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Abstract
Alzheimer's disease (AD) is the most common cause of cognitive impairment. It is
characterized by the presence of plaques in the brain consisting of protein fragments called amyloid
beta (Aβ). Monomeric Aβ peptides can aggregate to form Aβ oligomers (AβOs), which assemble
into Aβ fibrils that deposit as plaques. AβOs are the most neurotoxic of the three Aβ forms. AβOspecific antibodies have been developed to neutralize the toxicity of AβOs.
We used computational methods to determine how an AβO-specific monoclonal antibody,
5E3 (m5E3), has a higher affinity for AβOs than Aβ monomers and Aβ fibrils. Our study provided
proof of the effectiveness of AβO-specific antibodies as some of the AβOs start to disaggregate in
the presence of 5E3. A single-chain antibody of m5E3 (ScFv5E3) was designed to conduct NMRbased structural analysis of how the ScFv5E3 binds to a peptide that mimics the A epitope
(mimotope). We verified the complementarity determining regions (CDR) of m5E3 by
demonstrating the binding of ScFv5E3 to the mimotope using dot-blot and surface plasmon
resonance techniques. We also developed a protocol that allowed us to produce a few hundred μg
of ScFv5E3. However, this amount was insufficient to perform the NMR study. Nevertheless, the
ScFv5E3 may prove effective as a therapeutic agent, as its small size may increase its ability to
pass through the blood brain barrier and it is unlikely to cause vasogenic edema (which arises from
the microglia-activating constant region of full-sized monoclonal antibodies (1))
The possible binding sites of AβOs on cell-surface receptors were determined based on
sequence alignments of AβO-receptors with the CDRs of m5E3. Some of the predicted binding
sites mapped to the regions of the receptors that have been suggested to be the binding sites of
AβOs. This rational drug design approach may prove productive in discovering a therapeutic
treatment for AD. The predicted binding sites may be used to design therapeutic inhibitor peptides
iii

and novel AβO-specific antibodies. The high sequence similarities among the CDRs of m5E3 and
some of the AβO-receptors also suggest a mechanism for the neutralizing effect of m5E3 on the
cytotoxicity of AβOs.
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Lay Summary
It’s very hard today to find someone who has not lost a loved one to Alzheimer’s disease
(AD). In the brain of individuals diagnosed with AD, a peptide called amyloid beta is present
abundantly. When a few of amyloid beta peptides aggregate they form an oligomer. Oligomers
can further aggregate to form fibrils. Oligomers are the most toxic entities in AD, and their toxicity
can be possibly neutralized by antibodies specific to oligomers.
As a PhD student, I dedicated my time to determine how an oligomer-specific antibody
detects amyloid beta oligomers. Computationally, I was able to determine the target region
exposed in oligomers. I designed a smaller version of the antibody using the most reactive parts of
the antibody and validated them experimentally. I also predicted the binding sites of amyloid beta
oligomers on the surface of neurons using sequence alignments with the most reactive parts of the
oligomer-specific antibody.
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Chapter 1: Introduction
Human beings living in the modern era have a longer life expectancy than ever before. As
a result, we are expected to have about 1.4 billion seniors over the age of 60 by 2030 (2). Ageing
is the number one risk factor for protein misfolding diseases like Alzheimer's disease (AD) (3).
These diseases are not only the cause of suffering, low-productivity, and financial burden for the
affected individuals and their unpaid caregivers, but also place significant pressure on the economy
of the societies directly with medical and non-medical costs (6). Cognitive impairment (dementia)
is now considered as one of the most expensive diseases in the US, with an annual direct cost of
more than a quarter of a trillion dollars in 2018 (7). The cost of cognitive impairment (dementia)
for 2016 over the globe was estimated as $948 billion dollars with a yearly growth rate of 15.95%
(8).

1.1

Cognitive Impairment (Dementia)
The words cognitive impairment and dementia have often been used interchangeably.

Dementia is the more common term. The word dementia comes from the Latin roots “de” which
means “without” and “mens” meaning “mind”. The word dementia in contemporary English refers
to a mental dysfunction of organic or functional origin. The word dementia has been suggested to
be replaced by a more indifferent word like cognitive impairment (10). The use of the word
dementia in the medical community started in the 18th century and was used to refer to all sorts of
psychiatric and neurological conditions with a psychosocial consequence. By the 19th century
senile dementia was considered as a medical disease that could be treated (11).
Cognitive impairment, which is now the preferred term for dementia, can manifest in the
form of different diseases. The most common cause of cognitive impairment is Alzheimer's disease
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(AD), which is a fatal neurodegenerative disorder (5). Cognitive impairment affects 6.4% of
individuals over the age of 65 (4) with AD accounting for 75% of all cases (5). Typically, the
abundant presence of neurofibrillary tangles composed of hyperphosphorylated tau protein, and
senile amyloid plaques made of amyloid β peptide (Aβ) is found in individuals with AD (9). It is
estimated that up to 40% of individuals with Down Syndrome (DS) will develop AD by 50-59
years (10). The global prevalence of DS is 0.1% of live births. People with DS have an extra copy
of chromosome 21, on which the gene for amyloid precursor protein (APP) resides (11). Aβ is
derived from the proteolytic cleavage of APP. The Aβ plaques are formed in nearly all individuals
with DS older than 40 years (12,13).
The second leading type of cognitive impairment, with 20% of all cases, is vascular
dementia (14). Vascular dementia is caused by the reduction of blood flow to brain (15). Patients
with Parkinson’s disease (PD) also develop cognitive impairment with a six-fold greater incidence
than non-PD people of the same age (16). About 1% of seniors over the age of 65 have some form
of the PD (17). In most patients with PD, the deposition of Lewy bodies containing α-synuclein is
associated with Parkinson's disease dementia (PDD) (18). About 9.7% of individuals with PD
develop PDD (19). Dementia with Lewy Bodies (DLB) is found in 4.6% of individuals with
dementia (19). PDD and DLB are differentiated based on the onset of motor and cognitive
symptoms. Aβ deposition is recognized more in DLB than PDD (20). Determining whether DLB
and PDD are the same is the subject of current studies (20,19). Other rare types of cognitive
impairment include Creutzfeldt-Jakob disease (21), frontotemporal dementia (22), Huntington’s
disease (23), normal pressure hydrocephalus (24), posterior cortical atrophy (25), and Korsakoff
syndrome (26).
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1.2

Alzheimer’s Disease
Although AD is typically characterized by a decline in short-term memory, it has other

symptoms as well, including cognitive and behavioral. Typical symptoms of AD include speech
and visuospatial orientation impairments, olfactory dysfunction, poor judgments, loss of the ability
to walk, eat or perform daily activities, reduced pain prevalence, psychiatric symptoms (like
depression, apathy, and anxiety), increased frequency of falls, and possibly diabetes (30). The
frequency of falls in the elderly has been associated with cognitive impairments (30).
The course of the development of AD has been divided into six different stages, primarily
based on the location of the tau neurofibrillay tangles and the neuropil threads in the brain (12).
These stages include the transentorhinal stages I-II (preclinical), limbic stages III-IV (developing
AD), and neocortical stages V-VI (fully developed AD) (12). Neuronal and synaptic losses also
increase with progression of the disease. There is a surprisingly poor correlation between the
presence of Aβ plaques and the development of cognitive impairment in AD patients. AD has also
been considered to be a two-phase disease. In phase I, the soluble Aβ oligomers and Aβ fibrils
accumulate. In phase II, the tangles are formed, and neuronal and synaptic losses are observed
(31). The clinical progression of AD has been assigned to seven stages, also called the global
deterioration scales: stage 1 (normal), stage 2 (normal aged forgetfulness), stage 3 (mild cognitive
impairment), stage 4 (mild AD), stage 5 (moderate AD), stage 6 (moderately severe AD), and stage
7 (severe AD). Stages 1-3 are the pre-dementia stages. From Stage 5 the patient can no longer live
without assistance (32). During the preclinical stage of the disease no obvious symptoms are
experienced by the patient. As the disease progresses to the later stages, the symptoms of the
disease worsen over time. In the early clinical stages, the patient experiences trouble with recent
memory and word-finding difficulties (33).
3

Death due to AD usually occurs as a result of pneumonia, loss of appetite, losing the ability
to swallow or the effects of falls (hip fractures). The inability to properly swallow food can cause
it to enter the lungs which frequently leads to pneumonia in AD patients. The diagnosis of AD
mainly depends on the medical history, cognitive tests, neuroimaging, and other routine laboratory
examinations (34).
Various approaches to combat AD have been attempted. To date, only limited symptomatic
treatments have been developed. Unfortunately, efforts to cure or prevent AD have so far proven
to be unsuccessful. Some of the slow progress on treating AD may be a result of the long-held
view that AD is a natural disease of aging. With the discovery of genes associated with early-onset
or the familial form of AD, more research has been directed towards discovering therapeutics for
this disease. The main difficulty in developing a vaccine to prevent AD or a therapeutic drug to
effectively treat AD is the uncertainty around its cause.

1.3

AD Pathogenesis
AD can be classified into late-onset (LOAD) and early-onset (EOAD) subtypes. The

LOAD accounts for 95% of all AD cases with an onset after 65 years of age. The EOAD onset can
be between the ages of 30 and 60 (27). Early and late onsets are both present in families with a
positive history of AD (28). The familial EOAD cases carry mutations in APP, presenilin 1
(PSEN1) or presenilin 2 (PSEN2) genes (29). The gene dose of the apolipoprotein E (apoE) ε4
allele is regarded as a major risk factor for AD (30). The exact etiology of LOAD is still unknown,
but it is considered to be a mix of genetic and environmental factors. The mutations in the APP
gene usually occur in the transmembrane domain close to the γ-secretase, and modulate the level
of Aβ (31). Most cases of familial EOAD are due to a mutation in PSEN1 gene (32). The mutations
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in PSEN1 gene are considered to increase the ratio of the level of Aβ42 over Aβ40 (33). PSEN2
is a gene homologous to PSEN1 (34). The mutations in PSEN2 are however rarely the cause of
the familial form of EOAD (35). Both PSEN1 and PSEN2 are the catalytic components of different
γ-secretases (36).
Several hypotheses have been developed on the pathogenesis of AD. The amyloid beta
cascade hypothesis considers the cause of AD to be deposition of Aβ as plaques (37). This
hypothesis was revised after the discovery of AβOs as the most neurotoxic agents, and considered
AβOs as the cause of the disease (38). Other major AD hypotheses also exist. The Tau hypothesis
considers post-translationally modified tau protein as the cause of neurodegeneration in AD (39).
The hyperphosphorylated tau proteins aggregate to form fibrils intracellularly which are dubbed
neurofibrillary tangles within cell bodies, and threads in axons and dendrites. The accumulation of
tau is thought to be the cause of neurodegeneration (39).
The pathogen hypothesis assumes chronic infections leave dormant pathogens in the brain
that can later trigger sporadic AD onset (40). The antimicrobial protection hypothesis is based on
a combination of the amyloid cascade hypothesis and the pathogen hypothesis (41). In this model,
Aβ generation is thought to be an immune response to the presence of pathogens. AβOs and Aβ
protofibrils impede the interaction of pathogens and cell membranes by binding the pathogens. Aβ
fibrils entrap unbound pathogens. Multiple inductions of this immune response lead to
accumulation of Aβ and a chronic inflammatory response. The accumulation of Aβ leads to fibril
formation and neurofibrillary tangles and trigger the onset of AD (41).
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1.4

Therapeutic Drug Targets in AD
A century after describing the neuropathologies of AD by Alois Alzheimer (42), no success

has been achieved in preventing or curing AD (43). Only a small number of drugs available today
alleviate the symptoms of AD, which include donepezil, rivastigmine, galantamine, and
memantine (43). Except for memantine, which is an antagonist for the N-methyl-D-aspartic acid
(NMDA) receptor, the other three are acetylcholinesterase inhibitors.
Most of the experimental therapeutic approaches towards AD are centered on targeting Aβ
and tau. In the case of Aβ, different therapeutic approaches target the inhibition of β-secretase and
γ-secretase or the stimulation of α-secretase (44) to reduce the generation of Aβ. Inhibition of these
proteins leads to the enhancement of the clearance of Aβ from the brain through blood-brain barrier
(BBB) receptors, or the enzymatic degradation of Aβ within the brain to reduce the concentration
of Aβ in the brain (45), the prevention of Aβ aggregation (46), destabilization of AβO (47), and
prevention of interaction of AβO with cell membrane receptors (48).
The main tau-related therapeutic methods for AD target its phosphorylation with kinase
inhibitors and phosphatase activators (49), or its aggregation (50) and clearance with
immunotherapy (51). Aβ and tau are also used to develop vaccines. The vaccines against the full
length Aβ have failed so far because of autoimmune responses by inflammatory T cells. The new
immunogenic short fragments from the Aβ peptides have been designed to remove the regions
responsible for the T cell activation (52). The tau vaccines are still in early clinical trials (53).
Other therapies being studied as possible AD treatments include anti-inflammatory drugs (54) and
cholesterol-lowering medications (55). Nerve growth factor may also be used effectively to treat
AD (56).
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1.5

Amyloid Precursor Protein Processing
Aβ is the cleavage product of the precursor APP protein. APP is a protein with 695 amino

acids that is highly expressed in neurons of the central nervous system (58). After APP has gone
through the endoplasmic reticulum (ER) and the trans Golgi network, it is transported to the
neuronal axons (59), where it is integrated into the membrane or transported to the endosome
(Figure 1.1) (60).

Figure 1.1: A possible Aβ trafficking route in neurons. APP (shown as red circles) is processed
within the ER and is passed on to the Golgi for further processing and packaging in secretory
vesicles. The vesicle that reaches the plasma membrane embeds the APP into the membrane. The
α- and γ-secretases cleave APP at the cell surface to generate the p3 fragment (shown as blue
circles). The Aβ vesicles from the Golgi that ends up in an endosome can be cleaved by β- and γsecretases to generate Aβ. The Aβ from the endosome can be secreted from the cell, released into
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the cell body, or be sent to the lysosome, or mitochondrion. Aβ is also proposed to be generated
in the ER and mitochondrion.
In a non-amyloidogenic pathway, the cell surface APP is cleaved by α- and γ-secretases to
generate the p3 fragment. As the cut by α-secretase is in the middle of Aβ, this proteolytic pathway
does not produce Aβ (Figure 1.2). The other pathway transports APP from either the Golgi or the
cell surface to the endosome, which results in the production of Aβ by β- and γ-secretases (Figure
1.2) (60). Depending on the cleavage site of γ-secretase, the size of Aβ varies. The two most
common forms of Aβ that are present in vivo are Aβ1-40 (Aβ40) and Aβ1-42 (Aβ42).
Two different models are proposed for the mechanism of cleaving the C-terminal fragment
initially produced by β-secretase (β-CTF). In one model, γ-secretase starts cleaving β-CTF further
down the sequence to generate Aβ49 or Aβ48 initially. Aβ49 is cleaved multiple times by γsecretase to produce Aβ46, Aβ43, and finally Aβ40. If the initial cleavage occurred at Aβ48, then
Aβ42 is generated from cleavage of Aβ45 (61). In the other model, Aβ39-43 peptides are cleaved
directly from the β-CTF by γ-secretase (60). Aβ40 is the most abundant isoform overall, but Aβ42
is the most amyloidogenic one (62).
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Figure 1.2: The two pathways for amyloid precursor protein processing.

The non-

amyloidogenic pathway cuts the APP at the α-secretase site to produce a soluble ectodomain
fragment (sAPP-α) and a C-terminal fragment (α-CTF). The α-CTF is further cut by γ-secretase to
generate the p3 fragment and the APP intracellular domain (AICD). The amyloidogenic pathway
cuts the APP at the β-secretase site to generate a soluble ectodomain fragment (sAPP-β) and a Cterminal fragment (β-CTF). The β-CTF is further cleaved with γ-secretase to release the Aβ
fragment and the APP intracellular domain (AICD).

The source of intracellular Aβ could be the Aβ exocytosed from the endosome, or
endocytosed from the extracellular space. The ER and mitochondrion are also proposed to be sites
of Aβ generation (Figure 1.1) (63).
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1.6

Aβ oligomers may be the culprit behind the neurotoxicity in AD
Monomeric Aβ is not considered to be toxic (37), and is proposed to have physiological

roles such as protecting cells against excitotoxicity (64), acting as a neurotrophic factor for the
growth of neurons (65), or being an antimicrobial peptide (66). A vaccination reactive to the
monomeric form of Aβ also induced an autoimmune response (67). Therefore, the monomeric Aβ
should not be the target of a therapeutic approach against AD.
The monomeric Aβ peptide is, however, amyloidogenic (37). A few Aβs can aggregate to
form what is called an oligomer. Some oligomers can nucleate the formation of higher order
oligomers or fibrils. The correlation between the deposition of amyloid plaques consisting of Aβ
fibrils and AD is not as strong as was predicted initially (68). Multiple immunotherapeutic efforts
against Aβ fibrils also has shown limited efficacy (69). Recent studies have focused on Aβ
oligomers, which are more toxic than fibrils (70), lead to cognitive impairment (71), and are linked
to the age of the onset of AD (72). Interestingly, soluble Aβ dimers isolated from the cerebral
cortex of AD patients were shown to be toxic while the Aβ plaques of AD patients were mainly
nontoxic. Little or no soluble Aβ oligomers were shown to be present in non-AD subjects (80). An
AβO assay has also been used to discriminate between AD cerebrospinal fluid (CSF) and healthy
aged control CSF (81).
The toxicity of extracellular Aβ oligomers is proposed to be mediated by binding of the
oligomers to the cell surface receptors (73) or by disrupting the plasma membrane (74). The
binding of a low concentration of AβOs to the hippocampal neurons can be eliminated by treatment
with trypsin. This indicates that the cell surface receptors may be responsible for the interaction of
AβOs and neurons (38). On the other hand, the toxicity of AβOs through disruption of the
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membrane was suggested to be initially through the formation of pores by β-barrel structures that
can be blocked by Zn (II) (74). As Aβ fibrils start to form from the AβOs, the cell membrane
breaks up mechanically (74).
Intracellular AβOs can induce their toxicity by accumulating in the ER to trigger ER-stress.
The disruption of the lysosome and endosome membranes by intracellular AβOs leads to the
release of their contents to the cytosol as well. Apoptosis can also be initiated as a result of the
accumulation of AβOs in the mitochondrion (63).
In an attempt to discover the toxic AβOs responsible for AD, various AβOs-dimers (75),
trimers (76), and dodecamers (76,77) have been purified from diseased brains. Various protocols
were also developed for generating synthetic AβOs, including Aβ-derived diffusible ligands (38),
globulomers (78), amylospheroid (79), annular protofibrils (80), and a toxic soluble Abeta
assembly (TAbeta) (81).

