum of the mutant enzymatic digest with the Nal-containing fragment. In the right panel, the
peak corresponding to the Nal-containing fragment is indicated by the arrow. In the left panel, if
present, the counterpart wild-type fragment with the native residue is marked by an arrow. The
residue numbering corresponds to PDB ID:1U72. The horizontal bar indicates the mass
difference between the Nal-containing fragment and corresponding wild-type fragment with the
native residue. a.u. denotes arbitrary units.
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Computational analysis of the steric compatibility of Nal incorporation

Computational analysis using RosettaDesign was performed to evaluate the steric
compatibility of Nal at each incorporation site. The RosettaDesign fa_rep output is the Lennard-
Jones repulsive (LJR) score, which is a measure of the deviation of atom distances from
optimality (355). Higher scores reflect a scenario where atoms are closer than the distance
preferred by van der Waals forces. The LJR score is a measure of the steric compatibility of a
mutation and, for a fixed-backbone technique, also represents the available free energy to drive
structural changes to a more stable protein fold (357, 378-381). The RosettaDesign LJR score
has previously been used to evaluate the folding stability of hRSOD1 and was used successfully to

predict mutations for both favorable and unfavorable conformational interactions (364, 365).
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Figure 5.6. Evaluation of secondary structure changes by far-UV circular dichroism. Spectra for
Wild-type, denoted WT (Black), W113Nal (red), and F134Nal (blue) are shown over the
wavelength range of 195-250 nm. Spectra were obtained by averaging at least n = 5
measurements.
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The conservative mutations, W113Nal and F134Nal are not completely sterically compatible and
cause structural changes to mDHFR

When compared to the wild-type mDHFR score (14.1 + 0.5 kcal/mol), the higher LJR
scores observed for W113Nal (66.5 £ 0.7 kcal/mol) and F134Nal (59.7 £ 2.3 kcal/mol) indicate
an increase in steric incompatibility and this is consistent with the qualitative changes to
secondary structure (Figure 5.6) (343, 382). This suggests that, despite being analogues, the size
difference between Nal and Trp/Phe are significant (Figure 5.1) and a structural change is
required to accommodate Nal at the two corresponding positions. Nal is slightly larger than Trp
because it is composed of two six-member rings while Trp is constructed of a five- and six-
member ring. When compared to the phenyl substituent of Phe, the naphthyl substituent of Nal
has an additional 6-membered ring (341, 343, 344, 383, 384). These results are consistent with a

previous findings showing that Nal is not sterically equivalent to Phe (171).

The degree of steric incompatibility (LJR score) is related to the size difference between the
mutant and the native residue

Mutants of adjacent sites (W113Nal/V112Nal, F134Nal/V135Nal and 151Nal/V50Nal)
were compared pairwise to minimize effects associated with location-dependence (291, 296, 300,
302, 312, 321, 337, 385, 386). It was observed that, the mutation with the smaller SDMNR of
each pair (W113Nal, F134Nal and [51Nal) consistently exhibited a lower LJR score than its
adjacent counterpart (V112Nal, F135Nal and V50Nal) with the larger SDMNR (Figure 5.1 and
Table 5.1). As would be expected, these results indicate that between mutants of adjacent sites,
the mutation with the smaller SDMNR is more sterically compatible. In other words, the degree

of steric incompatibility (LJR score) is related to the SDMNR. This corroborates our hypothesis
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that minimizing the SDMNR reduces steric incompatibility (382). Since CD spectra could not be
obtained for V50Nal, [51Nal, V112Nal, and V135Nal due to low expression/purification yields,

for these mutants, therefore the LJR scores could not be related to structural changes.
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Figure 5.7. Michaelis-Menten constants (K;,) for DHF for wild-type mDHFR and hydrophobic
core mutants. K,, values were derived from the Michaelis-Menten model based on saturation
kinetics. WT denotes wild-type mDHFR. Error bars denote the standard error (n = 3). Here N
denotes Nal. The two-tailed, unpaired Students’ t-test p-values are for comparison of the mutant
with wild-type. For A) (*; p = 0.001), (**; p = 0.002), (***; p = 0.0006), and (****; p = 0.0005).
Not significant, NS.

Evaluating the impact of Nal incorporation on mDHFR substrate binding

Next, we wanted to examine how the incorporation of Nal affected enzyme function.
Substrate binding is the obligate step in all enzymatic reactions before biocatalysis can occur
(288). Since reduction of DHF by mDHFR follows Michaeli-Menten kinetics within the
measured substrate concentration range (0 — 40 uM DHF) (288, 293, 296-305, 310-313, 324,
337, 387, 388), K, the inverse measure of binding affinity, was used to evaluate the effect of
Nal incorporation on the substrate binding component of enzyme function.
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W113Nal and F134Nal affect the secondary structure mDHFR, but not substrate binding affinity

K., values for the conservative mutations, W113Nal and F134Nal, were statistically
indistinguishable from that of wild-type mDHFR (p > 0.05) (Table 1). This indicates that the two
conservative mutations did not affect DHF binding affinity despite being less sterically
compatible than their respective native residues and also causing secondary structure changes
(Table 5.1 and Figure 5.6). Therefore the difference in size and shape between Nal and Trp/Phe
is substantial enough to cause structural changes (Table 5.1 and Figure 5.6); however, at
positions 113 and 133, the SDMNR and the resulting sterics were not sufficient to alter the

binding affinity between DHF and mDHFR (Figure 5.1).

DHF binding affinity is dependent on the steric compatibility of the mutation

The packed structure of the hydrophobic core is held together predominantly by van der
Waals interactions, and it is strongly dependent on both the steric compatibility and the
configuration of its residues (343, 346, 375). The hydrophobic core structure is highly sensitive
to mutations that promote conformational strain or cavitations (341). Moreover, enzyme-
substrate binding affinity is sensitive to structural changes and can be affected by either a change
to the binding site structure itself or by a change in the structure outside the binding site that
alters the stability of the substrate-bound conformation (288, 389, 390). DHF is known to
interact with specific active site side-chains (Ile7, Leu22, Glu30, Phe31 and Asn64) in a highly
specific configuration requiring hydrogen bonding with Glu30 and Asn64 (306, 319). As
expected, a number of mutations have been shown to affect binding site structure and binding

affinity of DHFR through the propagation of structural changes between the mutation and
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binding site (288, 292, 306, 385, 391-394). Therefore, we suspect that there is a link between the
steric compatibility of a mutation in the hydrophobic core and changes in substrate binding
affinity.

To determine whether the steric compatibility of a mutation in the hydrophobic core is an
important variable that affects substrate binding, mutants of adjacent sites were compared
pairwise. The LJR score did not trend with K, itself. Instead, we observed, that between mutants
of adjacent sites, the LJR score trended with the absolute difference between the K., of the
mutant and that of wild-type (JAKn|). Nal incorporation at the larger native residue (Trpl13,
Phel34 and Ile51), mutations with lower LJR scores (better steric compatibility), consistently
resulted in a lower |AK,,| than the corresponding mutant of the adjacent valine site (Valll2,
Vall35, Val50), with higher LJR scores (Table 5.1 and Table 5.2). Also, the difference in the K,
values between mutants of adjacent sites was found to be statistically significant (p < 0.05).

Moreover, K;, and |AK,,| did not trend or correlate with the distance of the mutation site
from the active site (DTS) (Table 5.1and Table 5.2), nor did they trend or correlate with ASA
which was kept relatively constant through a rigorous mutation selection process (Table 5.2)
(341, 375). Because the dependence of K;, on DTS and ASA were determined to be
inconsequential, this indicates that DHF binding affinity is in fact dependent on the steric

compatibility of the mutation (343, 375).