1.7

Aβ Oligomer-Specific Antibodies
Over the past couple of decades a number of therapeutic monoclonal antibodies targeting

the Aβ peptide have been developed. Initially the targets for these antibodies were the monomeric
or the aggregated forms (both oligomeric and fibrillar) of Aβ. Clinical trials of the antibodies that
targeted Aβ fibrils (bapineuzumab, gantenerumab, crenezumab) showed limited efficacy and were
often halted as a result of vasogenic edema or microhemorrhage and hemosiderosis detected by
magnetic resonance imaging (MRI) abnormalities. Aducanumab, which targets both AβOs and Aβ
fibrils, has been the most successful of these antibodies. It demonstrated a slowing of the
progression of the disease after 1 year. Aducanumab, however has the ARIA-E drawback. Clinical
trials of solanezumab and ponezumab, which target Aβ monomers, showed that these antibodies
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were safe but they had no significant impact on slowing AD-associated memory decline (1). While
research on these antibodies continues, the focus in AD research has shifted away from Aβ on its
own, towards Aβ conformation-specific antibodies.
As AβOs are considered to be the neurotoxic entities in AD and the antibodies that could
not differentiate between AβO and Aβ fibrils had no significant treatment outcome, research has
shifted to the development of oligomer-specific antibodies that can recognize only the toxic
oligomeric form of Aβ and not its monomeric or fibrillar form (82,83). A monoclonal antibody
that specifically recognizes toxic AβOs could be useful for neutralizing the toxicity of such
oligomers. An oligomer-specific antibody could also be useful as a biomarker to distinguish AD
from other dementing syndromes. Its cognate mimotope can also be used to immunize a patient to
harness the host immune system (84).
The amino acid sequence of Aβ is identical in monomeric, oligomeric or fibrillar forms.
An Aβ oligomer-specific antibody must therefore differentiate between the conformations of
oligomers, and other forms of Aβ. Various AβO-specific antibodies have been prepared against
synthetic peptides mimicking the AβO conformational epitopes (85,82,86), or homogenous
samples of synthetic AβOs (87,88,80,89,78). The A11 polyclonal Aβ oligomer-specific antibody,
which is the first of its kind, was generated by immunizing a rabbit with synthetic Aβ40 octamers
in a micellar form (85). A11 was shown to cross react with oligomers of α-synuclein (Parkinson’s
disease), polyglutamine (Huntington’s disease) and prion peptide (prion disease), which indicated
the commonality of the conformational A11-specific epitope among oligomers of different
proteins (83).
The monoclonal oligomer-specific Aβ antibody 24B3 was raised against an epitope
proposed to be oligomer-specific consisting of a sharp turn at E22-D23 (98). A shortened version
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of the Aβ peptide known as Aβ10-35, with the mutation E22P was used as an immunogen to
promote the formation of this oligomer-specific conformation. PMN30 is another oligomerspecific antibody produced against an epitope predicted computationally to be oligomer-specific
(99). The PMN30 epitope consists of the Aβ residues 13-16 in a sharp turn conformation. PMN30
was shown to be effective at inhibiting AβO toxicity in vitro (99). DesAb-O is a single-domain
oligomer-specific antibody developed by grafting a complementary sequence to Aβ30-36 instead
of the CDR of a human VH domain antibody. Various complementary peptides against different
partial sequences of Aβ have been used as CDRs of single-domain antibodies to discover a
sequence specific to residues that are solvent-exposed in AβOs but not in fibrils (100). The
synthetic preparation of AβOs started with Aβ42-derived diffusible ligands (ADDL) (38).
Antibodies NU-1 and ACU-954 have been generated by immunizing mice with ADDLs (87,88).
Antibodies against brain-derived oligomers have not been reported yet (90). BAN2401 is another
oligomer-specific antibody that has been shown to reduce the levels of soluble Aβ protofibrils in
the brain and cerebrospinal fluid (CSF) in transgenic mice and has also shown to be safe in phase
1/2a clinical trials with no ARIA-E cases (1).
The mouse monoclonal oligomer-specific antibody, m5E3, was raised against the cyclic
CGSNKGC peptide (cSNK), the central five residues of which are native to the Aβ peptide,
flanked by non-native cysteines to cyclize the immunogen. The residues 25GSNKG29 of Aβ can
adopt a sharp turn conformation in some AβOs (91). The K28 residue was hypothesized to be
solvent-exposed in some AβOs, which is in line with overall instability and solubility of AβOs
(82,91). K28 on the contrary is known to typically form an internal salt bridge in stable insoluble
Aβ fibrils (92,93,94,95). The sharp turn at these residues and the solvent exposed K28 were
assumed to differentiate the structure of AβOs from monomers and fibrils. It was demonstrated
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computationally that monomers, fibrils and the cyclic mimotope form distinct ensembles of
conformations (90).
Aβ monomers need to adopt a sharp turn conformation at the epitope residues 25GSNKG29
in order to be recognized by m5E3. However, Aβ monomers are relatively disordered (96), and
are unlikely to adopt this turn. Multiple m5E3 epitopes are usually located close to each other in
fibrils preventing the individual epitopes to enter the binding pocket of m5E3.
Over the following chapters first it is explained in Chapter 2 how m5E3 binds to Aβ
oligomers and why it has a lower affinity for Aβ fibrils using the computational model of m5E3.
In Chapter 3, the design, synthesis and characterization of a single chain antibody of m5E3 are
described. In Chapter 4, an attempt to make enough of this single chain antibody to perform an
NMR-structural study is reported. In Chapter 5, the binding sites of AβOs on the proposed AβOreceptors by performing sequence alignments among the CDRs of m5E3 and the various AβOreceptors are predicted.
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Chapter 2: Molecular Interactions between Monoclonal OligomerSpecific Antibody 5E3 and its Amyloid Beta Cognates

2.1

Introduction
The difficulty of isolating AβOs with a specific structure combined with the presence of

various AβOs with heterogeneous structures, are among the main reasons behind the failures in
developing therapeutics for AD (97). Atomic-level resolution structure of AβO have proven
elusive, perhaps due to the transience and plasticity of these entities. Theoretical and
experimentally-informed structural models have been proposed ranging from dimers to large
aggregates characterized by different secondary and tertiary structures. The interactions of the
model of m5E3 with published AβO models may provide a ranking of how likely they are to exist
in vivo. We selected representative structures of AβOs to parse the ranking of reactivity. While it
is possible that m5E3 is reactive with only subclasses of AβOs, it is also possible that the activity
of m5E3 with these models will help validate a particular AβO structure for plausibility. With
experimental limitations to resolve the tertiary structure of AβOs, oligomers have usually been
reported by their sizes and secondary structures. A brief overview of the models of AβOs used in
this work follows.
A trimer resolved experimentally by Kreutzer et al. (Panel A of Figure A.1) is made of βhairpins in a triangular shape (98). A tetramer was revealed experimentally by Streltsov et al.
(Panel B of Figure A.1) with individual Aβ peptides forming two connected loop conformations
(99). An octadecamer developed based on experimental constraints by Gu et al. (Panel C of Figure
A.1) is made of stacks of β-sheets from individual Aβ peptides with three antiparallel β-strands
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(100). A hexamer proposed theoretically by Shafrir et al. (Panel D of Figure A.1) has a β-barrel
structure with individual peptides forming three antiparallel β-strands (101). A hexamer
hypothesized theoretically by Laganowsky et al. (Panel E of Figure A.1) has a nanotube-like
conformation with individual β-strands (102). A dodecamer assembled theoretically by Gallion
(Panel F of Figure A.1) is composed of two stacked disc-shaped sub-units. The discs are built of
Aβ peptides from the tetramer by Streltsov et al., and have α-helical N-terminal residues (103). It
is worth noting that a wide range of structural features for the proposed molecular models of AβOs
may be indicative of the polymorphic nature of oligomers.
Given the diversity of the models, we decided to characterize different structural features
of each of the above models in the context of oligomer recognition by the m5E3 antibody. K28 is
solvent-exposed in the trimer by Kreutzer et al., some chains of the tetramer by Streltsov et al., the
last layer of β-sheets of the octadecamer by Gu et al., the hexamer by Shafrir et al., the hexamer
by Laganowsky et al., and partly in some chains of the dodecamer by Gallion. A sharp turn at the
epitope residues is formed in the trimer by Kreutzer et al., the hexamer by Shafrir et al., and the
octadecamer by Gu et al. A wide-turn at the epitope residues is formed in the tetramer by Streltsov
et al. and the dodecamer by Gallion. In the hexamer by Laganowsky et al. the epitope residues do
not form a turn structure.
As Aβ fibrils are stable, various experimental structures are available for them. The
structure of a fibril with three-fold symmetry was revealed by Lu et al. (Panel A of Figure A.2)
with a wide-turn at the epitope residues and a salt bridge between K28 and D23 of the same chain
(92). A structure of a fibril with two-fold symmetry was resolved by Petkova et al. (Panel B of
Figure A.2) with a wide-turn at the epitope residues and a salt bridge between K28 and D23 of
either ±2 neighboring strands (93). Schmidt et al. determined the structure of a dimer with a
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zipper-like two-fold symmetry in a fibril (Panel C of Figure A.2) with no turn conformation at the
epitope residues and a partially solvent-exposed K28 (94).
A model for a cross-β sub-unit was reported by Lührs et al. based on the observed
protofilament of a fibril (Panel D of Figure A.2) with a wide-turn at the epitope residues and a salt
bridge between K28 and D23 of the adjacent chains (104). Xiao et al. presented a model for a
cross-β sub-unit (Panel E of Figure A.2) with no sharp turn in the epitope region. This model's
partly solvent-exposed K28 forms a salt bridge with the carboxyl of C-terminus A42 of the same
chain and not D23 (105). The structure of the synthetic Aβ fibrils containing such Aβ cross-β subunits was also published by both Colvin et al. (106) and Wälti et al. (95) (Panel F of Figure A.2).
Various features of the oligomers, fibrils and cross-β sub-units are summarized in Table A.1.
An established method of classifying AβOs experimentally is based on conformationspecific antibodies (107). Here, we computationally classify the models of AβOs as Fv5E3positives or Fv5E3-negatives using our Fv model of the m5E3 antibody. Understanding how m5E3
binds to its Aβ cognates can be used to design even better monoclonal or single chain variable
fragment (ScFv) oligomer-specific antibodies. In the following sections, we first present an Fv
model for the m5E3 antibody and show how it detects its cyclic mimotope. We then explore the
molecular mechanisms of Fv5E3 interaction with AβOs. Finally, we show why m5E3 has a lower
affinity for Aβ fibrils. We distinguish between the fibrils and the cross-β sub-units and explain
how Fv5E3 interacts with the cross-β sub-units.
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2.2
2.2.1

Methods
Antibody Homology Modeling
Antibodies have a Y-shaped structure. Each arm of an antibody is made of two chains of

amino acids, and can bind an antigen individually. The two chains, depending on their lengths, are
called heavy and light. The binding region of an antibody (arms of Y) is called Fab. Each Fab itself
is made of a constant and a variable fragment (Fv). Fv is the immunogenic region of Fab (108).
The regions that show most dissimilarity within Fvs are the loop regions, also called CDRs (109).
Each Fv has three CDRs. Within each class of antibodies less variable residues form a framework
for that immunoglobulin superfamily.
A homology Fv model of the m5E3 antibody was built with the Antibody module of the
Rosetta software package (110). The module predicts an Fv model by homology. The
conformation of the CDR3 of the heavy chain was constructed de novo as it is usually difficult to
determine its structure solely based on its sequence. The orientations of the two chains of the
framework region at their interface were also adjusted accordingly. A brief description of the
explicit Rosetta parameters used to generate this homology model are given below (the parameters
are given in italic type in parenthesis). The number of decoys to be generated (nstruct) was set to
2,000. A BLAST search was performed by Rosetta to find homologous templates for the
framework of the antibody and each of the CDRs except CDR3 of the heavy chain. The CDRs for
the light chain of the antibody and CDRs 1 and 2 of the heavy chain were grafted onto the model
(antibody_modeler). The cysteine residues were assumed to form disulfide bonds (find_disulf and
norepack_disulf). Minimization was performed on all CDR loops except the CDR3 of heavy chain
(relax_cdrs and freeze_h3). A conformation for the CDR3 of the heavy chain was predicted (h3,
build_loop, loop_frags, max_frags, and H3_filter). The cyclic coordinate descent method was used
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to adjust the dihedral angles from the N-terminus of the CDR3 of heavy chain to its C-terminus to
make sure the C-terminus residue of the CDR attaches to the framework (ccd_closure) (111). The
extra rotamers for aromatic residues' χ1 and χ2 dihedral angles were used during the repacking of
the side chains orientations (ex1aro, and ex2aro_only). The side chains of the antibody framework
region were not perturbed (norepack_antibody and unboundrot). Backbone minimization was
performed on the CDR3 of the heavy chain along with the two flanking residues on either side of
the CDR3 of the heavy chain (flank_relax 2). A final round of minimization was performed on the
whole structure.
The above parameters were combined in the following command for the Rosetta
software:
rosetta.gcc aa M5E3 _ -s M5E3 -nstruct 2,000 -antibody_modeler -quiet -h3 -H3_filter -ex1aro ex2aro_only -find_disulf -norepack_disulf
-norepack_antibody -unboundrot -use_pdb_numbering -ccd_closure -loop_frags -build_loop compute_hbond -max_frags 350 -relax_cdrs -freeze_h3 -flank_relax 2.

2.2.2

Antibody Docking
Docking of the antibody and its Aβ cognates were performed with the Rosetta

AntibodyDock module (112). This flexible docking algorithm optimizes the rigid-body position of
the antibody-antigen interface, the orientation of the light and heavy chains of the antibody, and
the conformations of the six CDRs during each docking. Some of the details of the algorithm are
summarized with the following description of the docking parameters. The number of generated
decoys was 2,000 (nstruct). One of the two docking partners was set to be an antibody (fab1). The
second partner was an AβO, a cross-β sub-unit or a fibril. The starting structure was initially
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perturbed 3 Å along the center line, 8 Å along the plane perpendicular to the center line and rotated
8 degrees around the center lines (dock_pert). The two docking partners were rotated around their
center lines (spin). Random moves were performed a maximum of fifty times to find a Monte
Carlo acceptable decoy (complex of the two partners), along with a minimization after each set of
random moves to optimize the orientation of the repacked side chains at the interaction interfaces
(dock_mcm, and dock_rtmin). The side chain rotamers from the initial structure were included in
the prepacking step (unboundrot). The orientations of the light and heavy chains were adjusted
with respect to each other during each of the fifty trials (snugdock). The CDR2 and CDR3 of the
heavy chain were also perturbed and minimized during the fifty attempts to find an acceptable
decoy (snugloop, snugh3, and snugh2). The predictions at these two CDRs were assumed to have
the largest of deviations from their native conformations. Disulfide bonds were formed between
the cysteine residues with no additional repacking (find_disulf and norepack_disulf). Multiple
computer

processes

were

used

to

perform

the

dockings

(multiple_processes_writing_to_one_directory).
The Rosetta command used in the docking simulations was
mpiexec -n 128 rosetta.gcc aa M5E3 _ -dock -dock_mcm -quiet -nstruct 2000 -fake_native -fab1
-pose -ensemble1 1 -dock_pert 3 8 8 -spin -ex1 -ex2aro_only -unboundrot -s M5E3 -dock_rtmin find_disulf -norepack_disulf -use_pdb_numbering -fake_native -skip_missing_residues -pose snugdock -snugloop -snugh3 -snugh2 -multiple_processes_writing_to_one_directory.
The Rosetta score approximates the free energy of the complex. It is calculated based on a
combination of physical (e.g., electrostatics), empirical (e.g. hydrogen bonds) and statistical (e.g.,
probability of finding the torsion angles in Ramachandran space) terms (113). A lower score
indicates a more favorable docking. There was initially no direct correlation between the physical
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energy terms and the Rosetta score, and only recently it has been calibrated to correlate with the
physical terms. The Rosetta score also is not well correlated with the stability of complexes in
different proteins. The total score is the sum of Rosetta scores for each residue. We normalized the
Rosetta score by the number of residues of each complex to be able to compare them with each
other.
As the m5E3 antibody is a conformation-specific antibody, we did not subject the models
of Aβ aggregates to MD simulations before performing our docking simulations. This way we
made sure Fv5E3 was docked to the structures of the Aβ aggregates as proposed by their authors,
and not the structures we would generate based on the settings of our simulations.

2.2.3

Molecular Dynamics Simulations
The Molecular Dynamics (MD) simulations were performed using the NAMD software

(114). Our starting Protein Data Bank (PDB) files contained individual docked complexes. Protein
structure files (psf) were generated for the initial PDB files with the psfgen program from the
NAMD package using the charmm27 force field (115,116). The protonation states of the side
chains of ionizable residues were assigned according to pH 7. The nter and cter patches were used
to make N-termini and C-termini residues. Intra-molecular disulfide bonds were generated
between the interacting cysteine residues.
The VMD software (117) was used to explicitly solvate the docked complexes in a
rectangular box with TIP3P water molecules. The minimum distance between any atom of the
docked structure and the edge of the water box was set to 1.8 nm to avoid any interaction with
images of the molecule. To neutralize the system, ions (Na+ and Cl-) were added using the
autoionize plugin of the VMD package.
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The parameters used for the NAMD simulations are as follows: non-bonded van der Waals
interactions were smoothly turned off between 10 Å to 12 Å; the non-bonded pairlist distance was
updated every 10 steps to include pairs within 14 Å; long range electrostatics were calculated at
every other step using the particle mesh Ewald method, and a grid spacing of 1 Å; the SHAKE
algorithm was used to constrain bonds of hydrogen atoms with a tolerance of 10e-8; each MD time
step was set to 2 femtoseconds (fs).
The simulations were performed in five discrete steps:
1. Minimization:
Energy minimization on the solvated system was achieved with 30,000 steps of
conjugate gradient minimization. The heavy atoms were restrained during this
minimization to their initial positions with a force constant of 50 kcal/(mol*Å2). This step
was performed to remove excess energy.
2. Thermalization and NVT Equilibration:
The temperature of the system was gradually increased by Langevin dynamics from
0 K every 5,000 steps by 50 K until 310 K was reached. The heavy atoms were restrained
during this step to their initial positions with a force constant of 50 kcal/(mol*Å2). The
length of this step was 0.2 nanoseconds (ns). During the following NPT equilibrations, the
target pressure and temperature were set to 1 atm and 310 K, respectively.
3. NPT Equilibration 1:
The heavy atoms were restrained during this equilibration to their initial positions
with a force constant of 50 kcal/(mol*Å2). The length of the NPT equilibration was 0.2 ns.
This step was performed to bring the density of the water in the simulation box close to its
experimental value of 0.99367 g/cm3 at 310 K.
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4. NPT Equilibration 2:
The heavy atoms were restrained during this equilibration to their initial positions
with a force constant of 5 kcal/(mol*Å2). The length of the NPT equilibration was 0.2 ns.
This step was performed to gradually release the restraints on the heavy atoms.
5. NPT Simulation with no Restraints:
For the Fv5E3-cSNK complex, which is a much smaller system compared to
antibody-oligomer/fibril complexes, we performed a 30-ns long simulation. For all other
systems, we performed 100 ns-long simulations to determine the mode of interaction
between the antibody and Aβ aggregates.

2.2.4

MM-GBSA Free Energy Calculations
We used the MM-GBSA (Molecular Mechanics-Generalized Born Surface Area) method

with default parameters to estimate the average binding free energy from each MD simulation
trajectory (118). The MM-GBSA approximates the binding free energy by using molecular
mechanics equations for the conformational energy terms, a generalized Born model for the polar
solvation energy, and a solvent-accessible surface area term for the non-polar solvation energy for
an Aβ aggregate, the antibody, and the whole complex. The method was developed as a part of the
Amber software (119). The MM-GBSA calculations were performed based on the individual MD
trajectories for each of the Fv5E3-cognate complexes. First, the chamber tool of the Amber 15
package was used to convert the NAMD psf and pdb files to Amber prmtop and inpcrd formats,
respectively. The command for this conversion was chamber -top top_all27_prot_na.rtf -param
par_all27_prot_na.inp -xpsf XXXX.psf

-crd

XXXX.pdb -cmap -p XXXX.prmtop -inpcrd

XXXX.inpcrd. The NAMD dcd trajectories were converted to Amber netcdf trajectories with the
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cpptraj tool from the Amber package. The last 10 ns (1,000 statistically independent frames saved
at 5000-step intervals) of each trajectory was used for the MM-GBSA calculations. The trend seen
in the LRMSD was used as a measure of the convergence for each system. The standard deviation
(std. dev.) of the MM-GBSA energy is also reported. As the same number of frames was used for
the calculations of all the MD trajectories except the one for the Fv5E3-cSNK system, we do not
report the standard error of the mean. It can be obtained by dividing std. dev. by the square root of
the number of statistically independent frames used in the calculations. The MM-GBSA
calculations were performed with the Python script MMPBSA.py (120) with the following
command:
MMPBSA.py

-O

-i

mmpbsa.in

-o

The_result.dat

-sp

ComplexHydrated.prmtop

-cp

ComplexDeHydrated.prmtop -rp m5e3Dehydrated.prmtop -lp CognateDehydrated.prmtop -y
ComplexHydratedTrajectory.netcdf.

2.2.5

Analysis of interactions between Fv5E3 and its cognates
The hydrogen bonds formed between Fv5E3 and its targets in the course of MD simulations

were monitored with the VMD software (117). A cutoff distance of 3.5 Å was used (121). The last
frames of the trajectories were used to determine whether other possibly stable non-covalent
interactions were formed between Fv5E3 and the Aβ aggregates during the course of the
simulations. The protein interactions calculator (PIC) online server (http://pic.mbu.iisc.ernet.in/)
(122) was used to identify these interactions. The default cutoff distance of 5 Å was used for
hydrophobic interactions, 6 Å for ionic interactions, 4.5 Å to 7 Å for aromatic-aromatic
interactions, 4.3 Å for aromatic-sulphur interactions, and 6 Å for cation-π interactions (122). If
both a hydrogen bond and an ionic interaction existed between two residues, the combined
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interaction was labeled as a salt bridge. After identifying the residues that were participating in
these interactions, we measured the occupancy of these interactions during the simulations using
the results from the distance module of the Wordom software (123). The occupancy is defined as
the fraction of time during each MD simulation that interactions are present in.
The LRMSD was calculated for each trajectory by aligning all the frames to the initial
structure. The LRMSD was calculated using the RMSD Trajectory Tool from VMD (117).
2.3
2.3.1

Results
A Fv model of the m5E3 conformation-specific monoclonal antibody
The sequence of the Aβ42 monomer is DAEFRHDSGYEVHHQKLVFFAEDVGSNKG

AIIGLMVGGVVIA. The residues 25-29 of Aβ42 (GSNKG) with a solvent-exposed lysine in a
sharp turn conformation were hypothesized to be the epitope of an AβO specific antibody (82).
The residue K5 is solvent-exposed when the epitope residues are cyclized by a disulfide bond,
CGSNKGC (cSNK). The disulfide bond also forces the turn structure of GSNKG to be sharp. The
mouse monoclonal antibody 5E3 was raised against cSNK. It has been demonstrated that the m5E3
antibody has a much higher affinity for AβOs compared to Aβ fibrils or monomers (82).
Here, we present a model for the Fv fragment of the m5E3 antibody. We used this model
to study how m5E3 binds to AβOs, and why it has a low affinity for Aβ fibrils. After translating
the partial DNA sequence of m5E3 (124) to the corresponding amino acid sequence using the
online ExPASy server (https://web.expasy.org/translate/) (125), we obtained the partial sequences
for the light and heavy chains of m5E3. A search for a similar framework for m5E3 using NCBI's
BLAST tool (blastp algorithm) with default parameters (https://blast.ncbi.nlm.nih.gov/Blast.cgi)
returned the Fab (fragment, antigen binding) 48G7 (PDB entry 2RCS) (126). The BLAST score
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for the light and heavy chains were 147 and 151, respectively. The corresponding E-values were
5e-43 and 2e-51. These alignments indicate that there is an 83% identity between the light chains
of m5E3 and 48G7, and a 63% identity between the heavy chains of m5E3 and 48G7 (Panels A
and B of Figure 2.1).
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Figure 2.1: Molecular model of m5E3. A) Alignment of the m5E3 and 48G7 light chains. B)
Alignment of the m5E3 and 48G7 heavy chains. C) Model of the m5E3 antibody built from the
framework of the 48G7 Fab fragment. Complementarity determining region 1 (CDR1), CDR2,
and CDR3 of the light chain are shown in blue, cyan and purple, respectively. CDR1, CDR2, and
CDR3 of the heavy chain are shown in orange, yellow and red, respectively. D) LRMSD of Cα
atoms of Fv5E3 during a 100 ns-long MD simulation. E) The root mean square fluctuation (RMSF)
of Cα atoms of Fv5E3 during the 100 ns-long MD simulation. The heavy chain is from residue 1
to 115 and the light chain is from 116 to 223. F) The secondary structure content of Fv5E3 from
the first and last frames of the 100 ns-long MD simulation. The letters B and E stand for isolated
β-bridge and extended β-sheet, respectively. The letter G stands for 310 helix. The letters T, S, and
L stand for hydrogen bonded turn, bend, and unstructured loop, respectively.

To build a homology Fv model for m5E3, we mutated the residues of the Fv region of
48G7 Fab fragment to the corresponding residues of the m5E3 antibody. We also used the
Antibody module of Rosetta software to predict an Fv model for m5E3 (110). The models obtained
with these two approaches are very similar. Their least root mean square deviation (LRMSD) of
Cα atoms is only 3.6 Å. In this chapter, we use the homology model of m5E3 built from the
framework of 48G7. The docking algorithm (112) takes advantage of the same components of the
homology modeler (110) used to build a structural model of the antibody, and remodels the
antibody in the presence of each antigen. The CDRs of the m5E3 antibody were determined using
the protocol provided in Ref. (127). CDR1, CDR2, and CDR3 of the light chain of m5E3 include
residues RASQEISGYLT, AASTQDS, and LQYGNYPRT, respectively. CDR1, CDR2, and
CDR3 of the heavy chain of m5E3 include residues ASGYIFTSYY, IYPGNVNT, and
28

ARMDYEAHY, respectively. The resulting Fv model of m5E3 with the highlighted CDRs is
shown in Panel C of Figure 2.1. The model is stable as assessed in a 100 ns-long MD simulation.
The LRMSD of this model, with over 200 Cα atoms, changes by about 5 Å during the simulation
(Panel D of Figure 2.1). The RMSF of the Cα atoms of Fv5E3 also demonstrate that the main
fluctuations occur at the N-termini and C-termini residues of the heavy and light chains. The
residues 74-76 of the heavy chain which are part of a non-CDR turn conformation, and the residues
following the CDR2 of the light chain are also flexible (Panel E of Figure 2.1). The secondary
structure content of the model does not vary much during the simulation as determined by the
Wordom software (123) (Panel F of Figure 2.1). The relaxed Fv5E3 obtained in this simulation
was used in docking simulations.
Throughout this chapter, we use the term m5E3 for the monoclonal 5E3 antibody to refer
to the experimental interactions of this antibody. The term Fv5E3 is reserved for the computational
Fv model of m5E3 if we refer to interactions in silico.

2.3.2

Interaction between Fv5E3 and the cyclic mimotope of m5E3
In this section, we analyze how the cSNK mimotope interacts with Fv5E3 (128). The

molecular model of cSNK was obtained in a previous study (Panel A of Figure 2.2). The LRMSD
of this model from a 10-ns MD simulation performed in the current study confirms that the model
represents an average conformation of the cSNK peptide (Panel B of Figure 2.2). The backbone
atoms of cSNK are restrained due to the presence of the disulfide bond (Panel C of Figure 2.2).
The cSNK residues are therefore forced to stay within a certain distance from each other. The
distance between the Cα atoms of G2 and G6 of cSNK is 5.55 Å. There is no space within this
sharp turn for K5 to be buried; therefore, the side chain of K5 is always solvent-exposed. We use
29

the distance between the Cα atoms of G2 and G6 as a measure of how sharp the turn conformation
in the models of Aβ aggregates is.

Figure 2.2: Molecular model of the cSNK mimotope. A) Cyclic CGSNKGC mimotope. The
SNK residues are shown in stick and solvent-exposed surface representations in red, orange and
blue, respectively. B) The LRMSD of heavy atoms of cSNK in a 10-ns MD simulation. C) The
RMSF of Cα atoms of cSNK in the 10-ns MD simulation.
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Fv5E3 has three solvent-exposed acidic residues in its CDRs. These residues are E28 in
CDR1 of the light chain, and D100 along with E102 from CDR3 of the heavy chain. The cSNK
has a net charge of +1 at a neutral pH. The negative charges of the acidic CDR residues located at
the solvent-exposed surface of Fv5E3 create an affinity for the positive charge of the K5 residue
of cSNK. The presence of a strong negative electrostatic field around the acidic residue E102 in
CDR3 of the heavy chain was determined using the APBS electrostatics plugin of the VMD
software (117) (Figure A.3). We believe that this region is the main binding pocket for cSNK, and
that the initial detection of cSNK by the m5E3 antibody is driven mainly electrostatically.
To further elucidate how cSNK interacts with m5E3, we first docked cSNK to our Fv model
of the m5E3 antibody. In the top hundred complexes from the docking simulations, the cSNKs
were docked mainly in the superior gap (based on the orientation of the model in Panel C of Figure
2.1) between the light and heavy chains. The top-ranked docked structure of Fv5E3 and cSNK
with the Rosetta score of -150.59 (-21.51 per residue) provided an initial complex to study how
cSNK interacts with Fv5E3 (Panel A of Figure 2.3). As seen in this figure, the cSNK peptide does
not deviate substantially from its initial docked binding site during a 30-ns simulation (Panels A
and B of Figure 2.3). There is a small 3 Å increase in the LRMSD of the complex in the first 15
ns, which could be due to the adjustments by the antibody for the presence of cSNK (Panel C of
Figure 2.3). The simulation converges towards the last 10 ns. The small 2-3 Å fluctuations in the
last 15 ns are due to the changes by the antibody to adjust for the small fluctuation of the cyclic
peptide in the binding pocket (Panel C of Figure 2.3 in black).
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Figure 2.3: Details of the interactions between Fv5E3 and cSNK. A) Top-ranked docked
structure of Fv5E3 and cSNK. K5 residue of cSNK and the E102 residue of Fv5E3 are shown in
solvent-exposed surface and stick representations in yellow and orange, respectively. B) Complex
after 30 ns of MD simulation. C) The LRMSD of Cα atoms of the complex (red), Fv5E3 (black),
and cSNK (blue) during the 30-ns MD simulation.

The backbone of G6 from the cSNK peptide forms high occupancy hydrogen bonds with
D100 of the heavy chain, and G92 of the light chain of Fv5E3. G6 also forms low occupancy
hydrogen bonds with the residues Y33 of the heavy chain, Y94 and R96 of the light chain of Fv5E3
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(Table A.2). Hydrogen bonds formed by G6 provide an anchor to keep cSNK in the binding
pocket. A salt bridge (a hydrogen bond accompanied by an ionic interaction) is formed between
the E102 of CDR3's heavy chain, and K5 of cSNK with high occupancy (Panel B of Figure 2.3,
Tables A.2 and A.3). The K5 of cSNK also forms hydrogen bonds with the residues M99, and
D100 from CDR3 of the heavy chain (Table A.2). K5 acts as an additional anchor to stabilize the
complex. There is also a cation-π interaction between K5 of cSNK and Y32 of CDR1 of the heavy
chain of Fv5E3 (Table A.3). The other (low occupancy) hydrogen bonds are formed between the
G2 and S3 of cSNK, and the G92 and Y32 residues of Fv5E3, respectively. No hydrogen bonds
are formed between N4 of cSNK, and the antibody. No hydrophobic interaction was identified
between the final conformation of Fv5E3 and cSNK from the 30-ns simulation.
While in the binding pocket, cSNK does not dissociate from Fv5E3 even after its lysine
(K5) is mutated to a glycine. This is supported by the MD simulation. Thus, the stability of the
cSNK-Fv5E3 complex is due to the many hydrogen bond interactions formed between cSNK and
the antibody. The average binding free energy for the association of cSNK and Fv5E3 in pure
water during the simulation is -41.56 kcal/mol (standard deviation (std. dev.) of 4.97 kcal/mol),
which indicates that the interaction between cSNK and Fv5E3 is a favorable one. The K5 of cSNK,
as expected, has a favorable pairwise contributions to the binding free energy from interactions
with E102 (-10 kcal/mol), D100 (-6.15 kcal/mol), and with M99 (-4.96 kcal/mol), all from the
heavy chain of the antibody. The contribution to the binding free energy from the interaction of
G6 of cSNK with D100 of the heavy chain is -4.20 kcal/mol.
Previously, a similar computational approach was used to compare the stability of another
cyclic peptide and its linear form for a different antibody (129). As a negative control, we carried
out docking simulation of cSNK, and the B10 fibril specific antibody fragment (130). In the top
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hundred docked complexes, cSNK interacts predominantly to the framework of B10, and only
rarely close to the CDRs of B10.

2.3.3

Interaction between Fv5E3 and Aβ oligomers
In the following sections, we analyze the models of AβOs proposed in the literature and

classify them into Fv5E3-positives and possibly Fv5E3-negatives. This classification was
performed based on the combination of docking and MD simulation results. We believe Fv5E3positive Aβ aggregates should have structural characteristics similar to cSNK that is a sharp turn
at the epitope residues G25-G29, a solvent exposed K28, and available space around a few of the
turns to enter the binding pocket of Fv5E3. In the following sections, we also reveal the molecular
details of the interactions between Fv5E3 and the cognate AβOs for which structures are either
resolved experimentally or predicted computationally.

2.3.3.1

Experimental models of Aβ oligomers
AβOs are transient entities; this has made it difficult to determine their molecular

structures. To overcome the transient nature of AβOs, various modifications have been performed
on the sequence of Aβ to generate stabilized oligomers. It is hard to judge whether these modified
constructs appropriately represent the structure of the physiologically relevant AβOs. Below, we
analyze how these proposed experimental models of AβOs interact with Fv5E3.

2.3.3.1.1

The trimer model of Aβ17-36 oligomers by Kreutzer et al.

The crystal structure of a trimer from a cyclized Aβ17-36 was determined by Kreutzer et
al. (98) (PDB entry 5HOY, Panel A of Figure A.1). Higher order oligomers were observed to form
34

from these trimers, as each trimer has two large hydrophobic surfaces (98). Since the trimers are
the building block of these higher order oligomers, we focus on the interaction between Fv5E3
and an individual trimer. To force the formation of a β-hairpin by the Aβ17-36 peptide, an extra
ornithine residue was introduced at position 16 of each individual peptide. The amino group of the
side chain of this ornithine residue is connected to V36. The residues V24 and G29 were also
mutated to cysteines. The disulfide bond between the cysteines stabilizes the β-hairpin
conformation. The residue G33 was also N-methylated (sarcosine) to avoid uncontrolled
aggregation in vivo. We used a disulfide bond instead of the ornithine bond for the docking and
MD simulations. We also used a glycine instead of the sarcosine at position 33 in silico. The G25G29 residues form a sharp turn in the trimer model by Kreutzer et al. with a distance of 6.6 Å from
G25 to G29, and there is plenty of space between the turns to allow a turn to enter the binding
pocket of Fv5E3. The K28 residues are also solvent exposed in this model.
To show how Fv5E3 interacts with the trimer by Kreutzer et al., we performed a docking
simulation. Fv5E3 interacts with the turn conformation at the epitope residues, the edge of the βstrands, or rarely with the two hydrophobic surfaces within the three β-hairpins, in the top one
hundred docked complexes. Fv5E3 interacts with the turn conformation at the epitope residues of
the trimer by Kreutzer et al. in the top-ranked docked structure with the Rosetta score of -206.45
(-3.27 per residue, Panel A of Figure 2.4). The three-dimensional structures of the individual Aβ
peptides are fairly well preserved during the 100-ns MD simulation (Panel B of Figure 2.4). The
individual Cα atoms fluctuate substantially as is apparent from the broadened LRMSD line (Panel
C of Figure 2.4 in blue). The quaternary triangular structure is also lost. Despite the loss of the
triangular shape, the trimer stays as a trimer (Panel B of Figure 2.4) and does not disaggregate as
the overall LRMSD is plateaued during the simulation (Panel C of Figure 2.4 in blue). It would
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be interesting to see if two or three Fv5E3 simultaneously bound to the trimer can disaggregate it.
The simulation converges in the last 50 ns (Panel C of Figure 2.4 in red). The change in the
LRMSD of the complex in the first 50 ns of the simulation is mostly because of the minor
adjustments by the antibody to account for the presence of the oligomer (Panel C of Figure 2.4 in
black).
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Figure 2.4: Details of the interactions between Fv5E3 and the experimental models of AβOs.
A) Top-ranked docked structure of Fv5E3 and the trimer by Kreutzer et al. The stick and solventexposed surface representations of the K28 residue of chain B of the trimer and the E102 of the
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heavy chain of Fv5E3 are shown in yellow and orange colors, respectively. B) Complex after 100
ns of MD simulation. C) The LRMSD of Cα atoms of the complex (red), Fv5E3 (black), and the
oligomer (blue) during the 100-ns MD simulation. D) Top-ranked docked structure of Fv5E3 and
the tetramer model of AβOs by Streltsov et al. The stick and solvent-exposed surface
representations of the K28 residue of the chain D of the tetramer, and the E102 residue of the heavy
chain of Fv5E3 are shown in yellow and red, respectively. Chain E is shown in orange. E) Complex
after 100 ns of MD simulation. F) The LRMSD of Cα atoms of the complex (red), Fv5E3 (black),
and the tetramer (blue) during the 100 ns MD simulation. G) Top-ranked docked structure of
Fv5E3 and the octadecamer by Gu et al. The chains that are close to Fv5E3 are shown in various
colors. H) Complex after 100 ns of MD simulation. I) The LRMSD of Cα atoms of the complex
(red), Fv5E3 (black), and the prefibrillar oligomer (blue) during the 100 ns MD simulation.

While some of the hydrogen bonds between Fv5E3 and the trimer are formed with the
framework residues of Fv5E3 (Table A.4), a salt bridge with high occupancy is formed between
the K28 of the oligomer and the E102 of the heavy chain of Fv5E3 (Tables A.4 and A.5). The
hydrophobic and ionic interactions may also partially stabilize the interaction between Fv5E3 and
the trimer (Table A.5). There are no aromatic-aromatic, aromatic-sulphur or cation-π interactions
formed between them. The average binding free energy for the association of the oligomer and
Fv5E3 during the simulation is -31 kcal/mol (std. dev. of 7.43). This negative average binding free
energy is indicative of a favorable interaction between the oligomer and the antibody. The most
favorable interactions contributing to the binding free energy are between E22 of chain A of the
trimer and K60 (-13.45 kcal/mol), S56 (-4.8 kcal/mol) of the light chain, K28 of chain B of the
trimer and E102 (-4.23 kcal/mol) of the heavy chain, and G33 of chain B of the trimer and Q54 of
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the light chain (-2.94 kcal/mol). The sum of pairwise contributions to the binding free energy
involving the hydrophobic residues that form the two hydrophobic surfaces of the trimer is not a
large positive number (-0.31 kcal/mol), which may indicate that the trimer will not dissociate from
the antibody.

2.3.3.1.2

The tetramer model of Aβ18-41 oligomers by Streltsov et al.

A crystal structure for a tetrameric Aβ18-41 oligomer was resolved by Streltsov et al. (99)
(PDB entry 3MOQ, Panel B of Figure A.1). Each Aβ molecule was stabilized by a chimerical
fusion with a shark immunoglobulin new antigen receptor. The residues G25-I31 form a solventexposed wide-turn structure with a distance of 11.66 Å between G25 and G29. The side chains of
K28s in two of the chains (A/D) are solvent-exposed, and do not form any hydrogen bond. The
antibody m5E3 may be able to detect an individual tetramer as the K28 residues are part of turns,
and do not always form salt bridges. There is also enough space around the epitope turn to allow
its entrance into the binding pocket of m5E3. The top and bottom of the tetramers are covered by
hydrophobic surfaces. The hydrophobic residues are also running alongside the tetramer. The
tetramer is therefore hypothesized as the building block of higher order oligomers. It seems
unlikely that m5E3 would be able to detect multimer oligomers made from these tetramers, as their
close packing may not allow an individual epitope to enter the binding pocket of m5E3.
The docking simulation also predicts a possible interaction between the tetramer and
Fv5E3. The top one hundred docked complexes show a similar mode of interaction between Fv5E3
and the tetramer as in the top-ranked complex with a negative score of -247.37 (-2.51 per residue,
Panel D of Figure 2.4). The tetramer after 100 ns of MD simulation stays bound to Fv5E3 (Panel
E of Figure 2.4). One of the two chains of the tetramer (chain E) that is not interacting with Fv5E3
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starts to unfold (Panels D and E of Figure 2.4 in orange). The reason for the 1.5 Å increase of the
oligomer's LRMSD during the last 20 ns of the simulation is also the unfolding of chain E of the
oligomer (Panel F of Figure 2.4 in blue). A longer simulation may demonstrate if the oligomer
disaggregates at some point. The Aβ18-41 within the fusion complex and the Aβ17-42 variant of
the tetramer by Streltsov et al. were shown to be stable in simulations (131). The complex and the
antibody are fairly stable during the simulation (Panel F of Figure 2.4 in red, and black,
respectively), and the simulation converges in the last 20 ns. The small 2-3 Å fluctuation in the
LRMSD of the complex and the antibody about 40 ns in the simulation is due to the fluctuation of
the N-termini residues of the Fv fragment.
The two epitope residues that form high occupancy hydrogen bonds with Fv5E3 are N27
and K28 (Table A.4). Specifically, the N27 residue of chain B of the oligomer forms hydrogen
bonds with D100, E102 and Y32 of the heavy chain of Fv5E3 with high occupancies. The K28
residue of chain D of the oligomer forms a salt bridge with E102 of the heavy chain of Fv5E3
(Tables A.4 and A.5). Hydrophobic interactions also play an important role in stabilizing the
binding of Fv5E3 to the tetramer (Table A.5). The residue V24, which precedes the epitope residue
G25, participates in a hydrophobic interaction with A50 of CDR2 of Fv5E3's light chain with a
fairly high occupancy. There are also aromatic-aromatic interactions between Fv5E3 and the
oligomer (Table A.5). No aromatic-sulphur or cation-π interactions exist at the end of the
simulation between Fv5E3 and the tetramer.
The interaction between the tetramer of Streltsov et al. and Fv5E3 is favorable as its
average binding free energy is negative (-17.10 kcal/mol with std. dev. of 3.26). We note however
that residues 1-17 are not present in this model, and their presence may block Fv5E3's access to
the epitope residues G25-G29. The interaction between K28 of chain D of the tetramer and E102
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of the heavy chain of the antibody contribute most to the binding free energy (-16.04 kcal/mol).
The interactions between N27 of chain B of the tetramer and D100 (-5.29 kcal/mol), E102 (-3.88
kcal/mol) and Y32 (-3.15 kcal/mol) of the heavy chain of Fv5E3 are the next best contributors to
the binding free energy.

2.3.3.1.3

The octadecamer model of Aβ oligomers by Gu et al.