Absolute changes in K,, has a positive correlation with the Lennard-Jones repulsive score of the
mutations
To determine whether there was a correlation between the LJR score and |[AK|, we

calculated the Pearson’s correlation coefficient (PCC), r, which is used to evaluate the linearity
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between two variables. From this analysis, r was determined to be 0.831 and the corresponding
p-value was found to be equal to 0.041 (Figure D4A). Since the p-value was less than 0.05 and
the r value was greater than zero, the statistical analysis indicates that a statistically significant
positive correlation is present between the LIR score and |AK,,| (Figure D4A). While the sample
size was small, it was taken into account during calculation of the PCC and p-value (343, 375,
395). Collectively, these results indicate that steric compatibility is predictive to the degree to
which K, changes but not its directionality. A similar phenomenon has been observed in a
number of cases where the protein stability correlates both positively or negatively with ligand
binding affinity (396). This phenomenon, however, is not well understood. Nonetheless, since
the LJR score is a linear term in the protein stability calculation (RosettaDesign) (356), our
results suggest that for hydrophobic core mutants, steric compatibility of the mutation plays a

significant role in the relationship between protein stability and substrate binding affinity (396).

DHF binding affinity is sensitive to the location of the mutation

To determine whether the location of the mutation was an important factor that affected
K., values, the effect of Nal incorporation at each of the valines from the three regions were
compared with one another. Val50, Val112 and Val135 are located approximately 8 A, 12 A and
8 A from the active site binding pocket, respectively (Table 5.1). When we compared the
distance of the mutation site from the active site with the K,, values, there was no observable
correlation (Table 5.1). Since, between the Val sit mutants, differences in K, were observed, this
suggests that location is an important factor that determines how, and the degree to which a

mutation affects enzyme function. This is to be expected since numerous mutational studies and
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analyses of sequence conservation have shown that location is an important factor that
determines how a mutation affects function (171, 296, 299-301, 312, 337, 340, 387).

Since the K, value of the V50Nal mutation was significantly higher than that of
V135Nal, and because these two mutation sites are equidistant from the active site, this suggests
that Val50 is more sensitive to Nal incorporation than Vall35. The LJR scores indicate that the
local structural environment at position 50 is less sterically compatible for Nal than that at
position 135, which would explain the sensitivity. Although additional studies are needed,
location-dependence may also explain why the V135Nal mutation exhibited a higher DHF
binding affinity than that of wild-type mDHFR. Without additional structural information, it is

difficult to determine why each mutation behaved accordingly (288, 296, 397).

Evaluating the effect of NAl incorporation on catalytic function

Next, we evaluated the impact of each mutation on catalytic function. The primary role of
DHEFR in all organisms is the formation of THF through the reduction of DHF in a hydride
transfer reaction aided by the cofactor NADPH (288, 306, 310, 311). This process is modeled by
the Michaelis-Menten equation (288, 293, 296-305, 310-313, 324, 337, 387, 388). The kinetic
parameters k¢, and k../K,, are the substrate turnover rate and catalytic efficiency, respectively,

and are used to evaluate the effect of each mutation on function.
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Figure 5.8. Substrate turnover rate (k) and catalytic efficiency (ke./Ky,) for DHF reduction for
wild-type mDHFR and hydrophobic core mutants. The kinetic parameters A) ke and B) kea/Kiy
were derived from the Michaelis-Menten equation. Values were obtained from averaging values
from at least n = 3 samples. Error bars denote the standard error. Here N denotes Nal. The two-
tailed, unpaired Students’ t-test was used to calculate p-values for comparison between mutants
with wild-type mDHFR.
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The Trpl13 and F134 are important for catalytic function and mutation to Nal adversely impacts
catalytic function

While the conservative mutations, W113Nal and F134Nal, did not impact binding
affinity, they were capable of adversely affecting mDHFR catalytic function. This was evident
by the decrease in the substrate turnover rate (k.,), and also the catalytic efficiency (Kea/Kin)
(Table 5.2, Figure 5.8A, and Figure 5.8B). Since the binding affinity was left unaffected when
compared to wild-type, this suggests that the active site structures of both mutants remained
intact in the wild-type conformation. At the same time, since Trp113 and Phel34 are located
outside of the active site, the observed decrease in catalytic activity indicates that the two
positions are important for catalytic function and/or that the incorporation of Nal at these
positions causes structural changes at regions that are important for catalytic function (292, 385,
398).

Based on the inspection of the crystal structure (PDB ID:1U72), it is not apparent how
these two positions might be important to function (296). Both are located in the rigid B-sheet
core of mDHFR and are not directly associated with loop regions that are essential for catalytic
function (288). However, since secondary structure changes were observed for these two
mutations, this corroborates findings that have shown that preservation of the mDHFR core

structure is important for catalytic function (399).

Substrate turnover rate decreases monotonically with the Lennard-Jones repulsive score
To evaluate the effect of the mutational steric compatibility on catalytic function, the ke
value of mutants of adjacent incorporation sites were compared in a pairwise manner. Between

the adjacent sites, mutations with the lower LJR scores consistently retained a higher substrate
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turnover rate and catalytic efficiency. W113Nal, F134Nal and I51Nal had 102, 4.6 and 1.4 -fold,
higher substrate turnover rates, respectively, than their counterpart mutant at the valine site.
Consequently, this same trend was observed between the LJR score and catalytic efficiency,
Keat/ K.

When we calculated the Pearson’s correlation coefficient for k., as a function of the LJR
score, the r and corresponding p-value were determined to be -0.739 and 0.093, respectively.
Since, p > 0.05, this indicates that the LJR score does not correlate linearly with ke, Since the r
value was relatively high (—1< r < +1), we suspected that a monotonic correlation might be
present instead. Therefore, we calculated the Spearman rho correlation coefficient, p, which was
determined to be —0.886 with a corresponding p-value equal to 0.019 (Figure D4B). Since, p <0
and p < 0.05, this indicates that k., has a decreasing monotonic trend with respect to the LJR
score, and this occurs in a non-linear manner (Figure D4B). The same correlation was observed
between kg,/K;, and the LJR score. Since DHF binding is an obligate step in the reaction
pathway, we also compared changes in K, with those in k., (288). However, no apparent trend
was observed.

Steric incompatibility can affect enzyme function in a number of ways. It can occur by
disruption of structure. At the extreme, this mechanism is evident in misfolded and denatured
enzymes which have no function. Steric incompatibility can also affect enzyme function by
decreasing the dynamic range of motion of an enzyme. Protein dynamics have increasingly been
shown to be important for enzyme function (317, 329, 396-398, 400). Structural features such as
loop regions are known to mediate catalytic function of mDHFR. For example, the opening and
occlusion of loop regions around the active site during the unbinding of product and NADP+ are

rate limiting steps in the catalytic pathway (288, 290, 291, 300, 301, 397, 398). Also mutation of
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Glyl21 in DHFR has been shown to decrease the dynamic range of motion thus inhibiting
catalysis (300, 302, 387). Therefore, we suspect that the hydrophobic core mutations affect
mDHFR function through one of these mechanisms. However, further studies involving

structural analysis are necessary to elucidate the appropriate mechanism.

Part II: Non-natural amino acid incorporation at solvent-exposed sites

Selection of non-natural amino acid for site-specific incorporation at solvent-exposed sites
Since hydrophobic residues dictate the structure of solvent-exposed and surface regions,
we wanted to evaluate whether hydrophobic non-natural amino acids can be incorporated at the
surface while maintaining function (343). An important motivation for investigating hydrophobic
residues is that one of the largest groups of non-natural amino acids consists of Phe/Trp
analogues, which are often used for engineering applications (136, 171). In particular a subset
have reactive groups, such as azido, alkyne, and terminal keto moieties that are commonly
employed as points of chemical bioconjugation (148, 153, 162). These reactive residues require
solvent exposure for efficient bioconjugation to occur (152, 162). Because bioconjugation is
intended to covalently add function to a protein, the incorporation of reactive non-natural amino
acids should ideally be innocuous to inherent enzyme function (152, 162). Given that these
reactive groups are anchored by a large hydrophobic structure, this coincides with the goal to
determine whether large hydrophobic nAAs can be permissively incorporated at solvent-exposed
regions of proteins. Since a number of the Trp/Phe analogues are larger than any of the natural
amino acids, this also presented an opportunity to determine if hydrophobic residues, especially

ones that are larger than the natural amino acids, can be permissively incorporated at solvent
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exposed sites. Of the two hydrophobic nAA available to us (pBrF and Nal), Nal was selected for
this investigation (131, 132, 308). Nal is a bulky hydrophobic non-natural amino acid that is

larger than any natural amino acid.

Selection of solvent-exposed incorporation sites

In order to investigate the effect of Nal incorporation at solvent-exposed sites, mDHFR
was used as the model protein due to the extensive characterization background of DHFR (152,
288, 293, 295, 297-306, 311-313, 319, 337-339, 387, 393, 401, 402). Surface exposed residues
can vary greatly in polarity, charge and size. In order to minimize the number of variables being
compared, and to focus primarily on the importance of the hydrophobic difference between the
mutant and native residues (HDMNR), selection of incorporation sites was narrowed to adjacent
sites containing a hydrophobic residue and the negatively charged glutamic acid (Glu) residue.
This selection method facilitates pairwise comparison between mutants of adjacent sites, by
minimizing the effect of confounding variables such as location-dependence (340, 341, 343, 376,
377). Glu was selected because, in mDHFR, it has the highest diversity of adjacent hydrophobic
residues, and it is the second most prevalence (16 residues) amongst charged and polar residues
(296). Fixing the charged residue selection is also convenient since surface stability has a
stronger dependence on the total number of charged interactions with bulk solvent rather than
type of charge (343). Therefore selecting a charged residue other than Glu is not expected to
yield significantly different results. Of the charged natural amino acids, Glu also has the
approximate average frequency of occurrence in vertebrates (5.8%) which suggests that it is
unlikely to have specialized function (403). Furthermore, it is one of the most hydrophilic natural

amino acids (404, 405). Sites Val43, Glu44, Phel42, Glul43, Phel79 and Glul80 were selected
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(with position numbering based on PDB:ID 1U72) (296). Therefore, six mutants were created,
and for each mutant, Nal was site-specifically incorporated only at the desired target site. Of
these sites, Val43 and Phel79 have previously been used as incorporation sites for p-
ethynylphenylalanine (152, 406). And Phel42 was selected because it is a relatively solvent
accessible Phe in mDHFR. These incorporation sites are located at three distinct vertices of
mDHFR ranging from approximately 8 to 20 A from the substrate binding pocket (Table 5.3 and

Figure 5.9) (296).

Figure 5.9. Surface map of mDHFR showing the locations of Nal incorporation sites at solvent-
exposed regions. The image shows the surface map of DHFR along with the cartoon backbone
(PDB ID:1U72). The solvent exposed residues that were selected for replacement by Nal are
colored magenta, while all other residues are colored green.
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Table 5.3. mDHFR parameters and characteristics

Variant WT V43Nal E44Nal F142Nal E143Nal F179Nal E180Nal
[0]212/[0]222 1.8 1.5 1.3 1.7 0.8 1.7 1.2
DTB (A) NA 19 20 12 14 8 9
ASA NA 0.52 1.09 0.19 0.89 0.10 0.18

1) [0]212/[0]222,the molar ellipticity ratio between signals at 212 nm and 222 nm from circular dichroism measurements (n = 3).
2) DTS, distance to the substrate. Distances represent the lowest edge-to-edge distance from the native residue to the substrate and are binned to a whole number. For example, 8A represents an actual

edge-to-edge distance between 8 to 9 A.
3) ASA is the average accessible solvent area obtained from three published calculators, ASA-View, CUPSAT and SDM.

4) NA, not applicable.

Table 5.4. Michaelis-Menten kinetic parameters for mDHFR NADPH-dependent DHF reduction.

Variant WT V43Nal E44Nal F142Nal E143Nal F179Nal E180Nal
Keat (5™) 3.66 £0.02 2.35+£0.04 3.51+£0.03 5.67+£0.01 0.958 £0.01 4.29+0.01 1.91 £0.01
K., (unM) 1.94+£0.12 2.07 £0.07 2.51+0.14 2.13+£0.07 2.44+£0.10 2.16 £0.06 2.69 +0.08
Keat/ Ko (s™/uM) 1.9+0.1 1.0+ 0.1 1.4+0.1 2.7+0.1 0.39+£0.02 2.0+0.1 0.71 £0.02
Rel. k., /K, (%) 100.0 52722 743 £4.1 141.6 +4.6 20.8+0.9 105.8+3.1 377+ 1.1

5) Rel. kea/Kn is the relative catalytic efficiency of the particular variant compared to that of wild-type.
6) Reactions were conducted with DHF concentrations of 0 — 40 uM and 60 uM of NADPH.
7) Standard errors are shown (n = 3).
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Preparation of Nal variants

Variants were prepared using the method described by Zheng (171). Each of the variants
were successfully expressed and purified as evident by a clear protein band for DHFR and its
variants at 23.5 kDa on SDS-PAGE (Figure 5.10). As was the case, since Nal only differs in
mass from Glu, Val, and Phe (the native residues of mutation sites), by no more than 97.9 Da,
the protein migration distance was not expected to be noticeably attenuated from the relatively

minor mass contribution of Nal incorporation.
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Figure 5.10. SDS-PAGE of purified wild-type mDHFR and hydrophobic core mutants. WT
denotes wild-type. Samples were run on a 12% polyacrylamide gel and stained with Coomassie
blue.
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Figure 5.11. Confirmation of in vivo Nal incorporation by MALDI-TOF/MS for hydrophobic
core mutants. The mass spectroscopy spectra verifying incorporation of Nal at the target site for
mutant A) V43Nal (residues 37 - 46) and B) E44Nal (residues 37 - 46). For each sample, the left
panel shows the spectrum of the wild-type enzymatic digest. The right panel shows the spectrum
of the mutant enzymatic digest with the Nal-containing fragment. In the right panel, the peak
corresponding to the Nal-containing fragment is indicated by the arrow. In the left panel, if
present, the counterpart wild-type fragment with the native residue is marked by an arrow. The
residue numbering corresponds to PDB ID:1U72. The horizontal bar indicates the mass
difference between the Nal-containing fragment and corresponding wild-type fragment with the
native residue. a.u. denotes arbitrary units.
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Figure 5.12. Confirmation of in vivo Nal incorporation by MALDI-TOF/MS for hydrophobic
core mutants. The mass spectroscopy spectra verifying incorporation of Nal at the target site for
mutant A) F142Nal (residues 135 - 147) and B) E143Nal (residues 143 - 153). For each sample,
the left panel shows the spectrum of the wild-type enzymatic digest. The right panel shows the
spectrum of the mutant enzymatic digest with the Nal-containing fragment. In the right panel, the
peak corresponding to the Nal-containing fragment is indicated by the arrow. In the left panel, if
present, the counterpart wild-type fragment with the native residue is marked by an arrow. The
residue numbering corresponds to PDB ID:1U72. The horizontal bar indicates the mass
difference between the Nal-containing fragment and corresponding wild-type fragment with the
native residue. a.u. denotes arbitrary units.
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Figure 5.13. Confirmation of in vivo Nal incorporation by MALDI-TOF/MS for hydrophobic
core mutants. The mass spectroscopy spectra verifying incorporation of Nal at the target site for
mutant A) F179N (residues 177 - 184) and B) E180Nal (residues 177 - 184). For each sample,
the left panel shows the spectrum of the wild-type enzymatic digest. The right panel shows the
spectrum of the mutant enzymatic digest with the Nal-containing fragment. In the right panel, the
peak corresponding to the Nal-containing fragment is indicated by the arrow. In the left panel, if
present, the counterpart wild-type fragment with the native residue is marked by an arrow. The
residue numbering corresponds to PDB ID:1U72. The horizontal bar indicates the mass
difference between the Nal-containing fragment and corresponding wild-type fragment with the
native residue. a.u. denotes arbitrary units.
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Verification of in vivo Nal incorporation at solvent-exposed sites by MALDI-TOF/MS