An octadecameric model of AβOs based on restraints from the site-directed spin labeling
and electron paramagnetic resonance studies was presented by Gu et al. (100). Gu et al. stabilized
AβOs by fusing the sequence of Aβ42 with the sequence of the chaperone GroES followed by the
sequence of the ubiquitin protein. With the latter fusion, this aggregate is trapped in the oligomeric
state with fibril-like β-sheets (Panel C of Figure A.1).
The residues G25-G29 form a sharp turn in this model with a distance of 7.8 Å between
G25 and G29. As the epitope turn is sharp, the side chain of K28 is not buried inside the turn, and
does not form a salt bridge with D23 of its own strand. It is, however, trapped between adjacent βsheets, and can form a salt bridge with D23 of the adjacent β-strand in the next β-sheet. The
distance between the amine of K28 and the carboxyl of D23 in this model is 1.88-5.57 Å. When
the K28 residue does not form a salt bridge with D23, it participates in an ionic interaction with
the main chain carbonyl oxygen of V24 of mostly the same chain. It can also participate in an ionic
interaction with the main chain carbonyl oxygen of K28 in an adjacent β-sheet. In the last layer of
β-sheets, the K28 residues are solvent-exposed (Panel C of Figure A.1 in red), where they may
form an intrachain salt bridge with E22. Since the side chains of K28 residues are fully engaged
in hydrogen bonding, salt bridges and ionic interactions within the octadecamer model of AβOs,
and there is little space around each epitope turn to allow the entrance of a small number of epitopes
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to the binding pocket of the m5E3 antibody, we anticipate that this prefibrillar oligomer cannot be
detected by the m5E3 antibody specifically through the epitope residues.
Contrary to our prediction, the result of the docking simulation shows a possible interaction
between this model of AβOs and the Fv model of the antibody close to the epitope residues. In the
top one hundred docked complexes, Fv5E3 binds along the epitope turns of the octadecamer. This
interaction for the best-docked complex with the Rosetta score of -596.59 (-0.88 per residue) is
shown in Panel G of Figure 2.4. Despite a favorable Rosetta score, the complex is not stable in a
100-ns simulation (Panel I of Figure 2.4 in red). The layer of β-sheets in the octadecamer model
close to Fv5E3 is disrupted during the simulation (Panel H of Figure 2.4). The tertiary structure
of the two layers of β-sheets in the middle are fairly preserved. The C-termini β-hairpin of one of
the Aβ peptides in the layer of β-sheets furthest from Fv5E3 also moves away from the rest of the
octadecamer. As the octadecamer goes through a lot of changes, Fv5E3 makes adjustments to try
to detect it (Panel I of Figure 2.4). With many changes in the layer close to Fv5E3, it seems
plausible to hypothesize that Fv5E3 is responsible for this disaggregation. A simulation of the
octadecamer model by itself should be performed in a follow-up study to confirm this hypothesis.
In the course of the MD simulation, the occupancies of the hydrogen bonds between the
prefibrillar oligomer of Gu et al. and Fv5E3 are quite low (Table A.4). The occupancies of
hydrophobic interactions are low as well (Table A.5). There are also no salt bridges, aromaticaromatic, aromatic-sulphur or cation-π interactions present between the final complex of Fv5E3
and the oligomer. As the LRMSDs do not converge, it is not possible to properly estimate the
binding affinity between the oligomer and Fv5E3.
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2.3.3.2

Computational and theoretical models of Aβ oligomers
In addition to the experimental models considered in the previous sections, some of the

structural models of the oligomers have been built computationally based on available
experimental constraints, and the rest of the proposed models are purely theoretical and do not rely
on any experimental data. The computational and theoretical models may not be as accurate as the
experimentally resolved models presented in the previous section. However, the analyses of their
interactions with Fv5E3 allow us to propose experiments with oligomers that have similar
structures. In the following sections, we will assess Fv5E3's ability to bind to these computational
and theoretical models of the oligomers.

2.3.3.2.1

The hexamer model of Aβ42 oligomers by Shafrir et al.

Shafrir et al. developed many computational barrel-based models for soluble and
membrane-bound AβOs (101). The formation of β-barrels is a natural mechanism that keeps βsheets from growing into larger aggregates (132). Eleven of these models are for soluble hexameric
AβOs. These models differ mainly in the secondary strujctures (β-sheets vs α-helices) of the three
regions defined by Shafrir et al. for Aβ (D1-H14, Q15-K28, and G29-A42), and in their
orientations with respect to each other (parallel vs antiparallel). It is not feasible to work on every
single β-barrel model proposed by Shafrir et al., and such an inspection does not seem to provide
us much more information regarding how β-barrel models might interact with Fv5E3 than the
study of a single one. Here, we choose one of these models as a representative of the β-barrel
models. In this hexameric β-barrel model, each Aβ monomer is made of three antiparallel βstrands. Parallel β-strands of adjacent Aβ peptides align with each other around the model (Panel
D of Figure A.1). K28s are solvent-exposed in this model, and in six other β-barrel models
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proposed by Shafrir et al. In three of the models, the K28s' side chains are located on the surface,
but they do not stick out to the solvent, and are stabilized by interactions with other residues. In
one of the eleven β-barrel models; however, K28s of three chains are completely buried inside the
turns. For the selected β-barrel model, sharp turns at the epitope residues are formed with a distance
of 7.30 Å between G25 and G29 of each chain. In six β-barrel models, sharp turns are present at
the epitope residues. The uncrowded space around the epitope residues of the selected β-barrel
model allows these residues to enter the binding pocket of Fv5E3. In nine other β-barrel models
by Shafrir et al., enough space around the epitope residues are also available to enter the binding
pocket of Fv5E3.
In the top hundred docked complexes, Fv5E3 binds to the edge around the top (based on
the view of the model in Panel D of Figure A.1) of the hexamer by Shafrir et al., where K28s' side
chains are sticking out to the solvent. Only in one of the top one hundred complexes Fv5E3
interacts with the side of the barrel. Fv5E3 interacts with a GSNKG turn of the hexamer by Shafrir
et al. in the best-docked complex with the Rosetta score of -416.88 (-1.65 per residue, Panel A of
Figure 2.5). The interaction between Fv5E3 and the hexamer is stable during the last 80 ns of the
trajectory (Panel C of Figure 2.5 in red). The antibody is also fairly stable during the simulation
with minor adjustments following the changes in the oligomer (Panel C of Figure 2.5 in black).
The LRMSD of the oligomer however does not reach a plateau during the course of the simulation
(Panel C of Figure 2.5 in blue). The hexamer by Shafrir et al. seems to start to disaggregate in the
presence of Fv5E3 after 100 ns of MD simulation (Panel B of Figure 2.5). Involvement of the
chains of the AβO in many interactions with Fv5E3 possibly will lead to the separation of those
chains from the AβO. A longer simulation of the complex is needed to confirm the disaggregation
of the AβO by Fv5E3. The hexamer by itself was shown to be stable (101).
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Figure 2.5: Details of the interactions between Fv5E3 and the theoretical and computational
models of AβOs. A) Top-ranked docked structure of Fv5E3 and the hexamer by Shafrir et al. Two
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K28 residues of the oligomer and the E102 residue of Fv5E3 are shown in solvent-exposed surface
and stick representations in yellow, orange, and red, respectively. B) Complex after 100 ns of MD
simulation. C) The LRMSD of Cα atoms of the complex (red), Fv5E3 (black), and the oligomer
(blue) during the 100-ns MD simulation. D) Top-ranked docked structure of Fv5E3 and the
hexamer by Laganowsky et al. The K28 residues of two chains of the oligomer, and the E102
residue of the heavy chain of Fv5E3 are shown in yellow, orange and red colors, respectively. E)
The complex after 100 ns of MD simulation. F) The LRMSD of Cα atoms of the complex (red),
Fv5E3 (black), and the oligomer (blue) during the 100-ns MD simulation. G) Top-ranked docked
structure of Fv5E3 and the disc-shaped oligomers. The stick and surface representations of K28
residues of two of the chains of the oligomer and the E102 residue of Fv5E3 are shown in yellow,
orange and red, respectively. H) The complex after 100 ns of MD simulation. I) The LRMSD of
Cα atoms of the complex (red), Fv5E3 (black), the oligomer (blue) during the 100 ns MD
simulation.

In the context of oligomer recognition by the antibody, it is important to note that K28 of
the chain B of the oligomer forms a high occupancy salt bridge with the heavy chain’s E102 of
Fv5E3 (Tables A.6 and A.7). We think that this interaction is the driving force that brings the
antibody and the oligomer together. This interaction was also present between Fv5E3 and the
cyclic mimotope. Another hydrogen bond with high occupancy is between D1 of chain B of the
hexamer, and R46 of Fv5E3 light chain's framework (Table A.6). The other low occupancy
hydrogen bonds may contribute to the stability of the complex as well (Table A.6).
The two high occupancy hydrophobic interactions during the course of the simulation are
between A30 of chain E and I31 of chain G of the hexamer, and Y52 of the heavy chain and Y94
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of the light chain of Fv5E3, respectively (Table A.7). The other low occupancy hydrophobic, ionic
and cation-π interactions may also contribute to the overall stability of the complex. No aromaticaromatic or aromatic-sulphur interaction exists between Fv5E3 and the hexamer in the final
conformation after 100 ns. The MM-GBSA average binding free energy of the complex is -30.46
kcal/mol (std. dev. of 7.98). This negative binding free energy confirms the favorable interaction
between the hexamer by Shafrir et al. and Fv5E3. The interaction that contributes most to the
binding free energy is between K28 of chain B of the oligomer and E102 of the heavy chain of
Fv5E3 (-13.85 kcal/mol).
Other β-barrel models of AβOs have been proposed by Pan et al. (91), Lendel et al. (133),
and Nguyen et al. (134). Pan et al. developed a protocol for the in vitro generation of small stable
Aβ40 oligomers. The schematic representation of their model based on the mass spectrometry data
represents a tetrameric β-barrel structure. Each Aβ40 is expected to form a β-hairpin conformation
with a solvent-exposed K28 (91). These β-barrel tetrameric oligomers of Pan et al. can be used for
experimental verification of m5E3's ability to bind to the β-barrel oligomers. These oligomers can
also be used to examine whether m5E3 can disaggregate the β-barrel oligomers in vitro. The other
interesting hexameric β-barrel model was developed by Lendel et al. as a building block for a
modified Aβ42 protofibril (133). The constituting modified Aβ42 peptides have two mutations at
positions 21 and 30 to cysteines. The undeposited coordinate file of this model prevents
computational analysis of the interaction between this β-barrel model and Fv5E3. Nevertheless,
some conclusions regarding Fv5E3's ability to bind to this hexamer can be obtained based on
structural features discussed in Ref. (133). The residues A24-N27 of this model form a sharp turn.
Since this turn is sharp, the side chain of K28 cannot be buried inside the turn. The K28 side chain
is solvent-exposed. The K28 residue however makes a salt bridge with D23 by folding back over
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the turn rather than within the turn. Since individual sharp turns at A24-N27 from various Aβ
peptides are not packed too close to each other, there is an opportunity for the turns to enter the
binding pocket of the Fv5E3 antibody. Nguyen et al. proposed β-barrel models for Aβ40 and Aβ42
in aqueous solution. The K28 residue rarely forms a salt bridge in the proposed β-barrel models
by Nguyen et al. (134). This model might also be potentially Fv5E3-positive.

2.3.3.2.2

The hexamer model of Aβ26-40 oligomers by Laganowsky et al.

A model of the Aβ26-40 oligomer was built by Laganowsky et al. using the molecular
structure of the α-crystalline oligomer as a template (102). No experimental or computational work
was performed to validate the direction of side chains or position of residues along the surface of
model. This theoretical model has a β-barrel/nanotube-like structure. A nanotube is a tube-like
structure with a diameter in the nanometer range. The interior diameter of the hexamer model by
Laganowsky et al. is 1.1 nm. In this model, the residues S26 to G29 are close to its top/bottom and
direct away from the interior space of the structure with a solvent-exposed K28 (Panel E of Figure
A.1), which creates enough space for the epitope to possibly interact with Fv5E3. However, the
residues S26-G29 do not form a sharp turn in this model (a distance of 9.47 Å between the S26
and G29 Cα atoms).
The Fv model of m5E3 antibody interacts with the side, top, or bottom of the hexamer
model by Laganowsky et al. in the top one hundred docked complexes. In the best-docked
structure, Fv5E3 binds to the side of the hexamer by Laganowsky et al. with the Rosetta score of
-212.33 (-2.35 per residue), which suggests a possible favorable interaction between them (Panel
D of Figure 2.5). The formation of a salt bridge between K28 of the hexamer's chain B, and the
E102 of Fv5E3's heavy chain may initially bring them close to each other. The complex is,
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however, not stable over the course of a 100-ns MD simulation (Panel F of Figure 2.5 in red), and
the hexamer by Laganowsky et al. moves away from its initial docked position (Panel E of Figure
2.5).
The occupancies of hydrogen bonds formed during the simulation are low (Table A.6). No
ionic, aromatic-aromatic, aromatic-sulphur, or cation-π interactions are also present between the
final conformation of Fv5E3 and the hexamer by Laganowsky et al. after 100 ns. The occupancies
of hydrophobic interactions are also low (Table A.7). The hexamer model is stable in the last 60
ns (Panel F of Figure 2.5 in blue). As the LRMSD of the complex does not converge in the course
of the simulation (Panel F of Figure 2.5 in red), no MM-GBSA binding free energy is reported for
this system.
Two other similar models of Aβ nanotubes have been proposed. Nicoll et al. provided a
model of Aβ nanotubes that was reconstructed from electron microscopy images (135). The model
by Nicoll et al. did not provide enough molecular details to judge whether it could be detected by
the m5E3 antibody. Yong et al. developed a computational nanotube model of Aβ40 oligomers in
which the side chains of amino acid residues oriented alternately on either side of each Aβ peptide
(136). The K28 residue is solvent-exposed in this model. The curvature around the nanotube is
however not sharp, so the turn at the epitope residues cannot be sharp. Individual Aβ peptides
along the surface of the nanotube are also very close to each other; therefore, individual epitopes
cannot enter the binding pocket of Fv5E3. Although, the coordinate file of this nanotube model
was not deposited, based on its structural characteristics discussed above, it is unlikely that Fv5E3
can bind to these nanotubes specifically through its assumed epitopes.
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2.3.3.2.3

The dodecamer model of Aβ42 oligomers by Gallion

A disc-shaped dodecamer model of Aβ42 oligomers was assembled by Gallion (103)
(Panel F of Figure A.1). As with many other computational models, the model of Gallion is not
based on a single type of oligomers but rather based on different experimental data. The AFM
result by Ahmed et al. showed that a type of stabilized Aβ42 oligomers have a disc-shape (137).
A disc-shaped computational model based on the proposed structure by Ahmed et al. disaggregated
in a 60-ns MD simulation (138), while the Gallion model did not (103). Gallion's dodecamer is
composed of two hexameric disc-shaped sub-units stacked on top of each other. Each Aβ peptide
was taken from the crystal structure of the tetramer model of AβOs by Streltsov et al. (99), with a
wide solvent-accessible turn at G25-G29. The distance between G25 and G29 of individual Aβ
peptides in this model is 11.51 Å. The dodecamer model by Gallion assumes that the K28 residue
is buried inside, as it was shown to be buried inside the globulomers (78). In Gallion's model, the
K28 side chain interacts with the main chain carbonyls of A21 and D23, and not the side chain of
D23. The K28 residue is still partly solvent-exposed in some chains of Gallion's model.
The N-termini residues (1-16) of the model obstructs the access of Fv5E3 to the G25-G29
turn. If the N-termini residues were rigid and had little flexibility, then Fv5E3 would not be able
to detect these types of oligomers specifically through its epitope. The N-termini residues of the
dodecamer model were shown to be very flexible, and start to become random coil during an MD
simulation (103). The N-termini residues of the dodecamer are also sticking out to the solvent, and
do not seem to participate in any interaction with the rest of the model as shown in Fig 1 of Ref.
(103). This suggests that their removal shall not affect the overall stability of the oligomer. In fact,
the LRMSD of the dodecamer model was shown to reach a plateau status over the course of a
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simulation in the absence of the N-termini α-helices (103). We therefore removed the N-termini
residues to open up a space for Fv5E3 to bind to a turn epitope.
The top one hundred docked complexes reveal that Fv5E3 binds around the "discs", where
the upper and lower discs meet (based on the view of the dodecamer in Panel F of Figure A.1).
Fv5E3 interacts in a similar way to the dodecamer in the top-ranked docked complex with the
Rosetta score of -396.42 (-1.43 per residue, Panel G of Figure 2.5). The K28 residue is not solventexposed in the chain that docked to Fv5E3. The LRMSD of the Cα atoms of the complex converges
towards the last 50 ns of the simulation (Panel I of Figure 2.5 in red). The Fv5E3 is fairly stable
during the entire simulation with minor adjustments with respect to the changes in the oligomer.
(Panel I of Figure 2.5 in black). The oligomer deviated 10 Å from its initial structure, and seems
to be stable in the last 50 ns of the simulation (Panel I of Figure 2.5 in blue). Only the two
interacting chains of the oligomer with Fv5E3 start to dissociate from the rest of the oligomer
during the course of the 100-ns simulation (Panel H of Figure 2.5). Multiple Fv5E3 can bind
around the dodecamer, and may destabilize the other parts of the oligomer. A follow-up study with
a simulation with multiple Fv5E3s can confirm this prediction.
A broad range of residues in the chain D of the oligomer (residues 18 to 33) form hydrogen
bonds with Fv5E3, as the chain D unfolds upon interaction with Fv5E3. The residues of chain U
form hydrogen bonds only with the framework residues of Fv5E3. The assumed epitope residues
in chain U participate in low occupancy hydrogen bonds. The hydrogen bonds with the highest
occupancies are between E22 of chain D and D23 of chain U of the oligomer, and R96 and R46
of the light chain of Fv5E3, respectively (Table A.6). There are also many low occupancy
hydrophobic and aromatic-aromatic interactions between the oligomer and Fv5E3 (Table A.7).
These interactions further stabilize the interaction between the oligomer and Fv5E3. There is no
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aromatic-sulphur or cation-π interaction between the oligomer and Fv5E3. The average MMGBSA binding free energy of the oligomer and Fv5E3 is -25.18 kcal/mol (std. dev. of 5.61), which
also suggests the existence of a favorable interaction. The most favorable interactions contributing
to the binding free energy are between R96 and R46 of the light chain of Fv5E3, and E22 of chain
D (-16.49 kcal/mol) and D23 of chain U (-11.3 kcal/mol) of the oligomer, respectively.

2.3.4

Interaction between Fv5E3 and models of Aβ fibrils
Various structural models have been proposed for Aβ fibrils (93,105,139,140,141). A

common structural signature of the Aβ fibrils is the cross-β structural motif. It is characterized by
β-sheets running parallel along a fibril axis with β-strands oriented perpendicular to the axis. Each
fibril may be formed from two or more cross-β sub-units (104,141). The β-sheets of the cross-β
sub-units are formed of repetitive individual Aβ peptides, which create a general crowding around
the m5E3 epitope. This crowding around the m5E3 epitope by itself may impede the binding of
m5E3 to fibrils. The m5E3-specific epitope can also be sequestered among cross-β sub-units. This
provides a second barrier for m5E3 binding to fibrils specifically through its epitope. To verify
these claims computationally, we performed detailed analyses of the interactions between
available structural models of the Aβ fibrils and the Fv model of the m5E3 antibody.

2.3.4.1

The model of Aβ40 fibrils by Lu et al.
Lu et al. resolved with nuclear magnetic resonance (NMR) experiments a quaternary

molecular structure for the Aβ40 fibrils seeded with the brain-derived Aβ fibrils (92) (PDB entry
2M4J, Panel A of Figure A.2). The deposited structure of the protofilament has three layers (4.8
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Å apart from each other) perpendicular to the axis of the fibril. Each layer has a three-fold
symmetry of the Aβ40 peptide.
In our analyses, to better represent a fibrillar surface, we aligned three of the protofilaments
along the fibrillar axis to make a longer structure with nine layers. This longer model has now
meaningful ends, and a fibrillar surface between the two ends. The use of a much longer model of
the fibril may not be feasible in silico, and does not seem to provide us with more insights
compared to the model with nine layers. It is also not possible to perform our simulations with an
infinite layer fibril using periodic images (142), as Fv5E3 can be docked to the end of the fibril.
Unlike many other models of Aβ fibrils, the N-terminal residues of Aβ in this model were shown
to be a part of the quaternary structure. In this structure, the distance between G25 and G29 is 1012 Å, and thus the residues G25-G29 do not form a sharp turn. The wide turn by the epitope
residues removes the conformational restriction on the side chain of K28 to reorient towards D23
for the formation of a salt bridge from within the turn, and thus not to be solvent exposed. In this
model of the Aβ fibril, many adjacent epitopes are aligned closely along the axis of the fibril, and
thus preventing Fv5E3 from accessing an individual epitope. The N-termini residues additionally
block Fv5E3's access to the epitope residues.
To validate our prediction for the low affinity of Fv5E3 to this model of the Aβ fibril, we
performed docking of this fibrillar model and Fv5E3. In the top-ranked docked structure with the
Rosetta score of -828.69 (-0.76 per residue), Fv5E3 is bound to the end of the fibril and not to the
surface between the two ends (Panel A of Figure 2.6). In the top hundred docked complexes,
Fv5E3 shows a similar mode of binding only to the end of the fibril.
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Figure 2.6: Details of the interactions between Fv5E3 and the models of Aβ fibrils. A) Topranked docked structure of Fv5E3 and the model of Aβ40 fibrils by Lu et al. The leading chains
of the fibril are shown in yellow, orange and red. B) Complex after 100 ns of MD simulation. C)
The LRMSD of Cα atoms of the complex (red), Fv5E3 (black), and the fibril (blue) during the 100
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ns MD simulation. D) Top-ranked docked structure of Fv5E3 and the two-fold symmetry model
of Aβ40 fibrils. The leading chains of the fibril are shown in yellow and orange. E) Complex after
100 ns of MD simulation. F) The LRMSD of Cα atoms of the complex (red), Fv5E3 (black), the
fibril (blue) during the 100-ns MD simulation. G) Top-ranked docked structure of Fv5E3 and the
zipper-like model of Aβ42 fibrils. The leading chains of the fibril are shown in yellow and orange.
H) Complex after 100 ns of MD simulation. I) The LRMSD of Cα atoms of the complex (red),
Fv5E3 (black), and the fibril (blue) during the 100-ns MD simulation.
We further examined the stability of the top-ranked complex in a 100-ns MD simulation.
The LRMSD of the complex does not converge, while Fv5E3 is fairly stable (Panel C of Figure
2.6 in red and black, respectively), and stays bound to the end of the fibril in the course of the
simulation (Panel B of Figure 2.6). The model of the fibril however shows significant deviation
of its N-terminal residues from their initial conformations, and starts to lose the Aβ peptides from
its two ends (Panel B of Figure 2.6, and Panel C of Figure 2.6 in blue). The loss of the peptides
at the ends of the fibril is not due to the presence of the antibody, as it happens at both ends and
has been shown to happen in simulation of the fibril by itself especially if the number of layers in
the model of the fibril is small (142).
Among many hydrogen bonds observed during the simulation, none are involved the
epitope residues G25-G29 (Table A.8). There are also many hydrophobic interactions, salt bridges
and aromatic-aromatic interactions between Fv5E3 and the model of the fibril by Lu et al. Again,
no epitope residues are present in any of these interactions (Table A.9). R50 and K59 of Fv5E3's
heavy chain form salt bridges simultaneously with both E22 and D23 of chain V of the fibril
(Tables A.8 and A.9). R50 and K59 are the immediate residues before and after the CDR2 of
m5E3. The residues close to CDRs may participate in recognition of a cognate. R66 of the light
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chain of Fv5E3 forms a salt bridge with E11 of chain V of the fibrillar model. R50, K59 and R66
do not form salt bridges with AβOs, while participate in salt bridge formation with the fibril.
Mutating them to acidic residues or glycine residues possibly can prevent their interaction with the
model of the fibril by Lu et al.
As the LRMSD of the complex does not converge, it is not possible to properly measure
the MM-GBSA binding affinity between Fv5E3 and this fibrillar model. As Fv5E3 interacts only
with the end of the fibril, and considering the very long size of the fibrils, built of many Aβ
peptides, m5E3 should have a low affinity to this type of fibrils in vitro.
A similar model with three-fold symmetry was also provided by Paravastu et al. for
synthetic Aβ40 fibrils (PDB entries 2LMP and 2LMQ) (141). These fibrils were generated under
the quiescent growth protocol with intermittent sonication during growth. The NMR data
suggested a disordered N-terminal segment up to residue Y10. The residues 11-22 and 30-39
formed β-strands, and residues D23-G29 formed a turn between the two β-strands. The dipoledipole couplings between K28 Nζ and D23 Cγ of these fibrils were shown to indicate a 5 Å distance
between them (141). A solvent-separated salt bridge interaction between K28 and D23 was
proposed to occur (141). The twenty deposited models (PDB entries 2LMP and 2LMQ) rarely
show the presence of salt bridges between D23 and K28. It is possible that the intermittent
sonications during the growth of the fibrils break these salt bridges. K28 is anyway buried between
the β-sheets in these models. As the structure of the fibrillar model by Paravastu et al. is very
similar to the one resolved by Lu et al. discussed above, Fv5E3 may again only bind to the end of
the fibrils by Paravastu et al.
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2.3.4.2

The model of Aβ40 fibrils by Petkova et al.
A quaternary structure of synthetic Aβ40 fibrils was resolved by Petkova et al. using NMR

data (93) (PDB entries 2LMN and 2LMO, Panel B of Figure A.2). The preparation of these Aβ
fibrils was performed with gentle agitation. Petkova et al. proposed a two-fold symmetric model
for the Aβ40 fibrils. The first eight structurally disordered residues of each Aβ peptide are not
present in the model. The side chains of K28 almost always form salt bridges with D23 of ±2
neighboring strands. From residues E22 to A30, a wide turn is usually present. The distance
between G25 and G29 of this model is 9.76-13.28 Å, which indicates the presence of a wide turn
at the epitope residues. It is interesting that D23 and K28 in this model do not always form salt
bridges with each other. In fact, some of the Aβ peptides have conformations at the epitope residues
very similar to the conformation of cSNK (chain H in model 6 of 2lmn, and chain D in model 7 of
PDB 2LMO with distances of 7.87 Å and 6.65 Å between G25 and G29, respectively). The epitope
is also not always very crowded by the presence of adjacent epitopes. This may indicate a possible
interaction/pathway between these fibrils and m5E3-positive AβOs.
The interaction between the fibril and Fv5E3 in the top-ranked docked complex occurs at
the end of the fibril with the Rosetta score of -375.60 (-0.97 per residue, Panel D of Figure 2.6).
In the top hundred docked complexes, Fv5E3 is also associated with the end of the fibril. The
antibody stays bound to the end of the fibril after a 100 ns simulation of the best-ranked docked
complex (Panel E of Figure 2.6). The complex is fairly stable in the course of the simulation, and
its LRMSD converges in the last 10 ns (Panel F of Figure 2.6 in red). The antibody goes through
many minor changes to allow its continuous binding to the fibril. The small 2 Å fluctuation in
LRMSD of Fv5E3 in the last 20 ns of the simulation occurs because of the interactions of the Nterminal residues of Fv fragment with the fibril. The model of the fibril by Petkova et al. twists
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around the axis of the fibril during the simulation. It however maintains its overall shape (Panel E
of Figure 2.6, and Panel F of Figure 2.6 in blue). The same twisting behavior is observed when a
six β-hairpin layer model of the fibril was simulated (142). Due to the high stability of the fibril,
Fv5E3 is not able to dissociate any of the Aβ peptides from the rest of the fibril.
Many hydrogen bond interactions are present between Fv5E3 and the fibrillar model. Some
of the interactions occur with the framework residues. The framework residues N77 and D61 of
the heavy chain are not part of the m5E3's original sequence, and hence the interactions with these
two residues may not be present in vitro. From the epitope residues, only S26 and N27 form
hydrogen bonds (with low occupancies) (Table A.8). The residue E11 of chain E of the fibril, and
K59 of the heavy chain form a high occupancy ionic interaction. R66 also forms a salt bridge with
E22 of the fibril (Table A.9). The R50 of Fv5E3's heavy chain and Y91 of the light chain
participate in high occupancy cation-π interactions with Y10 and K16 of the fibril, respectively
(Table A.9). R50, K59 and R66 interact with the fibril, but do not interact with the AβOs. Sitedirected mutagenesis of these residues to acidic residues or glycine residues may provide an
opportunity to prevent m5E3 from interacting with this type of fibrils in vitro.
The interaction between Fv5E3 and the fibrillar model is stabilized by a combination of
hydrogen bonds, hydrophobic interactions, salt bridges, aromatic-aromatic and cation-π
interactions (Tables A.8 and A.9). The MM-GBSA binding free energy between the fibril and
Fv5E3 is favorable (-8.59 kcal/mol with std. dev. of 6.45). No epitope residues however participate
in the hydrophobic, ionic, aromatic-aromatic or cation-π interactions (Table A.9). As the fibril is
very long, consisting of many Aβ peptides, the likelihood of the m5E3 antibody to bind to only
the ends of the long fibril is low. Therefore, m5E3 should have a low affinity for this type of fibrils
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in vitro. If this interaction however occurs, the m5E3 antibody may block further growth of the
fibril.

2.3.4.3

The model of Aβ42 fibrils by Schmidt et al.
A zipper-like model for the structure of an Aβ42 dimer in fibrils was predicted by Schmidt

et al. using electron cryo-microscopy data (94) (PDB entry 5AEF, Panel C of Figure A.2). The
distance between residues G25 and G29 in this model is 15.04 Å, which means the assumed epitope
residues G25-G29 do not form a sharp turn. The K28 residues are solvent-exposed in this dimer.
Schmidt et al. also provided a minimal fibrillar model with six of such dimers in which the distance
between adjacent dimers is 4.7 Å. We extended that fibrillar model to one with nine adjacent
dimers. This longer model is a better representative of the fibril with proper ends, and a surface
between the ends.
In the top one hundred docked complexes, Fv5E3 binds to the end of the fibril. The topranked docked complex of Fv5E3 and the fibril with the Rosetta score of -460.63 (-0.6 per residue)
is shown in Panel G of Figure 2.6. This complex after 100 ns of MD simulation maintains its
overall structure (Panel H of Figure 2.6). The N-termini residues of the fibril move closer to the
β-sheet formed by its C-termini residues and lose their secondary structure. The leading chains of
the fibril start to dissociate from both ends, which could be because the model of the fibril is formed
of a limited number of peptides (142) (Panel H of Figure 2.6). The LRMSDs of Cα atoms of the
complex, the antibody and the fibril are fairly stable during the simulation (Panels I of Figure 2.6
in red, black and blue, respectively). The simulation converged in the last 80 ns of the simulation.
Many hydrogen bond interactions occur between Fv5E3 and the zipper-like model, but none of
them are formed with the epitope residues. The hydrogen bonds with highest occupancies are
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between D7 of chain M, V20 of chain A, I16 of chain A of the fibril, and R96 of the light chain,
S31 of the heavy chain, I28 of the heavy chain of Fv5E3, respectively (Table A.8). There is one
ionic interaction between D7 of chain M of the fibril, and R96 of the light chain of Fv5E3 (with
high occupancy). There are a few hydrophobic interactions between Fv5E3 and the zipper-like
model (not with high occupancies) (Table A.9). There is also an aromatic-aromatic interaction
between the F3 of chain K of the zipper-like model, and Y32 of the light chain of Fv5E3 with a
low occupancy (Table A.9). None of the hydrophobic, ionic, aromatic-aromatic interactions are
with the assumed epitope residues (Figure A.2). There are no aromatic-sulphur or cation-π
interactions between Fv5E3, and the zipper-like model after 100 ns of simulation.
The average MM-GBSA binding free energy between Fv5E3 and the zipper-like model of
the fibril is -48.95 kcal/mol (std. dev. of 7.18). This is the most favorable binding free energy
among the different Aβ aggregates considered in this work. Although, the interaction is favorable,
it occurs at the end of the fibril. As the fibrils are very long, consisting of many Aβ peptides, initial
binding of m5E3 to the end of the fibril is a very rare event. However, if m5E3 binds to the end of
the fibril, it blocks its further growth.

2.3.5

Interaction between Fv5E3 and cross-β sub-units of Aβ fibrils
The construction of the spine of a fibril from a single cross-β sub-unit may not be trivial

(141,143). As the fibrils may grow from these minimal structures, which may be present in vivo,
we included them in our analyses. We are borrowing the cross-β unit terminology from Ref. (141).
The cross-β sub-units have also been used as models for AβOs, and the interaction of a singledomain antibody with the end or the surface between the two ends of these cross-β sub-units have
been examined (144).
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2.3.5.1

The model of Aβ42 cross-β sub-units by Lührs et al.
The protofilament of the Aβ42 fibrils resolved in an NMR experiment by Lührs et al.

consists of five β-hairpins (104) (PDB entry 2BEG, Panel D of Figure A.2). The protofilament by
Lührs et al. is the cross-β sub-unit of the fibril. The residues 1-16 in the Aβ fibril were disordered,
and hence their coordinates were not resolved. The residues G25-G29 of this model are part of a
wide-turn from S26 to I31 with a distance of 12.56 Å between G25 and G29. The K28s residues
almost always form salt bridges with D23s of the adjacent chains, while facing the inner part of
the turns. K28 can become solvent exposed in the leading chain (Panel D of Figure A.2). As the
epitopes are also packed close to each other, it may not be possible for Fv5E3 to detect these
protofilaments by specifically binding to a small number of epitopes. Lührs et al. also proposed a
model of the fibrils consisting of four strands of such cross-β sub-units (104). The coordinate file
of this fibrillar model is not deposited.
Contrary to our prediction, in the top one hundred docked complexes, Fv5E3 binds to the
ends, the turn between the two β-sheets, or the surface of β-sheets between the two ends of Lührs
et al. model. In the best-docked complex, Fv5E3 interacts with the surface of the β-sheet formed
by residues 17-24 with the Rosetta score of -237.08 (-2.1 per residue, Panel A of Figure 2.7). The
antibody stays bound to the model after 100 ns of MD simulation (Panel B of Figure 2.7). This
cross-β sub-unit goes through a lot of minor fluctuations especially between 40-80 ns (Panel C of
Figure 2.7 in blue). Its LRMSD also only reaches a plateau in the last 20 ns. The final
conformation of the cross-β sub-unit of the Lührs et al. (Panel B of Figure 2.7) after the 100-ns
simulation is very similar to what was reported from a simulation of the model by itself (145). The
antibody is fairly stable in the presence of the protofilament. The minor fluctuations of Fv5E3 are
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the adjustments by the antibody to stay bound to the cross-β sub-unit (Panel C of Figure 2.7 in
black). The LRMSD of the complex is converged in the last 20 ns of the simulation.

Figure 2.7: Details of the interactions between Fv5E3 and cross-β sub-units of Aβ fibrils. A)
Top-ranked docked structure of Fv5E3 and Lührs' cross-β sub-unit. The leading chains of the
cross-β sub-unit are shown in yellow and orange. The K28 residue is shown in stick and solventexposed surface representations. B) Complex after 100 ns of MD simulation. C) The LRMSDs of
Cα atoms of the complex (red), Fv5E3 (black), and the cross-β sub-unit (blue) during the 100-ns
MD simulation. D) Top-ranked docked structure of Fv5E3 and Xiao's cross-β sub-unit. The stick
and solvent-exposed surface representations of the K28 residues of the two leading chains of the
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cross-β sub-unit, and the E102 of the heavy chain of the Fv5E3 are shown in yellow, orange and
red. E) Complex after 100 ns of MD simulation. F) The LRMSD of Cα atoms of the complex
during the 100-ns MD simulation.
The high occupancy hydrogen bonds are formed with the framework residues of Fv5E3
and not its CDR residues (Table A.10). The residue V24 preceding the epitope residues forms
many hydrophobic interactions with the cross-β sub-unit (Table A.11). The E22 residues of chains
B, D and F form salt bridges with high occupancies (Tables A.10 and A.11). There are no
aromatic-aromatic, aromatic-sulphur or cation-π interactions between the Lührs' model and Fv5E3.
The average MM-GBSA binding free energy between the Lührs' model and Fv5E3 is favorable (34.28 kcal/mol with std. dev. of 6.39).
Our understanding is that m5E3 may bind to such cross-β sub-units, if they exist in vitro
or in vivo. The turn between the two β-sheets, and the β-sheets themselves are, however, most
likely to be covered by other cross-β sub-units during formation of fibrils. The introduction of
m5E3 in the early stages of fibrillar formation may prevent plaque formation in a susceptible
individual to AD.

2.3.5.2

The model of Aβ42 cross-β sub-units by Xiao et al.
The protofilament of Aβ42 fibrils resolved using NMR by Xiao et al. has an S shape (105)

(PDB entry 2MXU, Panel E of Figure A.2). The protofilament is the cross-β sub-unit of the fibril.
Models of the Aβ42 fibrils have been determined with two such cross-β sub-units (95,106). In the
models of the cross-β sub-unit and the fibril, the distance between G25 and G29 is 13.4 Å, so a
sharp turn is not formed in this region. The solvent-exposed K28s form salt bridges with A42s,
and not with D23s as in some other fibrillar models. The epitope residues are also located close to
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each other as in the other cross-β sub-unit or fibrillar models. Based on the above three
characteristics of this model, this cross-β sub-unit is unlikely to be detected by Fv5E3 through its
epitope residues.
In the top one hundred docked complexes, Fv5E3 binds close to the epitope residues along
with the C-terminal residues, or the two ends of the cross-β sub-unit. In the best-docked complex,
Fv5E3 interacts with the epitope residues and the C-terminal residues of the cross-β sub-unit with
the Rosetta score of -496.69 (-1.41 per residue, Panel D of Figure 2.7). Fv5E3 after 100 ns of
simulation stays bound to the protofilament (Panel E of Figure 2.7). The overall S shape structure
of the cross-β sub-unit is maintained during the simulation (Panel E of Figure 2.7). Its LRMSD
however does not reach a plateau (Panel F of Figure 2.7 in blue). The spine of the cross-β subunit bends as if it will break at some point (Panel E of Figure 2.7). The binding of multiple Fv5E3s
to the protofilament may overcome its internal stability and lead to its fragmentation. This
protofilament was shown to be stable in MD simulations by itself (146,147). A follow-up study is
needed to determine if the docking of another Fv5E3 to this complex can fragment this
protofilament. The perturbations seen in the LRMSD of the complex is due to the perturbations in
the protofilament model, the corresponding adjustments in the antibody, and changes in their
orientations with respect to each other (Panel F of Figure 2.7). The LRMSD of the complex does
not converge during the course of the simulation (Panel F of Figure 2.7 in red).
An ionic interaction between K28 of chain B of Xiao's model and E102 of the heavy chain
of Fv5E3 exists with high occupancy (Table A.11). Hydrogen bond and cation-π interactions
between K28 of chain B of Xiao's model, and Y27 of the heavy chain of Fv5E3 also exist with not
high occupancy (Tables A.10 and A.11). The S26 epitope residue also participates in formation
of hydrogen bonds with Fv5E3. However, the occupancies of its hydrogen bonds are low (Table
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A.10). The hydrophobic interactions have very low occupancies as well. There are no aromaticaromatic or aromatic-sulphur interactions between the cross-β sub-unit and the Fv model of the
antibody after the 100-ns simulation. As the simulation does not converge (Panel F of Figure 2.7
in red), it is not possible to measure the binding affinity of the Fv5E3 and the cross-β sub-unit
properly. It would be interesting to apply our approach to the model of antibodies specific to these
protofilaments to see if they have the same effect of fragmenting them.
As the occupancy of most interactions between Fv5E3 and Xiao's cross-β sub-units are
low, we do not expect Fv5E3 to bind the fibrils consisting of such cross-β sub-units (95,106) (PDB
entry 2NAO, Panel F of Figure A.2) with high affinities.