Nal incorporation was accomplished using the engineered, heterologous, orthogonal
yPheRS"™"/ytRNA™cya yg pair that is highly specific to Nal (131, 308). Additionally, the
AFWK E. coli expression strain, which is a Phe, Trp, and Lys auxotroph, was used to preclude
misacylation of thNAPhSCUAfug, thus preventing the formation of the most likely
misincorporation products with Phe and Trp at the target site (131). In vivo site-specific
incorporation of Nal at each target site was verified by MALDI-TOF/MS. Prior to MALDI-
TOF/MS, each variant was enzymatically digested by either trypsin or chymotrypsin to produce
a fingerprint of peptide fragments of known length and mass. Successful incorporation yields a
Nal-containing fragment with monoisotopic mass equivalent to the monoisotopic mass of the
native fragment plus the difference in mass between Nal and the native site residue (171).

MALDI-TOF/MS analysis confirmed the successful incorporation of Nal at each
location. For V43N and E44N the expected monoisotopic masses for the Nal-containing
fragments were 1138.4 m/z (residues 37 - 46) and 1108.5 m/z (residues 37 - 46). The actual
monoisotopic masses for the Nal-containing fragments were found to be 1138.5 m/z and 1108.6
m/z for V43Nal and E44Nal, respectively (Figure 5.11A and Figure 5.11B). For F142Nal and
E143Nal, the expected monoisotopic masses for the Nal-containing fragments were 1652.6 m/z
(residue 135 - 147) and 1380.6 m/z (residues 143 - 153), respectively. The actual monoisotopic
masses for the Nal-containing fragments were found to be 1652.8 m/z and 1380.4 m/z for
F142Nal and E143Nal, respectively (Figure 5.12A and Figure 5.12B). For F179Nal and
E180Nal, the expected monoisotopic masses for the Nal-containing fragments were 1155.5 m/z
(residue 177 - 184) and 1173.5 m/z (residues 177 - 184), respectively. The actual monoisotopic

masses for the Nal-containing fragments were found to be 1155.8 m/z and 1173.4 m/z for
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F179Nal and E180Nal, respectively (Figure 5.13 A and Figure 5.13B). The masses for each of
the Nal-containing fragments were within + 1.0 m/z of the expected monoisotopic masses, which
is within the standard error for MALDI-TOF/MS measurements and indicates that Nal was
successfully incorporated at each target position. Masses corresponding to Nal-containing
fragments were not observed in the wild-type spectra indicating that the Nal-containing fragment
for each variant is unique and each arises from in vivo incorporation Nal at the correct position.
Also the corresponding wild-type fragment and fragments pertaining to misincorporation of Phe
and Trp were not observed in the mutant spectrum indicating that Nal was incorporated

efficiently (131).

Characterizing the secondary structure changes caused by the incorporation of Nal

Far-UV circular dichroism (195 nm to 250 nm) was performed to evaluate changes in
secondary structure caused by Nal incorporation (354, 402). Wild-type mDHFR contains 33% (-
sheet (15 B-strands) character and 21% a-helical (6 helices) character (296, 297, 342, 354). Due
to the high B-sheet nature, the wild-type mDHFR spectrum is highlighted by a B-sheet minimum
at 212 nm. It also possesses a distinct shoulder at 222 nm associated with a-helical structure
(Figure 5.14A) (354, 402). The molar ellipticity ratio between signals at 212 nm and 222 nm
([0]212/[0]222) can be used to assess the impact of a mutation on the secondary structure of a

protein based on changes in B-strand and a-helix content (Table 5.3) (354, 402, 407).
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Figure 5.14. Evaluation of secondary structure changes by far-UV circular dichroism. Spectra
for A) Wild-type, V43Nal, E44Nal, B) wild-type, F142Nal, E143Nal, C) wild-type, F179Nal,
E180Nal over the wavelength range of 195 - 250 nm.

From these results we observed that between mutants of adjacent sites, the substitution of
hydrophobic residues with Nal consistently maintained a higher [0],12/[0]222 ratio than the
substitution of Nal at the counterpart Glu sites. In each case, incorporation of Nal at the Glu sites
increased the ratio of a-helix to B-strand structures. Since Nal is a bulky hydrophobic residue, it

can be reasonably inferred that the hydrophobicity scale amongst the residues involved this study

is, (Nal, Phe) > Val >> Glu, and therefore incorporation of Nal at Glu causes a greater increase in
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hydrophobicity than incorporation of Nal at one of the hydrophobic residues. In each case where
the hydrophobic content was significantly increased, through the incorporation of Nal at a
charged Glu residue, more severe structural changes were observed. This is consistent with the
idea that hydrophobic residues govern the structure of solvent-exposed regions (343). These
results indicate that the HDMNR 1is an important variable at solvent-exposed sites that affects
protein structure. These results also confirm our hypothesis that the mutations with higher

HDMNR are more likely to cause structural changes.

Evaluating the effect of Nal incorporation on DHF binding affinity

Next, we wanted to examine how the incorporation of Nal affected enzyme function.
Substrate binding is the obligate step in all enzymatic reactions before biocatalysis can occur.
Since reduction of DHF by mDHFR follows Michaeli-Menten kinetics within the measured
substrate concentration range (0 — 40 uM DHF) (288, 293, 296-305, 310-313, 324, 337, 387,
388), K, the inverse measure of binding affinity, was used to evaluate the effect of Nal

incorporation on the substrate binding component of enzyme function.

Mutations that minimized the HDMNR minimized changes to DHF binding affinity.

Based on the K,, values, V43Nal, F142Nal and F179Nal maintained the same DHF
binding affinity as wild-type, as the values were statistically indistinguishable (p > 0.05) from
one another (Table 5.4 and Figure 5.15). Alternatively incorporation of Nal at each of the
glutamic acid sites displayed a different response. For the E44Nal, E143Nal and E180Nal
mutations, K,, values noticeably deviated from that of wild-type mDHFR by +0.54 uM, +0.50

uM and +0.75 uM, respectively with p < 0.01 (Table 5.4 and Figure 5.15). Similarly, the
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difference in K., values between adjacent mutations sites was also found to be statistically
significant (p < 0.01). A two-tailed, unpaired, Student’s t-test was employed to determine
whether the difference in K, values between the substitution of Nal at the hydrophobic sites and
the charged Glu sites was statistically significant. The p-value for the analysis was determined to
be 0.006 which indicates that the difference is indeed statistically significant. This indicates that
the mutations that minimized the HDMNR minimized changes to DHF binding affinity.

We also considered whether the distance between the incorporation site and substrate
binding pocket was a significant factor that lead to the observed trend between mutants of
adjacent incorporation sites. Differences in K,, values were found to be independent of the
distance of the mutation from the active site, since the two values did not correlate with one
another (Table 5.3 and Table 5.4). However, between mutants of adjacent sites, ASA was found
to trend negatively with K,,, values (341, 375). This is expected since ASA is a variable that has
been shown to be important to how mutations affect structure and function (343, 375). Lastly
between mutants of adjacent sites, [0],12/[0]222 was also found to trend negatively with K,
values. These results collectively suggest that structural changes are responsible for the
deviations in the K, from that of wild-type. These trends are consistent with studies that have
shown that distal mutations and structural changes can affect DHF binding affinity (287, 290,
292, 386, 392). However, more extensive structural information is required to evaluate how these
changes in binding affinity occur. Nonetheless these results suggest that creating mutations that
are intended to minimize changes in structure is a viable strategy for minimizing changes in the

binding component of enzyme function.
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Figure 5.15. Michaelis-Menten constants (K,,) for DHF reduction for wild-type mDHFR and
mutants at solvent-exposed sites. K, values were derived from the Michaelis-Menten model. WT
denotes wild-type mDHFR. Error bars denote the standard error (n = 3). Here, N denotes Nal.
The unpaired, two-tailed, Student’s t-test was used to obtain p-values. (*; p = 0.008), (**; p =
0.01), and (***; p = 0.006).

Evaluating the effect of Nal incorporation solvent-exposed sites on catalytic function

Next, we evaluated the impact of each mutation on catalytic function. The primary role of
DHFR in all organisms is the formation of tetrahydrofolate (THF) through the reduction of DHF
in a hydride transfer reaction aided by the cofactor NADPH (288, 306, 310, 311). This process
has hyperbolic reaction kinetics which is modeled by the Michaelis-Menten equation (288, 293,
296-305, 310-313, 324, 337, 387, 388). The kinetic parameters ks and k,/K,, are the substrate
turnover rate and catalytic efficiency, respectively, and are used to evaluate the effect of each

mutation on function.
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Figure 5.16. Substrate turnover rate (k) and catalytic efficiency (kc./Kn) for mutations at
surface exposed sites. A) kea, and B) keo/Ky, are shown. WT denotes wild-type mDHFR. Error
bars denote the standard error (n = 3). Here, N denotes Nal. Unpaired, two-tailed, Student’s t-test
was performed to obtain p-values. For A) (*; p <0.001), (**; p <0.001), and (**; p <0.001). For
B) (*; p <0.005), (**; p <0.001), and (**; p <0.001).
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Large hydrophobic non-natural amino acids can be incorporated at solvent-exposed sites
without loss of enzyme function

Of the mutations, F142Nal and F179Nal were completely functionally permissive
mutations. They exhibited the same substrate binding affinity as that of wild-type mDHFR and
they exhibited relative catalytic efficiencies of 141.6 = 4.6 % and 105.8 + 3.1 %, respectively
Table 5.4 and Figure 5.16A and 5.16B). This clearly indicates that a hydrophobic non-natural
amino acid such as Nal, that are larger than any of the natural amino acid can be incorporated at
solvent-exposed sites without loss of enzymatic function.

Since F142Nal did not disrupt substrate binding affinity or secondary structure, but
exhibited an increase in the substrate turnover rate, this suggests that the Phel42 is in a
functionally-relevant region or site outside of the active site. This is indeed the case. The
F142Nal mutation is located in the catalytically-relevant F-G loop which is involved in opening
and occlusion of the active site (288, 408). Since the secondary structure of F142Nal is nearly
identical to that of wild-type, the increase in catalytic activity is unlikely to have resulted from a
structure change (288, 292, 300, 385, 401). However since opening and occlusion of the active
site is involved in a number of rate-limiting steps, including NADP+ and THF release, the

F142Nal mutation likely enhances the rate of one of these processes (288, 292, 300, 336, 385).

Mutant catalytic function does not trend with any other parameter

When we compared the substrate turnover rates (k.,r) and catalytic efficiencies (Kca/Kin)
between the adjacent mutations, a trend was not apparent (Table 5.4 and Figure 5.16A and
5.16B). While the F142Nal and F179Nal retained significantly higher catalytic efficiency than

their adjacent counterparts, this was not the case between V43Nal and E44Nal. E44Nal exhibited
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a higher kg, and ke./Ky, than V43Nal (Figure 5.16B). The catalytic behavior of V43Nal and
E44Nal and catalytic function did not trend or correlate with any of the parameters including
HDMNR, [0]512/[0]222 or Ky, (Table 5.3 and Table 5.4). Since the short loop region containing the
two mutations is not well characterized, it is difficult to evaluate why the two mutations behaved
accordingly therefore further studies are required to elucidate the role of these positions.

However we suspect that Val43 and Glu44 are located on a functional loop region.

Conclusions

The goal of this research effort was to improve the understanding of how non-natural
amino acids can be permissively incorporated into enzymes in order to maintain function. What
is learned here can also be applied broadly to mutations, involving both natural and non-natural
amino acids. In particular we focused our efforts on two regions, the hydrophobic core and the
solvent-exposed sites which are present in almost all globular proteins. We hypothesized that
mutations that are intended to minimize structural changes may be able to minimize impact on
mDHFR enzyme function.

For the hydrophobic core, the conservative mutations W113Nal and F134Nal were not
completely sterically compatible compared to their native site residues which lead to secondary
structure changes. Nal is not an equivalent substitution for Trp and Phe, likely because of its
larger size. The steric incompatibility, however, was unable to affect DHF binding. Nonetheless
these two mutations were able to affect the catalytic activity of mDHFR which suggests that
Trp113 and Phel34 are important to catalytic function. The steric incompatibility (LJR score
calculated by the by RosettaDesign) of a given Nal substitution was found to have a linear

positive correlation with |AK,,|, the absolute difference between the K, of the mutant and that of
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wild-type. This correlation is likely due to the fact that substrate binding affinity is closely
related to the structure and conformation of an enzyme. Statistical analysis also revealed that k.,
and kc./K;, have a negative non-linear monotonic correlation with the LJR score. While the
Pearson’s correlation coefficient was not found to be significant, indicating non-linearity, the
Spearman rho correlation coefficient p and corresponding p-value were determined to be 0.886
and 0.019, respectively. The results suggest that both the binding and catalytic component of
mDHFR enzymatic function are dependent on the steric compatibility of a mutation. These
results suggest that, for hydrophobic core, mutations that are intended to minimize structural
changes can be used strategically to minimize the impact on mDHFR enzyme function.

For solvent-exposed sites, two mutations F142Nal and F179Nal were found to be
completely functionally permissive as both mutations did not affect substrate binding affinity and
were innocuous to catalytic function. F142Nal was able to enhance substrate turnover to 142%
when compared to wild-type, while F179Nal maintained wild-type mDHFR catalytic activity.
These results demonstrate that hydrophobic non-natural amino acids, that are larger than any ofo
the natural amino acids can be incorporated at solvent-exposed sites without loss of function.
The incorporation of Nal at hydrophobic residues caused less severe changes in B-sheet and a-
helix secondary structure content than incorporation at Glu sites. There was also a statistically
significant difference in how Nal incorporation at hydrophobic residues and hydrophilic (Glu)
residues affect the substrate binding component of enzyme function. Incorporation of Nal at Glu
weakened DHF binding affinity whereas incorporation of Nal at hydrophobic sites did not. Based
on the unpaired, two-tailed, Student’s t-test, this difference (+0.60 uM) was found to be
statistically significant. Collectively, these results suggest that the incorporation of Nal at

hydrophobic residue and Glu yielded different responses, due to the changes in structure that are
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associated with the change in hydrophobicity upon mutation. Finally, a correlation could not be
found between changes in catalytic activity (ke and ke./K;,) and any of other parameters
(HDMNR, ASA, [0]212/[0]222 and Ky,) studied here. This suggests that other factors, that we could
not identify here, play an important role in enzymes function.

With this work we have elucidated whether large hydrophobic non-natural amino acids
can be permissively incorporated into two important parts of globular proteins, the hydrophobic
core and solvent-exposed sites. We have demonstrated that mDHFR enzyme function is
dependent on the steric compatibility of a mutation and also changes in hydrophobicity. These
results can be used to aid the design of future studies to look at other parameters and variables

that may be important to enzyme function.
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Chapter 6

Project summary and recommendations
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Project Summary
The goal of this dissertation research is to study the interaction between ligands and
proteins. This research effort focused on two areas where ligands are important to protein
function: 1) The discovery and characterization of potential small-molecule therapies for protein
aggregation-dependent diseases and 2) the understanding of substrate-enzyme interactions upon

incorporation of non-natural amino acids.