2.4

Discussion
In this chapter, we used a combined docking and molecular dynamics approach to describe

the possible interactions between the AβOs and the m5E3 antibody at the molecular level. Our
goal was also to show why the m5E3 antibody has a low affinity for the Aβ fibrils. We proposed
a molecular structural Fv model for the m5E3 antibody, which explains to a large extent its
expected behavior. By using this model, we classified the Aβ aggregates as Fv5E3-positives and
possibly Fv5E3-negatives (Table A.1).
First, we explained how Fv5E3 detects its target cyclic mimotope. We showed that the
basic lysine residue of cSNK is attracted to the acidic residue E102 in CDR3 of the heavy chain
of Fv5E3 (Figure 2.3). The initial detection of the Aβ aggregates by Fv5E3 also usually occur
through electrostatic interactions (Panels A and D of Figure 2.4, Panels A and D of Figure 2.5,
and Panel D of Figure 2.7). However, we demonstrated that the stability of the interactions
between Fv5E3 and its cognates are maintained by the high occupancy hydrogen bonds, ionic,
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cation-π, and hydrophobic interactions that all the epitope residues form with Fv5E3. Specifically,
K5 and G6 of cSNK act as anchors, and form high occupancy ionic interactions and hydrogen
bonds with the residues of Fv5E3 (Tables A.2 and A.3). In the case of some Aβ aggregates, the
residues N27 and K28 act as anchors in their interactions with Fv5E3 (Tables A.4, A.5, A.6, and
A.7).
The acidic residues of Fv5E3 were among the residues, which provided the most favorable
contributions to the pairwise decomposition of the binding free energy for all AβOs with the
exception of the dodecamer by Gallion. Note that in the latter case the oligomer was unfolded.
This indicates that Fv5E3-positive oligomers may represent basic residues on their surface, unlike
some fibrils that were shown to have an anionic surface (130). In an in silico study, the most
important epitope residues for recognition of Aβ by non-oligomer specific antibodies were shown
to be Phe, Glu and Asp (148). Some of the oligomeric models discussed in this chapter have
cationic surfaces. Specifically, the tetramer model of the AβOs by Streltsov et al. has two cationic
surfaces (this model is classified as Fv5E3-positive). The octadecamer by Gu et al. has anionic
surfaces, a hydrophobic surface, and surfaces with a mixture of these and basic residues (the model
is most likely Fv5E3-negative). The trimer by Kreutzer et al. has two hydrophobic surfaces and
three cationic corners, and it is Fv5E3-positive. The top and bottom surfaces of the hexamer by
Shafrir et al. are made of basic and hydrophobic residues, and the model is Fv5E3-positive. The
hexamer by Laganowsky et al. is made of mainly hydrophobic surfaces (the model is most likely
Fv5E3-negative). The dodecamer by Gallion has a cationic surface around the oligomer, and two
anionic surfaces on top and bottom (it is classified as Fv5E3-positive).
Some Fv5E3-positive AβOs are recognized by Fv5E3 similar to the mimotope (Panels AB and D-E of Figure 2.4, and Panels A-B of Figure 2.5). The affinity of Fv5E3 for different
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Fv5E3-positive AβOs is in the same range (Table A.1). These AβOs have sharp turns at the epitope
residues. There is also enough distance between adjacent epitopes of AβOs. Interestingly, all
models of the various AβOs studied in this chapter have some solvent-exposed K28 residue (Table
A.1). The inspection of the top one hundred docked complexes of Fv5E3 with the dodecamer by
Gallion, and the cross-β sub-unit by Lührs et al. suggests that the backbone of the GSNKG turn by
itself can be an epitope for Fv5E3, as the K28 residues are not solvent-exposed in the chain
interacting with Fv5E3. The unexpected hydrophobic interactions of Fv5E3 and the AβOs are
reminiscent of the KW1 antibody fragment (149) or ScFv AS (150) mechanism for the detection
of AβOs (Tables A.5, and A.7).
The binding stoichiometry of the AβOs and the Fv model of the m5E3 antibody depend
on the particular model of AβOs. For example, in the case of the hexamer by Shafrir et al. (101),
the stoichiometry is a one-to-one stoichiometry (Panel A of Figure 2.5). For the tetramer model
of AβOs by Streltsov et al. (99), two Fv5E3 can bind to a single oligomer. Another Fv5E3 can
bind to the superior side of the tetramer shown in Panel D of Figure 2.4. For the trimer structure
by Kreutzer et al. (98), three Fv5E3 can bind to a single oligomer. Each Fv5E3 can bind to a corner
of the triangle-shaped oligomer as seen from Panel A of Figure 2.4. A higher stoichiometry may
allow the use of lower concentration of m5E3 in vivo for neutralizing such oligomers.
The Aβ fibrils described in Refs. (92,93,95,106), and (141) are unlikely to be detected by
the m5E3 antibody through a small number of epitopes as many epitopes are packed very close to
each other (Table A.1), and are completely buried among the cross-β sub-units. In all models of
the Aβ fibrils discussed here, no sharp turn is formed between the epitope residues (Table A.1),
and the K28 residues are often involved in salt bridges. The fact that the fibrils have a very long
length, and the results of our docking simulations showing that Fv5E3 can only bind to the end of
67

these fibrils (Panels A, D and G of Figure 2.6) explain why m5E3 has a low affinity for fibrils.
As Fv5E3 binds specifically to the end of fibrils, not to their extended solvent exposed hydrophobic
surfaces, its binding cannot be considered as an entropy-driven process at physiological
temperatures (151). The Fv5E3 antibody may not be able to bind to the synthetic Aβ42 fibrils
described in Refs. (106) and (95) with high affinity as the occupancies of the interactions between
their corresponding cross-β sub-units proposed by Xiao et al. (105) and Fv5E3 are low. Based on
our results, we believe that the Lührs' model of the Aβ42 cross-β sub-unit (104) may bind to the
m5E3 antibody in vitro (Panels A-C of Figure 2.7). If the cross-β sub-unit by Lührs et al. exists
in vivo, introduction of m5E3 to an individual susceptible to AD early enough can prevent the
fibrillar formation and consequently deposition of plaques.
The residues R50 and K59 of the heavy chain and R66 of the light chain of Fv5E3 interact
with the fibrillar models proposed by Lu et al. and Petkova et al. (Tables A.8, and A.9). In addition,
the residues R50 and K59 interact with the cross-β sub-unit of Lührs et al. (Tables A.10, and
A.11). None of these residues interact with the AβOs. Mutating these residues to acidic residues
or glycines may prevent the possible interaction of m5E3 with these Aβ aggregates.
Our focus in this work was to determine how m5E3 detects its AβO cognates, and why it
has low affinities for Aβ fibrils. Our computational model for the Fv portion of the m5E3 antibody
explains to a good extent the molecular principle of the interaction of this oligomer-specific
antibody with the cognate AβOs. It also explains why m5E3 cannot have the same affinity for the
Aβ fibrils. It, however, came to our attention that for some models of Aβ aggregates, Fv5E3 seems
to have a disaggregation property to dissociate individual Aβ peptides (Panels E and H of Figure
2.4, and Panels B and H of Figure 2.5), or a fragmentation property to break the spine of the crossβ sub-unit (Panel E of Figure 2.7). The same fragmentation could be seen for a longer model of
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the cross-β sub-unit by Lührs et al. with more Aβ peptides. This finding is a proof of principle for
the final effectiveness of an immunotherapeutic approach with the oligomer-specific antibody
m5E3. To confirm this finding in silico, a follow-up study with longer simulations and simulations
of individual Aβ aggregates shall be taken. Column chromatography or fluorescence correlation
spectroscopy (47) can also validate whether the cognate Aβ aggregates disaggregate or fragment
in the presence of the m5E3 antibody in vitro. Our work also demonstrated the presence of an
AβO-specific epitope, which should be targeted by m5E3 before the disease develops to its late
stages (97).
The approach developed in this chapter for m5E3 can also be used for other AβO-specific
antibody fragments, for example KW1 (149), or monoclonal oligomer-specific antibodies, for
instance 204 (152), to elucidate how those antibodies detect their cognates. Recently, AβOs with
α-sheet content have been characterized (109). When a structure for these AβOs becomes
available, it would also be interesting to assess whether they are Fv5E3-positive.
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Chapter 3: Design, Synthesis and Characterization of the Single Chain
Antibody Fragment of the Amyloid-β Oligomer-Specific Antibody 5E3

3.1

Introduction
Over the past two decades a number of Aβ-specific antibodies have been developed. These

include antibodies that target the Aβ sequence (Bapineuzumab and Crenezumab (69)), Aβ
monomers (Solanezumab and ponezumab (69)), Aβ fibrils and oligomers (OC (153) and
Aducanumab (69)) and Aβ oligomers (m5E3 (82) and NU4 (154)). The mouse monoclonal Aβ
oligomer-specific antibody 5E3 was raised against the conformationally constrained Aβ25-29
fragment with the hypothesis that this sharp turn with the solvent exposed K28 is an oligomerspecific conformaion. While the availability of the monoclonal 5E3 antibody is useful for many
experimental assays, the development of a smaller, more easily produced and potentially more
blood-brain permeable version of this antibody could open the door to further therapeutic antibody
development or the implementation of more facile assays for AD drug screening. Experimentally,
such a miniaturized antibody construct could be used to conduct more detailed antibody-ligand
interaction studies and to perform structural (NMR and X-ray) studies of these ligand-antibody
interactions. In particular, the conversion of full-length monoclonal antibodies (mABs) to single
chain antibody fragments (ScFvs) has proven to be one of the more effective approaches to
miniaturizing antibodies. ScFvs, which were first described in the 1980s (155,156), consist of the
two variable fragments (Fvs) of the target antibody that are linked together via a short linker
peptide. The Fvs typically consist of six hypervariable regions or CDRs derived from the target
monoclonal antibody and a framework corresponding to either a mouse or human Fv sequence.
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Here, we describe the design, synthesis, production and characterization of a recombinant
ScFv derived from the monoclonal AβO-specific antibody known as m5E3, which we have called
ScFv5E3. In particular, we describe the rationale for the design of the protein and gene sequence
for ScFv5E3. We then describe the generation of the plasmid containing the ScFv5E3 and our
effort to clone and express ScFv5E3 in the periplasmic space in E. coli cells. We also describe the
method we developed to purify and refold the protein. Using the refolded, purified recombinant
ScFv5E3 protein we experimentally verified its ability to bind to the m5E3 mimotope using two
different techniques -- immunodotblots and SPR.

3.2
3.2.1

Materials and Methods
Materials
The following reagents were used in this study: sucrose (Fisher Scientific), Tris-HCL

(Sigma Aldrich), ethylenediaminetetraacetic (EDTA, Sigma Aldrich), yeast extract (Fisher
Scientific), tryptone (Fisher Scientific), glycerol (Sigma Aldrich), KH2PO4 (Sigma Aldrich),
K2HPO4 (Sigma Aldrich), HEPES (Life Technologies), glycyl-glycine (Sigma Aldrich), urea
(Fisher Scientific), NaHPO4 (Sigma Aldrich), reduced glutathione (GSH, Sigma Aldrich),
oxidized glutathione (GSSG, Sigma Aldrich), arginine (Arg, Sigma Aldrich), kanamycin (Fisher
Scientific), isopropyl β-D-thiogalactoside (IPTG, Sigma Aldrich), agar (Fisher Scientific), bovine
serum albumin (BSA, Sigma Aldrich), cSNK conjugated to BSA (cSNK-BSA, CPC Scientific),
phosphate-buffered saline (Gibco® PBS, Fisher Scientific), tris-buffered saline (TBS, Fisher
Scientific), Tween 20 (Fisher Scientific), anti-mouse secondary antibody (GE Healthcare), antiHis6 antibody H8 (Invitrogen), SuperSignalTM West Femto (Thermo Fisher). The nitrocellulose
membrane was purchased from GE Healthcare.
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SPR was performed on a Biacore® 3000 system equipped with a Ni2+-NTA (nickelnitrilotriacetic acid) sensor chip. A degassed running buffer HBS-N [0.01 M HEPES pH 7.4, 0.15
M NaCl], and a degassed wash buffer HBS-EP [0.01 M HEPES pH 7.4, 0.15 M NaCl, 3 mM
EDTA, 0.005% w/v Surfactant P20] were used to wash the biosensor chip. The standard
BIAnormalizing solution (70% (w/v) glycerol) was used to normalize the system. The HBS-N,
HBS-EP buffers, BIAnormalizing solution, and the Ni2+-NTA chip were purchased from GE
Healthcare. The Q-SepharoseTM ion-exchange column was also purchased from GE Healthcare.

3.2.2
3.2.2.1

Methods
Design of the Single Chain Variable Fragment of m5E3
The partial amino acid sequence of m5E3 was translated from its partial genetic sequence

available in a patent (124). Sequence comparison to other ScFvs and homology modeling with the
48G7 Fab fragment allowed us to determine the CDRs for both the heavy and the light chain of
m5E3 (Table 3.1).

Table 3.1: The CDRs of the m5E3 antibody.
m5E3 chain
Light
Heavy

CDR I
RASQEISGYLT
ASGYIFTSYY

CDR II
AASTQDS
IYPGNVNT

CDR III
LQYGNYPRT
ARMDYEAHY

To construct the single chain variable fragment of the Fv5E3 computational model
(ScFv5E3), we used the sequence of the anti-lysozyme ScFv1F9 (PDB entry 1DZB) (157) as our
template for the framework region. This ScFv had the highest sequence similarity with the heavy
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chain of Fv5E3. In particular, we found 82% and 66% sequence identity between the heavy and
light chains of Fv5E3 and the anti-lysozyme ScFv1F9, respectively (Panels A-B of Figure 3.1).

Figure 3.1: ScFv1F9 as a framework for ScFv5E3. A) Alignment of the heavy chains of
Fv5E3 and ScFv1F9. B) Alignment of the light chains of Fv5E3 and ScFv1F9. C) Alignment of
ScFv5E3 and ScFv1F9.

We grafted the m5E3 CDRs (Table 3.1) onto the anti-lysozyme ScFv1F9 framework
(Panel C of Figure 3.1). Rather than using a simple “cut and paste” approach we analyzed and
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modified the regions around the CDRs quite carefully. In particular, in situations where those
residues in close proximity to the Fv5E3 CDRs were different from the corresponding residues of
the ScFv1F9, the original m5E3 residues were used instead. This was done to ensure the
availability of these potentially important residues in binding of ScFv5E3 with its cognates. For
the residues further away from the CDRs, the framework residues of ScFv1F9 were used to ensure
the recombinant ScFv5E3 would fold properly. A 15-residue linker peptide (GGGGS)3 was used
to connect the C-terminus of the heavy chain to the N-terminus of the light chain. A PelB (pectate
lyase B) sequence MKYLLPTAAAGLLLLAAQPAMA (158), was added to the N-terminus of
the heavy chain. The PelB signal is used by proteins destined for the periplasmic space of E. coli
(159). Additionally, a His6 tag was added to the C-terminus of the light chain to assist with
purification and binding assay development. The protein sequence (Panel A of Figure 3.2) was
then converted to a DNA sequence using known E. coli codon preferences (Panel B of Figure
3.2). An NcoI restriction site was engineered into the C-terminus of the PelB sequence, and NdeI
and XhoI restriction sites were added to the beginning and the end of ScFv5E3, respectively. The
NdeI and XhoI sites were used to insert ScFv5E3 to the pET41a expression vector. The synthetic
gene for SvFv5E3 was ordered from ATUMTM.
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Figure 3.2: The amino acid and DNA sequences of ScFv5E3. A) Amino acid sequence of the
designed ScFv5E3. Note that amino acids Met and Gly at the N-terminus are the result of
introducing an NcoI site. B) The DNA sequence for ScFv5E3.
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The synthetic ScFv5E3 gene received from ATUMTM was ligated into a pJ201 vector on a
filter paper and was eluted following the instruction by ATUMTM. The plasmid was then
transformed into E. coli DH5α cells via heat shock and the cells were grown in 25 mL of Luria
broth (LB) media (1% tryptone, 1% NaCl, 0.5% yeast extract, pH 7) overnight to amplify the
plasmid. The pJ201 plasmid containing ScFv5E3 was purified from the DH5α cells using a
QIAprep® Spin Miniprep Kit. Using NdeI and XhoI restriction enzymes, the ScFv5E3's cDNA
was cut from the pJ201 vector (Panel A of Figure 3.3). The ScFv5E3 sequence was then ligated
in place of the GST tag into a pET41a expression vector and transformed into the BL21 (DE3) E.
coli cells (Panel B of Figure 3.3). The 1% DNA gel was made with 0.5 g of agarose, 50 mL of
Tris-Acetate-EDTA (TAE) buffer, and 2.5 µL of RedSafe DNA Stain. The TAE buffer contained
40 mM Tris base, 1 mM EDTA, 20 mM acetic acid, pH 8.5.
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Figure 3.3: Construction of the expression vector ScFv5E3-pET41a. A) ScFv5E3 is
separated from the pJ201 vector. B) ScFv5E3 is ligated onto the pET41a vector.

3.3
3.3.1

Result
Periplasmic Extraction of ScFv5E3
Freshly transformed BL21 (DE3) cells with the ScFv5E3-pET41a plasmid were plated on

an LB-agar plate (1% tryptone, 0.5% yeast extract, 1.5% agar) containing 50 μg/mL of Kanamycin.
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A 3 mL 2xTY (1.6% tryptone, 1% yeast extract, 0.5% NaCl) culture of one of the colonies was
prepared at 37 ºC. 2xTY was chosen as a rich medium to ensure the well growth of the cells. When
A600 reached 1.7, the cells were induced with 1 mM IPTG at 30 ºC overnight. 500 μL of the culture
was spun down at 5,000 x g for 5 min, and the pellet was re-suspended in 100 μL of the ice-cold
periplasmic extraction buffer I (20% sucrose, 30 mM Tris-HCL (pH 8), and 1 mM EDTA) on ice.
The re-suspended cells were incubated on ice for 30 min to generate a concentration gradient
across the membranes. The sample was spun down at 3,000 x g for 20 min, and the supernatant
was discarded. The periplasmic ScFv5E3 was extracted via osmotic shock by re-suspending the
pellet in the periplasmic extraction buffer II (5 mM MgCl2), and leaving it on ice for 30 min. The
spheroplasts and cell debris were spun down at 3,000 x g for 20 min. The periplasmic ScFv5E3
extract, even with the PelB signal, was barely detectable by a western blot (Figure 3.4). The 10
mL of the 15% resolving gel for the western blot was composed of 2.3 mL distilled water (dH2O),
5 mL of 30% acrylamide, 2.5 mL of 1.5 M Tris-HCL pH 8.8, 100 µL of 10% SDS, 100 µL of 10%
ammonium persulfate (APS), 4 µL Temed. The 5 mL of the 5% stacking gel contained 3.4 mL
dH2O, 0.83 mL of 30% acrylamide, 0.63 mL of 1 M Tris-HCL pH 6.8, 50 µL of 10% SDS, 50 µL
of 10% APS, 5 µL Temed.
The two closely spaced bands in the western blot for ScFv5E3 were more apparent from
the whole cell lysate (Figure 3.4). The existence of two proximal bands has been associated with
the reduced and oxidized form of proteins or the precursor form with the signal and the processed
form without the signal (160). We believed the two bands corresponded to the ScFv5E3 with and
without the PelB tag. The PelB signal however should have been cleaved off when the ScFv5E3
was translocated to the periplasm (161); therefore, we presume that the inner membrane was
compromised and the ScFv5E3 with the PelB tag leaked out.
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It was only possible to extract trace amounts of soluble periplasmic ScFv5E3 that was
solely visible on a western blot, unlike the high periplasmic yield for the framework of ScFv5E3
(ScFv1F9) (162). This may be because of the differences in the amino acid compositions of
ScFv5E3 and ScFv1F9, or it may be due to the use of a myc tag for ScFv1F9 instead of a His6 tag
for ScFv5E3. The myc tag is not however known to be the best choice for high yield purification
(163). The highly soluble periplasmic yield of ScFv1F9 could also be the result of the choice for
the expression vector or the strain of E. coli that was used for the periplasmic expression of
ScFv1F9.

Figure 3.4: Western blot of periplasmic ScFv5E3 extract.

3.3.2

Cytosolic Extraction of Soluble ScFv5E3
As the periplasmic extraction of the ScFv5E3 did not lead to an adequate yield, we tried to

extract the soluble ScFv5E3 from the cytosol. A 250 mL TB (1.2% tryptone, 2.4% yeast extract,
0.5% glycerol, 0.017 M KH2PO4, 0.072 M K2HPO4) medium in a 1 L Erlenmeyer flask (1 to 4
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aeration ratio) was inoculated with enough of the pre-culture for a final A600 of 0.1. TB medium is
again a rich medium similar to 2xTY. The potassium phosphate salts in TB has a buffering
capacity, while the glycerol is a source of carbon for cells. The culture was incubated with shaking
at 37 ºC until the A600 of 1.5 was reached. The optimal A600 before induction for TB is 1-1.5 (164).
The cells were then induced with 1 mM IPTG overnight with shaking at 30 ºC.
The cells were harvested by centrifugation at 3,000 xg for 30 min at 4 ºC. The cell pellets
were re-suspended in 25 mL of extraction buffer I (33 mM HEPES, 10 mM glycyl-glycine (GlyGly), pH 8) by delicate stirring in the cold room. The Gly-Gly in the extraction buffer I has a
solubilizing effect. The cells were sonicated 5 times, 2 min each at a speed of 4 with a 60% pulse.
The cells were left on ice for 30 s between sonications. The cell debris was spun down at 20,000
xg for 30 min.
The expressed ScFv5E3 was not visible on a Coomassie stained gel, which suggested a
low yield similar to the periplasmic yield. The overnight expression of cytosolic soluble ScFv5E3
was only detectable by western blot (Panel A of Figure 3.5), and the purified soluble cytosolic
ScFv5E3 was detectable on a dot blot (Panel B of Figure 3.5). Fractions 21, 23 and 25 had the
most ScFv5E3. A PD-20 column was used to remove excess imidazole from fraction 23. The
imidazole was used to elute the ScFv5E3 from the Ni2+-NTA column. The ScFv5E3 did not come
off the PD-20 column (Panel C of Figure 3.5).
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Figure 3.5: Soluble cytosolic ScFv5E3. A) Western blot of expression of ScFv5E3 before
induction, after 3.5 h and overnight. B) Dot blot of purified fractions 1-40 over a Ni2+-NTA
column. C) Western blot of fraction 23 after desalting, Aβ42 with a His6 tag as a control, and
fraction 25 without any desalting.