All research objectives were completed:

1. Determine whether Brilliant Blue G (BBG) is an effective modulator of Ap

aggregation and cytotoxicity.

2. Employ structure-activity analysis using a panel of Brilliant Blue G analogues to
determine whether certain structural features are important for Ap modulating

activity.

BBG was found to be an effective aggregation modulator and reduces Ap-associated
cytotoxicity by promoting the formation of off-pathway, non-toxic aggregates. Structure-activity
analysis between BBG and its three commercially-available analogues (Brilliant Blue R (BBR),
Brilliant Blue FCF (BBF), and Fast Green FCF (FGF)), revealed that of the group, BBG was the
most effective modulator of AP aggregation and cytotoxicity, and that its additional methyl

groups are important for its enhanced modulating activity. In a follow up study, BBG was also
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found to disaggregate AP40 fibrils. Currently, we are investigating the effects of BBG in AD

mouse models.

3. Employ structure-activity analysis using a panel of erythrosine B (ERB) analogues
to determine if halogenation generates effective modulators of AP aggregation and

cytotoxicity.

4. Provide insight into the binding interaction between erythrosine B analogues and

AB.

ERB was found to be an effective modulator of AP aggregation and cytotoxicity. The
unhalogenated analogue fluorescein was ineffective as an AP aggregation and cytotoxicity
modulator. Halogenation of either the benzoate or xanthene substituent of fluorescein base
structure was able to impart AB modulating activity to the molecule, which demonstrates that
halogenation generates effective modulators of AP. Additionally, the other analogues were
characterized as well. Competitive binding studies using sequence specific antibodies also

revealed that ERB and a number of its analogues bind at the N-terminus of AR monomer.

5. Determine whether the mutation of Glu30 to 3-(2-naphthyl)-alanine (Nal) alters the

catalytic allosteric cooperativity of mDHFR.

164



6. Determine whether the change in allosteric cooperativity of mDHFR that is
imparted by the Glu30 to Nal mutation can be replicated with the most similar

natural amino acid mutation of Glu30 to Trp.

Mutation of Glu30 to Nal was shown to alter the coopertivity of mDHFR at low substrate
concentrations (0 — 200 uM DHF). At these substrate concentrations, wild-type mDHFR, and the
mDHFR™Y, the mutant with the most similar natural amino acid, exhibited Michaelis-Menten
kinetics, while mDHFRE™! was shown to have non-Michaelis-Menten kinetics. Since mutation
of Glu30 with the most structurally similar natural amino acid (Trp) could not replicate the
behavior found with mDHFR™™, this indicated that the size and shape difference between Nal

and Trp is responsible for altering the cooperativity of mDHFR.

7. Investigate how the incorporation of Nal in the hydrophobic core affects the

enzymatic function of mDHFR.

8. Investigate how the incorporation of Nal in solvent-exposed regions affects the

enzymatic function of mDHFR.

Hydrophobic-core mutants: The Lennard-Jones repulsive score, a measure of steric
incompatibility, calculated using RosettaDesign, was found to have a positive linear correlation
with the absolute deviation in K;,, from that of wild-type (Pearson’s correlation coefficient, r =
0.831; p = 0.041). Also, the kinetic parameters, k¢, and ke,/K,, were found to have a negative

monotonic correlation with the LIR score, based on the Spearman correlation coefficient (p = —
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0.886; p = 0.019). Despite being related structurally, Nal was not an equivalent substitution for
Trp and Phe, as it not only caused structural changes, but also adversely affected catalytic
activity, however, without impacting K;. Solvent-exposed-site mutants: Nal, a large
hydrophobic residue, could be incorporated at solvent-exposed sites (Phel42 and Phel79)
without any adverse affects on the binding (K,,) and catalytic (ke) components of mDHFR
enzyme function. Statistical analysis revealed that substituting Nal for Glu caused significant
deviations in K, when compared to substitution of Nal at hydrophobic residues by an average of
+0.60 uM (Two-tailed, unpaired, Student’s t-test, p < 0.01). A correlation or trend between

various parameters and catalytic activity was not found.

Recommendations for future studies

Chapters 2 and 3

The next milestone for this research effort is to determine whether these small-molecules
can be used to modulate AB42. While AB40 is the most physiologically prevalent AB isoform,
AP42 is widely regarded as more toxic and aggregation prone. The two isoforms have a similar
aggregation pathway but have been shown to have different sensitivity to small-molecule
modulators. A potential therapy that is capable of modulating AB40 but not AB42 would be
limited in its ability to function as a complete disease-modifying treatment option. Also,
understanding the differences in interaction between a modulator and AP40/AB2 would
ultimately help in directing the search and design of novel and effective Ap modulators, and

disease-modifying therapies.

Chapter 4

166



Based on this work, a number of exciting research avenues present themselves. Structural
changes are an integral part of allostery and cooperative communication in enzymes. While the
E30Nal mutation was shown to promote homotropic activation of mDHFR at low
concentrations, the structural mechanism for this change in cooperative behavior is not yet
understood. Evidence from the kinetic parameters suggests that mDHFR™ ONal has a similar
conformation as mDHFR™" and mDHFR®Y in their high substrate concentration catalytic
states. This similarity would suggest that the E30Nal mutation “locks” the mDHFR conformation
in the high-DHF (>200 uM) conformation even at low DHF concentrations (< 200 uM). Further
studies are needed to confirm this. We believe that structural analysis, either with high-resolution
methods such as nuclear magnetic resonance imaging and low-resolution methods like circular
dichroism can both provide insight into the structural similarities and differences between each
of the variants. These techniques can also provide important information on structural
intermediates, reaction transition states, and new DHF binding modes.

Understanding both the mechanism and strategies for altering cooperativity in enzymes
could greatly enhance our ability to control them for a wide variety of engineering applications.
Along these lines, we have also compared Glu30 to a number of residues in other allosterically-
active enzymes that are involved in cooperativity. These residues all seem to share a number of
characteristics. We believe that it would be incredibly useful to determine whether this set of
observations holds true by testing the hypothesis towards other allosterically-active enzymes. In

addition, we hope that, what has been learned here can be applied to high-value enzymes.

Chapter 5
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Our recommendations for future studies are intended to address a number of research
limitations that were observed in this work and reflect changes that would be made if the study

was re-conducted. These limitations are listed numerically as follows:

1) Sample size — limitation in statistical analysis power and the ability to test wider
sequence and structure spaces

2) Enzyme model — limitation in sequence and structure space, and expression yield

In this research effort, we focused our efforts to determine how changes in two
parameters, steric compatibility and hydrophobicity at the hydrophobic core and solve-exposed
sites, respectively, affected enzyme function. However, these are only single parameters out of
many that can affect enzyme function and the exact relationship between these parameters and
enzyme function is still unknown. Therefore, evaluating for the presence of trends and
relationships requires statistical analysis. To perform more rigorous statistical analysis, a larger
sample size, with more mutations, is required. While smaller sample sizes can be used with
statistical analysis like the Student’s t-test, the law of large numbers indicates that statistical
power and greater confidence in results is achieved with larger sample sizes. This is also related
to the fact that the standard error of the mean is inversely proportional to the square root of the
sample size. Furthermore, larger sample sizes would allow us to test more subtle changes in
parameters with greater confidence. It is important to note that similar studies that have
investigated the effect of point mutations on enzyme function have often used hundreds and up
to thousands of mutations. However, this is not feasible for this project given the time constraints

and technical constraints of using nAAs.
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An example where a larger sample size would have been crucial was while determining
whether the changes in catalytic activity at the solvent exposed sites were dependent on changes
in hydrophobicity. A larger sample size might have elucidated a trend or correlation. For the
calculation of the Pearson’s correlation coefficient (PCC), larger sample sizes can greatly reduce
the need for a high PCC coefficient, since the p-value derived from the PCC is dependent on
sample size. And lastly, a larger sample size could have been used to identify the shape of the
negative monotonic correlation between the catalytic parameters ke, and kea/Ky, with the LIR
score.

To estimate the sample size that would allow us to take advantage of a wider range of
statistical tools, we looked at the number of samples required for pairwise difference analysis,
where samples are matched/paired to minimize the effect of confounding variables. These types
of analysis methods require the most data points. Chi-squared analysis is often used for pairwise
comparisons, and it requires a minimum of 5 expected outcomes per variable/pair/category.
Therefore, a sample size of at least 20 mutants is required to test a single parameter that yields
two types of expected outcomes (i.e. high/low or true/false). 30 mutants are required if there are
three types of expected outcomes (higher/equal/lower). Therefore a minimum of 10 pairs of
adjacent mutants would be selected from each region (hydrophobic and solvent-exposed) (40
total mutants) if the study were re-conducted with slightly more lax but similar time and resource
constraints, or the number of parameters being studied can be reduced. However, 15 pairs of
adjacent mutants would be selected from each region (60 total mutants) for a full study.

While DHFR is an extensively studied enzyme, it possesses a number of limitations. One
limitation of using DHFR is that it has a low diversity of highly solvent-exposed hydrophobic

residues. This limited our ability to test a broad range of hydrophobic residues at solvent-
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exposed sites. Therefore, a larger monomeric enzyme may be better suited as a test platform.
This would not only afford greater residue diversity for solvent-exposed sites but in principle
also for the hydrophobic core. It would also be expected that the increase in sequence space
would also increase the structure space, the diversity of local structural environments and/or the
number of functionally-relevant residues. Mannitol dehydrogenase (MDH) would be a prime
candidate since it is larger than DHFR and has previously been characterized by our group.

A general limitation of using nAAs is that expression yields are often low. This was
found to be the case with mDHFR using the current expression system setup. Because of this we
were limited in our ability to perform circular dichroism on a number of mutants. One way to
bypass this issue would be to select a higher yielding enzyme, staying with the current
expression system. Another method would be to use a new expression system/strain such as
C321AA.exp. C321AA.exp is a release factor 1-deleted E. coli strain and has been shown to
improve expression titers significantly. Most importantly it has been tested in our lab. However,
successs of this approach will also depend on the fidelity of the existing aminoacyl tRNA
synthetase/tRNA pair for Nal since C321AA.exp is not auxotrophic for Phe, Trp, and Lys. Given
that MDH expression yields using the C321AA.exp are high, compared to mDHFR yields with
the current system, it would be recommended to switch to the MDH as the target enzyme using

the C321AA. .exp expression system.
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Appendix A
Abbreviations
AD, Alzheimer’s Disease; AP, Amyloid-beta; BBG, Brilliant Blue G; BBF, Brilliant Blue FCF;
BBR, Brilliant Blue R; ThT, Thioflavin T; DMSO, dimethylsulfoxide; ECsy, Half-maximal
enhancement value; FDA, U.S. Food and Drug Administration; HRP, Horseradish peroxidase;
1Cso, Half-maximal inhibitory value; MTT, 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide; PBS, Phosphate-buffered saline; TBS, Tris-buffered saline; TBS-

T, 0.1% Tween 20 in Tris-buffered saline; TEM, Transmission electron microscopy.
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Figure Al. The data on the BBG-AP binding saturation curve (Figure 2.7) were fitted into a
straight-line according to the equation, Pr/Y = 1/(nk) [1/(1 - Y)] + Dy/n derived from Y =
nk(D)(Pt/D1)/(1 + k(D)) where Y, n, k, D, Dr, and Pr mean the fractional saturation of ligand
binding sites, the number of binding sites, the binding constant, the dye concentration in solution,
the total dye concentration, and the total protein concentration, respectively (/). The BBG
concentration (Dr) was fixed at 49 uM. The AP concentration (Pr) was varied from 0 to 300 pM.
The data at four Pt values between 20 uM and 120 uM were used for the fitting to a straight-line
(R? = 0.98). The values of n and k were 3.2 and 1.1%10* (M™), respectively.
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Figure A2. Alamar blue reducing activities of neuroblastoma SH-SYSY cells incubated with
pre-formed AP samples in the absence or presence of 3x BBG. Preformed A aggregates were
prepared by incubating 50 uM of AP monomer in the absence of BBG at 37 °C for 0 to 3 days or
in the presence of 3x BBG for 2 days, as indicated in the graph. The AP aggregates were then
administered to SH-SY5Y cells at a final concentration of 5 uM. After 3 days, cell viability was
measured using alamar blue reduction. Cells administered with PBS as a control (Control), AB
incubated without BBG for 0 (Day 0), 1 (Day 1), 2 (Day 2), or 3 days (Day 3), or AP incubated
with 3x BBG for 2 days (Day 2*). Values represent means + standard deviation (n > 3). Values
are normalized to the viability of cells administered with PBS only. One-sided Student’s t-tests
were applied to the data. * P <0.05.
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Figure A3. Dose-dependence inhibition of ThT fluorescence of AP samples by BBG. 50 uM of
AP monomer was incubated at 37 °C in the absence (no BBG) or presence of the indicated
concentrations of BBG (from 107°x to 50x). 5 puL of AP sample was taken at 72 hours of
incubation. ThT fluorescence was measured in arbitrary units (a.u.). Values represent means +
standard deviation (n = 3). The data were fitted to a sigmoid curve (R* = 0.99).
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AP, Amyloid-beta; AD, Alzheimer’s Disease; CD, circular dichroism; DMSO,
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rose bengal; TBS, Tris-buffered saline; TBS-T, 0.1% Tween 20 in Tris-buffered saline; TEM,

Transmission electron microscopy; ThT, Thioflavin T.

Supporting Information
Determination of Residual Dye Content During the MTT Assay

The MTT assay was carried out as described previously in the MTT methods section, but
with 10 pL of each dye-only control (3x concentration - no AB) being added to each well. The
absorbance of each dye was read at the respective absorbance maxima location (ERB — 540 nm,
PHB — 554 nm, EOB — 520 nm, ROB — 562 nm, EOY — 530 nm, and FL — 492 nm) both before
and after the washing steps described. After subtracting the appropriate background for both
readings, the post-washing absorbance was normalized to the pre-wash absorbance in order to

determine the fraction of each dye remaining after washing.
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Determination of the Spectral Interference from Dyes During the MTT Assay

To quantify the interference that varying fractions of residual dye remaining in the cell
wells have on the final reduced MTT absorbance signal, fresh media was first added to a new
cell culture plate without cells. Next, 7 pL. of 1 mg/mL reduced form of MTT (MTT-formazan)
in DMSO was added to each well along with 0.01 and 0.05 fractions of each original dye amount
or PBS. The absorbance of the samples was measured at 506 nm. After subtracting the
background contribution of the media and DMSO, the absorbance values of the wells containing
the varying dye fractions/MTT-formazan were normalized to the wells with PBS/MTT-formazan

to obtain the change induced in the MTT signal by the dyes left behind after washing.

Table B1. Spectral interference in the MTT absorbance by the residual dyes in the plate after
washing.