3.3.3

Mild Solubilization of ScFv5E3 with 2 M Urea
As both periplasmic and soluble cytosolic extractions of ScFv5E3 led to very low yields

that were not visible on Coomassie stained gels, we decided to examine the presence of ScFv5E3
in non-classic inclusion bodies first. Non-classic inclusion bodies were shown to contain
biologically active native-like recombinant proteins (165). These native-like recombinant proteins
can be recovered from cytosol using 2-3 M urea without possibly the need to be refolded in-vitro
(166). The periplasmic aggregates were also solubilized with 2 M urea (167). Hence, 2 M urea was
included in the extraction buffer I instead of Gly-Gly (extraction buffer II). The cells were grown
in 250 mL of SB medium (3.5% tryptone, 2.0% yeast extract, 0.5% NaCl, 0.5% 1 N NaOH) as
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another rich medium. SB medium has been applied successfully to express other ScFvs (167). The
250 mL SB culture was induced at A600 of 1.5 with 1 mM IPTG at 30 ºC. The induction at A600 of
1.5 has been used for the expression of other ScFvs in SB medium (168). The ScFv5E3 was
purified on a Ni2+-NTA column. Fractions containing ScFv5E3 with similar purity were pooled
together. ScFv5E3 was visible both on a western blot and a Coomassie stained gel (Panels A-B of
Figure 3.6). The Coomassie staining solution was composed of 0.025% Coomassie G-250 dye,
10% acetic acid. The pooled ScFv5E3 fractions from the Ni2+-NTA column were refolded by step
dialysis and concentrated by a 10 kDa spin column (Panel C of Figure 3.6). The step dialysis was
performed by exchanging buffers containing 2 M, 1 M, 0.5 M and no urea. No GSSG (oxidized
glutathione) and GSH (reduced glutathione) was used in the dialysis buffers. The sample for the
panel C of Figure 3.6 contained 30 μg of protein. As the sample was approximately 40% pure, 12
μg of the purified proteins was ScFv5E3. The ScFv5E3 was mainly composed of β-strands with
some random coils. The amount of properly folded ScFv5E3 purified with the protocol described
in this section was enough for dot blot and surface plasmon resonance studies.
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Figure 3.6: Cytosolic ScFv5E3 solubilized by 2 M urea and refolded by step dialysis. A)
Western blot of the whole cell lysate and the purified fractions containing ScFv5E3 in 2 M urea.
The lane labeled “wash” referred to non-specific proteins coming off the Ni2+-NTA column after
washing the column with 25 mM imidazole. B) Coomassie stained gel of the whole cell lysate
and the purified fractions containing ScFv5E3 in 2 M urea. C) Coomassie stained gel of pooled
similar fractions of ScFv5E3 after refolding by dialysis.

The refolding can also be performed by dilution (169). In another attempt to purify
cytosolic ScFv5E3, solubilized with 2 M urea, refolding was performed by dilution. The ScFv5E3
in 2 M urea was eluted from the Ni2+-NTA column using 250 mM imidazole. The fractions coming
off the column did not look very pure (Panel A of Figure 3.7). The urea in the fractions was diluted
to 0.5 M, and then the unfolded species were separated from the folded ones using an ion-exchange
column (Panels B-C of Figure 3.7). The ScFv5E3 buffer was exchanged for secondary structure
analysis into 10 mM NaH2PO4 pH 8, using a 10 kDa spin column. Not much of the proteins’
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secondary structures in the pooled fractions F17-20 (22%) and F21-25 (7%) (Panel B of Figure
3.7) were β-sheet as determined by CD spectroscopy. The low β-sheet percentages indicated that
not much of ScFv5E3 was in the folded conformation.

Figure 3.7: Cytosolic ScFv5E3 solubilized by 2 M urea and refolded by fast dilution. A)
Coomassie stained gel of the fractions containing ScFv5E3 in 2 M urea from a Ni2+-NTA column.
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The lane with the label "wash" contained the proteins that were mainly non-specifically binding
to the Ni2+-NTA beads. B) The graph representing the amount of proteins coming off the ion
exchange column in mili-absorbance (mAu). The red bars represent the timepoints that fractions
were collected. C) Coomassie stained gel of the fractions containing ScFv5E3 from the ion
exchange column.

3.3.4

Solubilization of ScFv5E3 with 8 M Urea
As we had partial success to solubilize ScFv5E3 using 2 M urea, we decided to use 8 M

urea to solubilize ScFv5E3 from the classic inclusion bodies (170). The cell pellets from the 2 M
urea extraction were re-suspended in the extraction buffer III (100 mM NaHPO4, 8 M urea, pH 8).
The use of 8 M urea instead of 2 M urea in the extraction buffer proved that majority of ScFv5E3
was in cytosolic classical inclusion bodies (Panel A of Figure 3.8). ScFv5E3 in 8 M urea was
purified by a Ni2+-NTA column with a yield of 3.5 mg per liter of culture (Panel B of Figure 3.8).
ScFv5E3 was refolded by step dialysis into 33 mM HEPES, 2 mM GSH, 0.2 mM GSSG and 0.64
M Arg, pH 8.5, and then was dialyzed into 33 mM HEPES, pH 8. The folded ScFv5E3 was
separated from the unfolded ScFv5E3 using an ion-exchange column with a yield of 0.78 mg/L
(Panels C-D of Figure 3.8). For CD spectroscopy analysis, the ScFv5E3 buffer was exchanged to
10 mM NaHPO4, pH 8. The analysis of the CD spectroscopy result by CDPro software (171) for
the pooled fractions 9-14 showed that again a very low percentage of ScFv5E3 was refolded
properly (24% β-sheet). After 10 days of processing (purification and dialysis) and storage at 4 ºC,
most of ScFv5E3 was degraded and only 30 μg was left (Panel E of Figure 3.8).
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Figure 3.8: Cytosolic ScFv5E3 solubilized by 8 M urea. A) Whole cell lysate of cells in 2 M
and 8 M urea. B) Coomassie stained gel of the fractions containing ScFv5E3 in 8 M urea from a
Ni2+-NTA column. The lane with the label "wash" contains the proteins that were mainly nonspecifically binding to the Ni2+-NTA beads. C) The curve representing the amount of ScFv5E3
coming off an ion exchange column. D) Coomassie stained gel of the fractions containing ScFv5E3
from the ion-exchange column. E) The 2 and 8 M urea samples after 10 days of processing and
storage at 4 ºC.
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3.3.5
3.3.5.1

Examining the Binding of the Mimotope of m5E3 to ScFv5E3
Dot Blot Study
To verify the capability of the purified ScFv5E3 (the pooled fractions 36-40 of the sample

related to Figure 3.6) to bind to the cSNK mimotope of m5E3, a far dot blot was performed. The
cSNK-BSA at two different amounts of 1 and 2 μg was placed on a nitrocellulose membrane along
with 1 μL of PBS as a negative control. After the dots were dried, the membrane was blocked with
2% BSA in PBS with 0.1% Tween 20 (PBST) for 1 h at room temperature. The membrane was
then probed with ScFv5E3 (10 µg/ml in blocking buffer) overnight in the cold room. After three
10-min washes in TBS with 0.1% Tween 20 (TBST), the membrane was probed with the H8 antiHis6 antibody (1:6000 in blocking buffer) overnight in the cold room. Again, after three 10-min
washes with TBST, the membrane was probed with the anti-mouse secondary antibody (1:5000 in
blocking buffer) for 1 h at room temperature. The membrane was washed three times with TBST,
10 min each, and developed with SuperSignalTM West Femto substrates (Panel A of Figure 3.9).
The same far dot blot was repeated with BSA as a negative control to make sure ScFv5E3 was not
binding to the carrier protein BSA (Panel B of Figure 3.9).
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Figure 3.9: Binding of ScFv5E3 to cSNK-BSA and not its carrier protein BSA. A) Far dot blot
showing the binding of ScFv5E3 to cSNK-BSA. B) Far dot blot of BSA as a negative control.

3.3.5.2

SPR Study
SPR as a label-free detection method (172) was used to determine the molecular interaction

of ScFv5E3 (ligand) and the cSNK-BSA (analyte). ScFv5E3 was immobilized to the surface of a
Ni2+-NTA sensor chip through its His6 tag. To achieve this goal, 4 µg of the diluted pooled
fractions 36-40 (2 µg/mL) of the sample related to Figure 3.6 was injected over the surface of the
chip at the flow rate of 5 µL/min. The cSNK-BSA was detected by ScFv5E3 at the optimized pH
of 6.8 (Panel A of Figure 3.10), while the BSA alone did not bind to the ScFv5E3 (Panel B of
Figure 3.10). The concentrations of the cSNK-BSA and BSA were 20 µg/mL.
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Figure 3.10: The binding of ScFv5E3 to cSNK-BSA and not the carrier protein BSA in the
SPR system. A) Binding of ScFv5E3 to cSNK. B) Lack of binding of ScFv5E3 to the carrier
protein BSA.

3.4

Discussion
In this chapter, we described the design of ScFv5E3 from the predicted CDRs of m5E3.

Our results indicated that CDRs of m5E3 with a similar framework for the Fv region were
sufficient for binding to the m5E3’s mimotope. The experimentally verified CDRs can be used to
find similar sequences within cell surface receptors of Aβ oligomers (Chapter 5). ScFv5E3 also
provides us a great tool that is cost effective, is applicable to various binding assays, is used
extensively for X-ray crystallography, and is nuclear magnetic resonance (NMR) friendly.
ScFvs have already made their way into pharmaceutical companies (CreativeBioLabs,
ScFv4B7), and have emerged as passive immunotherapeutic for neurodegenerative diseases as
their small size allow them to reach the brain through different mechanisms, have little
immunogenicity, and can be produced conveniently in an E. coli expression system (173). The Aβ
oligomer-specific ScFvs have been developed and proved to reduce memory deficit in AD
transgenic mice (174,175). A human Aβ oligomer-specific ScFv was discovered that could
neutralize high molecular weight toxic Aβ oligomers (176). Similar to our approach an Aβ
oligomer-specific ScFv (508) was constructed from its monoclonal Aβ oligomer-specific antibody.
A cysteine was mutated in the CDR3 of the light chain of ScFv508 to generate a more stable,
soluble ScFv (177). Mutations in the CDRs of ScFv5E3 may also be introduced as suggested in
Chapter 2 to generate more specific ScFvs towards Aβ oligomers.
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We were only able to purify trace amount of soluble periplasmic ScFv5E3 (Figure 3.4).
Our efforts to express and purify soluble cytosolic ScFv5E3 also lead to minute amount of
ScFv5E3 visible on western and dot blots (Figure 3.5). We used 2 M urea to solubilize native-like
ScFv5E3 from non-classic inclusion bodies. ScFv5E3 was refolded by step dialysis. This purified
ScFv5E3 was visible on a Coomassie stained gel (Figure 3.6). We also used fast dilution as a
technique to refold the ScFv5E3 solubilized by 2 M urea (Figure 3.7). ScFv5E3 was not refolded
properly using this technique as determined by CD spectroscopy. Although we reached a much
higher yield by using 8 M to solubilize ScFv5E3 from classic inclusion bodies (Figure 3.8), the
majority of ScFv5E3 was not refolded properly even by step dialysis. As in the early expressions
of ScFv5E3 we had difficulty expressing ScFv5E3, we tried three different rich media to find an
environment suitable for the growth of cells. We used the ScFv5E3 solubilized by 2 M urea and
refolded by step dialysis (Figure 3.6) to perform two different binding assay studies. ScFv5E3
was able to bind to the cyclic mimotope of m5E3 on a dot blot (Figure 3.9). ScFv5E3 also was
able to detect the cyclic mimotope of m5E3 on an SPR system (Figure 3.10).
ScFv5E3 can be co-crystalized with the mimotope or can be used to determine an NMR
structure of ScFv5E3 and the mimotope. ScFv5E3 can possibly be used in treating the transgenic
AD animals or early clinical trials of m5E3 as it is more cost effective. We will present in the
following chapter the protocol we developed to express and purify more reasonable amount of
ScFv5E3 for example to be used in a nuclear magnetic resonance (NMR) binding assay study.
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Chapter 4: Improving the Soluble Expression and Purification of the
Recombinant Single-Chain Antibody of the Monoclonal Amyloid-β
Oligomer-Specific Antibody 5E3

4.1

Introduction
The complementarity determining regions (CDR) of the m5E3 AβO-specific antibody were

predicted in Chapter 2 using the protocol provided in Ref. (127). The predicted CDRs of m5E3
were verified experimentally using ScFv5E3 (Chapter 3). E. coli as one of the most popular
organisms for producing recombinant proteins was used to produce ScFv5E3 as described in
Chapter 3. A known challenge of using E. coli is however the production of insoluble protein
aggregates known as inclusion bodies (178,166). ScFv recombinant proteins have been of no
exception, and were shown to be recovered from inclusion bodies (179,180,181,182). Most of the
expressed ScFv5E3 was also deposited as insoluble inclusion bodies. In fact, we were only able to
extract 48 μg of biologically active ScFv5E3 per liter of culture (Figure 3.6).
Various approaches have been taken to resolve this issue including but not limited to
reducing the inclusion body formation within the cytosol by introducing fusion proteins such as
small ubiquitin-related modifier (Sumo) (183), maltose-binding protein (MBP) (184), and
Glutathione S-transferase (GST) (185,186). Other methods include using chaperones to help fold
ScFvs properly (187,167), using a strain of bacteria with an oxidizing environment in cytoplasm
(188), using a catalyst of disulfide bond formation and isomerization within the cytoplasm (189),
solubilizing native-like biologically active ScFvs from non-classic inclusion bodies with 2-3 M
urea (166), refolding denatured ScFvs solubilized with 8 M urea from classical inclusion bodies
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using different techniques such as on-column refolding, dialysis, or fast dilution (179), or
modifying the amino acids of the framework of ScFvs for enhanced solubility and stability (190).
Here we present our optimized protocols to purify more reasonable amount of soluble ScFv5E3
per liter of culture.
In the rest of this chapter, we first discuss the chemical properties of ScFv5E3. We describe
the optimization of expression of ScFv5E3 in Luria broth (LB) medium, and the solubility of
ScFv5E3 from this over-expression. The multimerization property of ScFv5E3 is also discussed.
We then follow our optimal conditions to produce soluble ScFv5E3 in LB. We also report the
conditions under which ScFv5E3 is expressed soluble in a minimal medium. At the end, we present
the optimized extraction buffer for soluble extraction of ScFv5E3 from the minimal medium.

4.2

Material and Methods

4.2.1

Material
The reagents in this work were as follows: Tryptone (Fisher Scientific), NaCl (Fisher Bio

Reagents), yeast extract (Fisher Scientific), isopropyl β-D-thiogalactoside (IPTG, Sigma Aldrich),
sodium dodecyl sulfate (SDS, Sigma Aldrich), phosphate-buffered saline (Gibco PBS, Life
Technologies), InvitrogenTM NuPAGETM 4-12% Bis-Tris gel (ThermoFisher Scientific), NuPAGE
LDS sample buffer 4x (Thermo Fisher Scientific), Thermo ScientificTM SpectraTM Multicolor
broad range protein ladder (Thermo Fisher Scientific), complete EDTA-free protease inhibitors
(Roche), viva spinTM spin column (GE Healthcare Life Sciences), 2.5% β-mercaptoethanol (Sigma
Aldrich), His-TrapTM column (GE Healthcare Life Sciences), glycyl-glycine (Gly-Gly, Sigma
Aldrich), Arginine (Arg, Sigma Aldrich), kanamycin (Fisher Scientific), urea (Fisher Scientific),
HEPES

(Life

Technologies),

lysozyme

(Sigma

Aldrich),

imidazole

(BioBasic),
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phenylmethylsulfonyl fluoride (PMSF, Sigma Aldrich), glycerol (Sigma Aldrich), Triton X-100
(EMD), NP 40 (Fluka), KCl (Sigma Aldrich), MgCl2 (Sigma Aldrich), Glucose (Sigma Aldrich),
Tris (Sigma Aldrich), sodium acetate (Sigma Aldrich), ethylenediaminetetraacetic (EDTA, Sigma
Aldrich), MgSO4 (Sigma Aldrich), CaCl2 (Sigma Aldrich), BME vitamin (Sigma Aldrich),
thiamine (Sigma Aldrich), Na2HPO4 (Sigma Aldrich), KH2PO4 (Sigma Aldrich), NH4Cl (Sigma
Aldrich), MnCl2.4H2O (Sigma Aldrich), CuCl2.2H2O (Sigma Aldrich), FeCl2.6H2O (Sigma
Aldrich), ZnCl2 (Sigma Aldrich), H3BO3 (Sigma Aldrich), α-lactose (Sigma Aldrich), Na2HPO4
(Sigma Aldrich), Na2SO4 (Sigma Aldrich), BL21 (DE3) cells (Thermo Fisher Scientific).

4.3
4.3.1

Results
Properties of ScFv5E3
The online ProtParam tool1 (191) was used to compute the various physical and chemical

properties of ScFv5E3 (with and without the PelB signal) and ScFv1F9 (157). The molecular
weight of ScFv5E3 without the PelB tag was estimated to be about 27 kDa. Its isoelectric point
(pI) was 7.04. The extinction coefficient of ScFv5E3 was 54570 M-1cm-1, which shows how much
light can be absorbed by ScFv5E3 at 280 nm in water. The extinction coefficient was used to
estimate the concentration of purified ScFv5E3 with a NanoDropTM spectrophotometer. The halflife of ScFv5E3 in E. coli was estimated to be more than 10 h. The instability index of ScFv5E3
was 46.51, which classified it as unstable. The ScFv1F9 had even a higher instability index (Table
4.1) while it was stable enough to be used for structural studies (157). A protein with an instability
index above 40 is predicted to be possibly unstable (192).

1

https://web.expasy.org/protparam/
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Table 4.1: The physical and chemical properties of ScFv5E3 and ScFv1F9 computed by the
ProtParam tool. GRAVY stands for grand average of hydropathicity which is the sum of
hydropathy values over the number of amino acids (193). The aliphatic index is the relative volume
occupied by the side chains of Ala, Val, Leu, and Ile residues (194).

Instability index

Aliphatic index

GRAVY

54570
56060

>10 h
>10 h

46.51
46.00

59.72
65.82

-0.520
-0.392

1F9

253

27229.99 5.28

26

22

54110

10 h

58.03

62.09

-0.538

Estimated half-life (E.
coli, in vivo)

19
20

Extinction coefficients
(M-1cm-1)

19
19

Number of (Arg + Lys)

Number of (Asp + Glu)

26873.6 7.04
29221.51 7.82

Molecular weight (Da)

Theoretical pI

Number of amino acids
250
273

ScFv
5E3
5E3
with
PelB

The SOLpro server (195) predicted the SvFv5E3 without the PelB signal to be 52% soluble
upon over-expression, while the ScFv5E3 with the PelB tag was predicted to be 72% insoluble
upon over-expression. Our work described in Chapter 3 demonstrated that ScFv5E3 was mainly
deposited as insoluble inclusion bodies.

4.3.2

Optimizing the Expression of ScFv5E3 in LB
As described in Chapter 3, a very low yield of soluble ScFv5E3 was obtained when three

different rich media were used to express ScFv5E3. To optimize the production of soluble
ScFv5E3, we decided to use the LB medium (1% tryptone, 1% NaCl, 0.5% yeast extract, pH 7)
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which is not as rich as 2x yeast-extract tryptone (2xTY), terrific broth (TB) and super broth (SB).
We however first had to optimize the expression of ScFv5E3 in LB before optimizing its soluble
expression. An A600 of 0.5-0.6 is typically used for the induction of an LB culture, unlike the A600
of 1.5 for the induction of rich media (164). We induced the cells in LB both at A600 of 0.5 and
1.5 to compare the expression of ScFv5E3 in these two conditions. In the experiments reported in
Chapter 3, the cells were grown at either 30 ºC or 37 ºC. In the following optimizations, the growth
and induction of cells were tried at the lower temperature of 24 ºC. We also reused 30 ºC as a
control. The growth at higher temperatures has been suggested to lead to a larger proportion of
insoluble aggregates or misfolded ScFvs (167).
Three different conditions were attempted with 8 mL cultures in 50 mL FalconTM tubes.
The cells were induced with 1 mM IPTG at A600 of 0.5 at 24 ºC (Panel A of Figure 4.1), at A600
of 0.5 at 30 ºC (Panel B of Figure 4.1), or at A600 of 1.5 at 30 ºC (Panel C of Figure 4.1). ScFv5E3
was over-expressed when the cells were induced at A600 of 0.5 at 24 ºC (Panel A of Figure 4.1).
The next best condition for the expression of ScFv5E3 in LB medium was again at A600 of 0.5 with
a higher temperature of 30 ºC (Panel B of Figure 4.1). The Coomassie staining of the gels was
based on the protocol provided in Ref. (196).
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Figure 4.1: The effect of induction at different temperatures and A600s on expression level
of ScFv5E3 in LB. The Coomassie stained gel of the whole cell lysate of cells before induction
(BI), and different hours after induction A) at A600 of 0.5 and the temperature of 24 ºC. B) at A600
of 0.5 and the temperature of 30 ºC. C) at A600 of 1.5 and the temperature of 30 ºC.