Dye FLN ERB EOY ROB PHB EOB
Residual dye after washing (%) 1.3 1.8 1.0 1.6 1.0 2.5
Change in the MTT 1% dye 1.4 0.4 -1.4 3.6 1.1 2.3
absorbance with
dye (%) 5% dye 5.1 0.4 -1.8 3.8 0.9 3.9
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Figure B1. MTT assay for ROB to Assess Viability of Neuroblastoma SH-SYS5Y Cells. Three
controls (PBS buffer, ROB, and AP 0 d monomer) and two A aggregates formed in the absence
(AB 3 d) or presence (ROB Coincub) of 3x ROB at 37 °C for 3 days. (A) The Ap and ROB
concentrations used were 5 and 15 pM, respectively. (B) The AP and ROB concentrations used
were 2.5 and 7.5 puM, respectively The ROB Bind sample refers to taking AP 3d aggregates
formed in the absence of any dye and mixing them with 3x ROB immediately before addition to
the cells. Values represent means + standard deviation (n > 3). Values are normalized to the
viability of cells administered with PBS buffer only.
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Figure B2. Dot blot assay results using the A11 antibody. 50 uM of A} monomer was incubated
at 37 °C in the absence (AP only) or presence of 3x and 10x ERB analogs (EOB, EOY, ERB,
ROB, and PHB) for up to 6 days. The samples were taken on the indicated day and the all
samples were spotted onto one nitrocellulose membrane. The membrane was immuno-stained
with the A11 antibody. For clearer presentation, the sections of the membrane were cut and re-
arranged.
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Figure B3. CD spectra of the AP aggregates formed in the absence (A aggregates) or presence
of 3x EOY, ERB, or ROB for 9 days at 37 °C.
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Figure B4. Dot-blot assay results using the A11 antibody. The All-reactive AP aggregates (AP
at day 6), PBS buffer, and 10x ERB analogs were spotted into one nitrocellulose membrane.
Then, the membrane was immuno-stained with the A11 antibody. The sections from the same
membrane were cut and re-arranged.
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Figure B5. (A) Fluorescence of FLN with varying concentrations (0 to 25 uM) of BSA and
APB40 (excitation at 432 nm and emission at 512 nm). (B) Absorbance of EOB with varying
concentrations of BSA (0 to 25 uM) and AB40 (0 to 60 uM).

213



Abbreviations
Abbreviation
aaRS

AFWK

DHF

MO-17AA
MO9-20AA
MALDI-ToF
DHFR

MS

nAA
NADPH
Nal
Ni-NTA

[S]
SDS-PAGE
THF

tRNA

Appendix C

Definition

Aminoacyl-tRNA synthetase

Phenylalanine, tryptophan, lysine auxotroph
Dihydrofolate/dihydrofolic acid

Enzyme concentration

Hill number

Isopropyl B-D-1-thiogalactopyranoside

Substrate turnover rate (Michaelis-Menten or Hill)
Hill parameter

Michaelis-Menten parameter

M9 media containing 17 amino acids at 50 mg/mL
M9 media containing 20 amino acids at 50 mg/mL
Matrix-assisted laser desorption/ionization-time of flight
Dihydrofolate reductase

Mass spectroscopy

Non-canonical amino acid

Nicotinamide adenine dinucleotide phosphate
3-(2-naphthyl)-alanine

Nickel-nitrilotriacetic acid

Substrate concentration

Sodium dodecyl sulfate polyacrylamide gel electrophoresis

Tetrahydrofolate/tetrahydrofolic acid

Transfer RNA
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Trp Tryptophan
Abbreviation Definition

WT Wild-type
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Abbreviations
Abbreviation
aaRS
AFWK

DHF

IPTG

Keat

Keat/Km

Km
MO-17AA
MO9-20AA
MALDI-ToF
DHFR

MS

nAA
NADPH

Nal

Ni-NTA
ODs00
SDS-PAGE

THF

Appendix D

Definition

Aminoacyl-tRNA synthetase

Phenylalanine, tryptophan, lysine auxotroph
Dihydrofolate/dihydrofolic acid

Isopropyl B-D-1-thiogalactopyranoside

Substrate turnover rate (Michaelis-Menten or Hill)
Michaelis-Menten parameters; catalytic efficiency
Michaelis-Menten constant

M9 media containing 17 amino acids at 50 mg/mL
M9 media containing 20 amino acids at 50 mg/mL
Matrix-assisted laser desorption/ionization-time of flight
Dihydrofolate reductase

Mass spectroscopy

Non-canonical amino acid

Nicotinamide adenine dinucleotide phosphate
3-(2-naphthyl)-alanine

Nickel-nitrilotriacetic acid

Optical density/absorbance at 600 nm.

Sodium dodecyl sulfate polyacrylamide gel electrophoresis

Tetrahydrofolate/tetrahydrofolic acid
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Supporting Information

BSA Method Validation

Table D1. Comparison of wild-type DHFR kinetic parameters in the absence and presence of 0.1
mg/mL bovine serum albumin.

-BSA +BSA
Keat (5™ 3.20 +0.05 3.50 + 0.02
Km (uM) 2.00+0.12 1.90 + 0.04
Keat/Km(s™/uM) 1.56 +0.03 1.89 +0.01
Rel. Eff. (%) 100 +2 12241

1) (-BSA) and (+BSA) denote the absence and presence of bovines serum albumin (BSA), respectively.
2) Re. Eff. denotes the relative catalytic efficiency when compared against that of the sample without BSA.
3) In the absence of BSA, each substrate concentration was measured independently. In the presence of BSA, every substrate concentration was

measured concurrently on the same plate.
4) Standard errors are shown (n = 3).

Results indicate that kinetic results are similar in the absence and presence of BSA.
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Condition 1 2 3 4 5 6
BSA (1 mg/mL) No Yes No Yes No Yes
DHF (50 pM) Yes Yes Yes Yes No No
NADPH (60 uM) Yes Yes No No Yes Yes

Figure D1. Evaluating the effect of bovine serums albumin (BSA) on DHFR substrate (DHF)
and cofactor (NADPH) auto-degradation rates. Degradation rate was monitored over 15 minutes
based on absorbance change at 340 nm. Raw values were compared against those of condition 1.
Error bars denote standard error (n = 3).

Results indicate that BSA does not interact with or metabolize key kinetic assay reagents.
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Figure D2. Wild-type DHFR kinetic measurements in the (Top) absence and (Bottom) presence
of 0.1 mg/mL bovine serum albumin (BSA) at 0 mins and 20 mins after purification. 5 nM wild-
type DHFR was freshly diluted at each time point to minimize incubation time in the diluted 5
nM concentration state. Wild-type DHFR stock concentration was greater than 1 uM. In the
absence of BSA, each substrate concentration was measured independently. In the presence of
BSA, every substrate concentration was measured concurrently on the same 96-well plate. For

this work, n = 1.

Results suggest that degradation of enzyme stock solutions does not occur over the 20 min time

period.
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Figure D3. Relative activity of 5 nM wild-type DHFR after fixed incubation times in the
presence of varying bovine serum albumin (BSA) concentrations. Activities were compared
with that of 5nM DHFR co-incubated with 1 mg/mL BSA for 5 mins. A 20 minute
incubation corresponds with the maximum time that sub-micromolar DHFR concentrations
are used over the course of a kinetic measurement. Activities were determined at 50 pM
DHF and 100 uM NADPH. Measurements at all substrate concentrations were performed
concurrently on the same 96-well plate. Error bars denote standard errors (n = 3).

Over time, there is a loss of DHFR activity after dilution. BSA prevents this loss of activity.
Since enzyme degradation does not occur in the stock, this suggests that there is an apparent
loss of material.
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Figure D4. Statistically correlated parameters of mDHFR mutants. A) Statistical correlation
between the LJR score and |AKm| based on the unpaired, two-tailed, Pearson’s correlation
constant (r = 0.831; p = 0.041), and B) statistical correlation between the LJR score and kcy
based on the two-tailed, unpaired, Spearman rho correlation coefficient (p = -0.886; p = 0.019).
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