The same conditions for the best expression of ScFv5E3 in the 8 mL LB cultures (induction
at A600 of ~0.5 and temperature of 24 ºC) were used for examining the expression of ScFv5E3 on
a large scale (250 mL of LB medium in a 1 L flask). Two separate flasks were used for 2 h and 4
h induction times. The culture was harvested by centrifuging the culture at 3,000 xg for 10 min at
4 ºC. The cells pellet was re-suspended in the sample buffer. The volume of the sample buffer was
adjusted based on the final A600. This experiment confirmed that within 2 to 4 h after induction,
ScFv5E3 was over-expressed in large scale as well (Panel A of Figure 4.2). The result of the
western blot for the whole cell lysate (Panel B of Figure 4.2) also indicated that SDS-resistant
aggregates of ScFv5E3 were present in the sample (band of size about 120 kDa).
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Figure 4.2: Examining the expression level of ScFv5E3 when induced at A600 of 0.6 and the
temperature of 24 C in 250 mL of LB medium. A) The Coomassie stained gel of the whole cell
lysate of ScFv5E3 from the 2 and 4 h induction flasks. B) The western blot of the whole cell lysate
of ScFv5E3 for the 2 and 4 h induction flasks. C) The Coomassie stained gel of the soluble extract
from the 2 h induction flask. D) The western blot of the soluble extract from the 2 h induction
flask.

The ScFv5E3 pellet from the 2 h induction flask was re-suspended in 10 mL of extraction
buffer I (PBS, with a complete EDTA-free protease inhibitor for a final concentration of 1:50) to
check for the soluble cytosolic ScFv5E3. After sonication, the cell debris was pelleted at 20,000
xg for 30 min. The supernatant lacked a visible amount of ScFv5E3 on a Coomassie stained gel,
which indicated that majority of the ScFv5E3 was not soluble. The supernatant was concentrated
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on a 10 kDa spin column. The Coomassie stained gel of the concentrated supernatant had a thin
band for the soluble ScFv5E3 (Panel C of Figure 4.2). The western blot band for ScFv5E3 seems
to consist of two merged bands (Panel D of Figure 4.2). We believe the two bands were the
ScFv5E3 with and without the PelB tag.

4.3.2.1

Multimerization of ScFv5E3
The multimerization of ScFvs was shown to be concentration-dependent (197). The high

concentration of the concentrated soluble ScFv5E3 (Panel C of Figure 4.2) might have then led to
the formation of multimeric ScFv5E3s. We used three different spin columns to examine whether
ScFv5E3 has formed domain-swapped multimers. The concentrated sample used for the gel
electrophoresis of panel C of Figure 4.2 was first run through a 100 kDa spin column. The flowthrough was then run through a 50 kDa spin column. Finally, the flow-through of the 50 kDa spin
column was run through a 30 kDa spin column. In each column, 250 μL of the sample was left
over. The dot blot of the left-over samples in each column showed that ScFv5E3 was mainly in
tetrameric or larger multimeric forms (Panel A of Figure 4.3). These multimers were not SDSresistant as only monomers were visible on the western blot of the concentrated sample (Panel D
of Figure 4.2).
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Figure 4.3: Examining the multimerization property of ScFv5E3. A) The dot blot of the
concentrated ScFv5E3, used for the panel C of Figure 4.2 which was extracted with the extraction
buffer I, separated based on its size using 100, 50 and 30 kDa spin columns. B) The dot blot of the
tetrameric ScFv5E3 from panel A of this figure diluted in 15 mL of extraction buffer II and again
separated based on its size using 100, 50 and 30 kDa spin columns. The membrane was exposed
longer to allow the dot for the monomers to become visible. C) The dot blot of ScFv5E3 extracted
with the extraction buffer II separated based on its size by 100, 50 and 30 kDa spin columns.

We examined whether the multimeric ScFv5E3 could be disaggregated by dilution. The
250 μL sample with the multimeric ScFv5E3 (Panel A of Figure 4.3) was diluted in 15 mL of the
extraction buffer II (33 mM HEPES, 10 mM Gly-Gly, pH 8), and vortexed for 5 s. The Gly-Gly
in this buffer has a solubilizing effect. We used this buffer in Chapter 3 to partially solubilize
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ScFv5E3 from non-classic inclusion bodies (Figure 3.5). The diluted sample was then run through
a 100 kDa spin column followed by a 50 kDa spin column, and finally a 30 kDa spin column. In
each column, 250 μL of the sample was left over. A dot blot with 2 μL of each left-over sample
was prepared. The monomers (faint dot) and dimers reappeared again after this experiment (Panel
B of Figure 4.3). We had to expose the membrane longer in order for the monomers to become
visible. The continuous presence of multimers could be because of the high concentration of the
sample as a result of using the spin columns to separate monomers, dimers, and other multimers.
The dot for the multimeric ScFv5E3 with a size greater than 100 kDa had a white circle in the
center (Panel B of Figure 4.3). When there was so much protein on the membrane, the
SuperSignalTM West Femto reacted quickly with the proteins and the SuperSignalTM reagents
became brown on the membrane. Because the brown part no longer emitted fluorescence, it
showed up as white on the ChemiDocTM MP Imaging System.
To avoid the multimerization of ScFv5E3, we also tried to extract ScFv5E3 from the cell’s
pellet with the extraction buffer II. Even with this buffer, the ScFv5E3 extract was present in
monomeric, dimeric, and tetrameric or larger multimeric forms (Panel C of Figure 4.3).

4.3.3

Controlled Expression of ScFv5E3
Even though there was an over-expression of ScFv5E3 when cells were induced at A600 of

0.6 and the temperature of 24 ºC in LB (Panel A of Figure 4.2), most of the expressed ScFv5E3
was insoluble (Panel C of Figure 4.2). It is well-known that over-expression of recombinant
proteins leads to formation of inclusion bodies. We therefore tried to control the expression level
of ScFv5E3. A higher soluble expression of ScFv5E3 at the cost of a lower overall expression also
does not overload the periplasmic translocon.
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Low temperatures (198), low concentrations of inducer (199), and short induction times
(200) have proven to increase the solubility of other recombinant proteins. The induction at the
temperature of 20 ºC, and the IPTG concentration of 0.2 mM were used for the soluble expression
of another ScFv (197).
We reduced the induction temperature further down to 20 ºC in a water bath shaker, and
the IPTG concentration down to 0.2 mM. To verify the efficacy of the low concentration of IPTG,
two 15 mL LB cultures in 50 mL FalconTM tubes were induced at A600 of 0.5 and the temperature
of 20 ºC for 3 h. One tube was induced with 0.2 mM IPTG, and the other one with 1 mM IPTG.
There seemed to be a little less ScFv5E3 expressed when the cells were induced with 0.2 mM
IPTG (Panel A of Figure 4.4). The volumes of the whole cell lysates loaded on the 3 h lanes (Panel
A of Figure 4.4) were adjusted with respect to their A600s to allow comparison of the expression
of ScFv5E3 for similar number of cells. We purified the soluble ScFv5E3, extracted with the
extraction buffer I from the expression with 0.2 mM IPTG, on a HisTrapTM column (Panel B of
Figure 4.4). Interestingly, the lower temperature of 20 ºC, and the lower IPTG concentration of
0.2 mM effectively resulted in more soluble ScFv5E3 that was visible on a Coomassie stained gel
(Panel B of Figure 4.4) without the need to be concentrated as before (Panel C of Figure 4.2).
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Figure 4.4: The effect of IPTG concentration on expression level and solubility of ScFv5E3.
A) The Coomassie stained gels of the whole cell lysates of cultures induced with 0.2 and 1 mM
IPTG at 20 ºC for 3 h. B) The Coomassie stained gels of the purified fractions of the ScFv5E3
from the culture induced with 0.2 mM IPTG.

To confirm the positive effect of the low induction time on the soluble expression of
ScFv5E3, we tried our optimized conditions (induction at 20 ºC with 0.2 mM IPTG) for a longer
induction time. We induced a 250 mL LB culture for 17 h. The soluble fraction after 17 h was very
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faint on a Coomassie stained gel. As expected a long induction time led to less soluble ScFv5E3
extract. To find an optimized short induction time for the soluble expression of ScFv5E3, we tried
1-4 h of induction. Two hours of induction seemed to result in the most soluble ScFv5E3 (Figure
4.5). With the increase in induction time more aggregates are left in the wells of the gel.

Figure 4.5: The effect of induction time on solubility of expressed ScFv5E3. The Coomassie
stained gel of the whole cell lysates and the soluble extracts after 1-4 h of induction.
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We examined whether the soluble expression obtained for ScFv5E3 could be reproduced
on a large scale in 250 mL of LB medium. The cells were induced at 20 ºC with 0.2 mM IPTG for
2 h. There was again a similar amount of purified ScFv5E3 visible on Coomassie stained gels
(Panel A of Figure 4.6). The fractions 11 to 30 contained the most ScFv5E3 (Panel B of Figure
4.6). The fractions 12-15 were pooled together by a 10 kDa spin column for a concentration of
104.8 μg/mL and the total volume of 0.5 mL. The pooled fractions 16-35 had a concentration of
153.3 μg/mL and the total volume of 0.5 mL (Panel C of Figure 4.6).
Approximately, 209.6 μg of ScFv5E3 from fractions 12-15 and 306.6 μg of ScFv5E3 from
fractions 16-35 could be obtained from a liter of culture. The appearance of the ScFv5E3 without
the PelB tag on a Coomassie stained gel (Panel C of Figure 4.6) means we might be able to use a
periplasmic extraction protocol to obtain ScFv5E3 from the periplasm.
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Figure 4.6: Soluble expression of ScFv5E3 in 250 mL of LB induced at 20 ºC with 0.2 mM
IPTG for 2 h. A) The Coomassie stained gels of the purified fractions of ScFv5E3 from a
HisTrapTM column. B) The dot blot of all the purified fractions. C) The Coomassie stained gel of
the pooled fractions 12-15 and 16-34.

106

4.3.4

Soluble Expression of ScFv5E3 in Minimal Media
We also tried to express soluble ScFv5E3 in a minimal medium (low osmolarity medium)

to provide an opportunity for resolving the nuclear magnetic resonance (NMR) structure of
ScFv5E3 with the mimotope of m5E3. Under the optimized conditions for the LB medium, we did
not obtain much ScFv5E3 in the IPTG-inducible minimal medium (2 mM MgSO4, 0.1 mM CaCl2,
0.4% Glucose, 1x BME vitamin, 1x trace elements [100x trace elements were composed of 13.4
mM EDTA, 8.1 μM MnCl2.4H2O, 76 μM CuCl2.2H2O, 3.1 mM FeCl2.6H2O, 0.62 mM ZnCl2, and
162 μM H3BO3], 1x M9 salts [5x M9 salts contained 3% Na2HPO4, 1.5% KH2PO4, 0.25% NaCl,
0.5% NH4Cl], and 0.1% thiamine). We therefore tried to optimize the expression of soluble
ScFv5E3 in minimal media.
To the best of our knowledge, the only ScFv grown in a minimal medium was induced at
A600 of 1 (197). We grew our cells in the IPTG-inducible minimal medium at 37 ºC until the A600
of 0.74 was reached. A higher temperature was used for the growth of the cells as they did not
grow well in the minimal medium at lower temperatures. We then moved the culture to a 20 ºC
water bath shaker with the speed of 210 rpm, and the cells were induced with 0.2 mM IPTG. We
did not see much expression of ScFv5E3 for the cells grown in the IPTG-inducible minimal
medium (Panel A of Figure 4.7).
We then tried a different type of minimal media. We started the auto-induced minimal
medium (1x NPS (20x NPS was 1 M Na2HPO4, 1 M KH2PO4, 1 M NH4Cl, and 100 mM Na2SO4),
2 mM MgSO4, 1x trace elements, 0.05% glucose, 0.4% glycerol, 0.01% α-lactose, 1x BME
vitamin, and 0.1% thiamine) from a pre-culture prepared in LB. The auto-induced minimal media
has been designed to automatically induce the cells with lactose at the same time when the cells
grow to saturation (201). The cells from LB were pelleted for 5 min at 1500 xg and were re107

suspended in the auto-induced minimal medium for an initial A600 of 0.3. The cells were again
grown at 37 ºC until A600 of 0.68 was reached. The culture was then moved to a 20 ºC water bath
shaker with the speed of 210 rpm. There was a good expression of ScFv5E3 12 h after A600 of 0.68
(Panel A of Figure 4.7). We tried the extraction buffer III (33 mM HEPES, 10 mM Gly-Gly, and
2 M urea, pH 8) that was used in Chapter 3 to successfully solubilize ScFv5E3 from non-classic
inclusion bodies (Figure 3.6). With this extraction buffer, we could only see thin bands on the
Coomassie stained gel for soluble ScFv5E3 from the auto-induced medium 12, 24 and 30 h after
the A600 of 0.68 (Panel B of Figure 4.7).

Figure 4.7: Optimization of the soluble expression of ScFv5E3 in minimal media. A) The
Coomassie stained gel of the whole cell lysates. B) The Coomassie stained gel of the corresponding
cell extracts at different A600s.
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4.3.4.1

Effect of Extraction Buffer on Solubility of ScFv5E3
The choice of extraction buffer was thought to have a potential impact on the amount of

ScFv5E3 in the extract. We tried to optimize our extraction buffer by examining nineteen different
buffers (Table 4.2). The extraction buffers were chosen to examine the effects of different pH
values, salts, detergents, stabilizers, a denaturant, reducing agents, a protease release control agent
and the concentration of other solubilizers on the soluble extraction of ScFv5E3.
The best buffers for solubilizing/extracting ScFv5E3 were B8 (4 M urea), B17 (8 M urea),
B2 (0.05% β-mercaptoethanol), B5 (6 M urea), and B1 (2 M urea) (Panel A of Figure 4.8). Urea
and β-mercaptoethanol seemed to be the most efficient solubilizers of ScFv5E3 from inclusion
bodies. The β-mercaptoethanol possibly broke the disulfide bonds formed among different ScFvs
and allowed them to become soluble.
Detergents, very basic or acidic pHs, and high concentrations of Gly-Gly and KCl had a
significant negative effect on the extraction of ScFv5E3 as very thin bands of ScFv5E3 were
visible for them when they were added to the extraction buffer B1 (Panel A of Figure 4.8). In fact,
most reagents including glucose and EDTA even at low concentrations interfered with the effect
of urea as a solubilizer (Panel A of Figure 4.8). Although glycerol, SDS, MgCl and high
concentration of NaCl had negative effects on solubilization of ScFv5E3, they were not as severe
as the other additives (Panel A of Figure 4.8).
The majority of the ScFv5E3 extracted with the buffers B2 and B17 was lost after they
were refolded by dialysis. As the yield of soluble ScFv5E3 from the B2 and B17 buffers turned
out to be low after the refolding step, we tried a modified version of the B1 buffer with 3 M urea
and 0.4 M Arg as a folding-assistant (179) to extract ScFv5E3 from a 250 mL of auto-induced
minimal culture prepared with the optimized conditions described in the previous section.
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Although it was reported that there is no need of refolding proteins extracted with 2-3 M urea
(166), the refolding step was performed by reducing the urea concentration gradually when the
ScFv5E3 was bound to a HisTrapTM column. On-column refolding has been performed
successfully in the past for another ScFv (202). The purified fractions from the HisTrapTM column
yielded more than 360 μg of ScFv5E3 per L of culture (Panel B of Figure 4.8). Only fraction 2
(F2) contained 92 μg/mL of ScFv5E3 from a 250 mL culture. The circular dichroism (CD) was
performed on Jasco J-815 with the cell length of 1 mm, scanning speed of 500 nm/min, and data
interval of 0.5 nm. The secondary structure content was a mix of β-strands (46%), random coils
(47%), and helices (7%) as determined by CAPITO (203) online server. The project of purifying
enough ScFv5E3 for structural analysis proved to be very difficult even though we were persistent
in our efforts.
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Table 4.2: The various extraction buffers used to extract ScFv5E3.
Buffer

B2
B3
B4
B5
B6
B7
B8
B9
B10
B11
B12
B13
B14
B15

Ingredients
33 mM HEPES, 10 mM Gly-Gly, 2 M urea, 2
mg/mL lysozyme, (10 mM imidazole, 1 mM
PMSF, 1:50 complete EDTA free protease
inhibitor), pH 8
B1 + 0.05% β-mercaptoethanol
B1 + 10% glycerol
B1 + 150 mM NaCl
B1 + 4 M urea (6 M urea in total)
B1 + 1% Triton X-100
B1 + 1% NP 40
B1 + 2 M urea (4 M urea in total)
B1 + 150 mM KCl
B1 + 5 mM MgCl2
B1 + 1% sodium dodecyl sulfate (SDS)
B1 + 40 mM Gly-Gly
B1 + 25 mM Glucose
B1 + 50 mM Tris pH 9
B1 + 33 mM sodium acetate pH 5

B16

B1 + 1 mM EDTA

B17
B18
B19

B1 + 6 M urea (8 M urea in total)
B1 + 90 mM Gly-Gly
B1 + 190 mM Gly-Gly

B1

Reason to use
Default (Gly-Gly and urea to
solubilize ScFv5E3 from inclusion
bodies, lysozyme to break the outer
membrane of E. coli)
To break disulfide bonds
Stabilizer
Solubilizer
Solubilizer
Solubilizer
Solubilizer
Solubilizer
Solubilizer
Stabilizer
Denaturant
Solubilizer
To reduce protease release
Basic pH to solubilize ScFv5E3
Acidic pH to solubilize ScFv5E3
Chelate metal ions, reduce oxidation
damage
Solubilizer
Solubilizer
Solubilizer
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Figure 4.8: The effect of extraction buffer on solubilization of ScFv5E3 from inclusion bodies.
A) The Coomassie stained gels of ScFv5E3 extracts solubilized with the various extraction buffers
described in Table 4.2. B) The Coomassie stained gel and the western blot of ScFv5E3 solubilized
by the modified extraction buffer B1 with the addition of 0.4 M Arg, and purified on a His-TrapTM
column.

4.4

Discussion
We designed the ScFv5E3 protein by grafting the CDRs of m5E3 onto the similar

framework of ScFv1F9 (157) in the previous chapter. Unfortunately, this led to a low yield of the
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soluble recombinant ScFv5E3. We used various techniques to improve the solubility of ScFv5E3
extract in this chapter. The higher yield of soluble ScFv5E3 would help us to comfortably perform
various binding assays.
The expression of ScFv5E3 was optimized in LB medium. We used LB medium to reach
a higher soluble fraction as LB was not as rich as the three media (2xTY, TB and SB) that we used
in Chapter 3. The optimized conditions for the over-expression of ScFv5E3 in LB were induction
of the cells at A600 of 0.5 with the temperature of 24 ºC for 2 h (Panel A of Figure 4.1). The
majority of ScFv5E3, however, was insoluble. A thin band for the soluble extract was only visible
when the sample was concentrated (Panel C of Figure 4.2).
SDS-resistant multimers of the expressed ScFv5E3 at the optimized conditions were
detected by western blot (Panel B of Figure 4.2). These SDS-resistant multimers were probably
present because of the formation of disulfide bonds among ScFv5E3s. The misformed disulfide
bonds could be the result of excess present of ScFv5E3 upon over-expression. The SDS-resistant
multimers were not visible in the soluble ScFv5E3 extract (Panel D of Figure 4.2). We used spin
columns to determine the possible domain-swaped multimerization of ScFv5E3 in the soluble
extract. Most of the ScFv5E3s extracted with the extraction buffer I were in multimeric forms with
a size greater than 100 kDa (Panel A of Figure 4.3) as the ScFv5E3 sample was initially
concentrated with a 10 kDa spin column to become visible on a Coomassie stained gel (Panel C
of Figure 4.2). After diluting the sample in the extraction buffer II with Gly-Gly as a solubilizer,
and separating the multimers with different spin columns, the monomers and dimers reappeared.
We however had to expose the membrane longer for the monomers to be visible (Panel B of Figure
4.3). The use of extraction buffer II to solubilize and extract ScFv5E3 from the cell’s pellet
resulted in appearance of ScFv5E3 in monomeric, dimeric, and multimeric forms on a dot blot
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without the need to expose the membrane long (Panel C of Figure 4.3). The choice of extraction
buffer and the concentration of the sample affected the ScFv5E3’s multimerization.
To improve the solubility of ScFv5E3 in LB we constrained its expression by lowering the
temperature, the concentration of IPTG, and the induction time. There was less expression of
ScFv5E3 when induction was performed with 0.2 mM than 1 mM IPTG at 20 ºC for 3 h (Panel A
of Figure 4.4), and the purified soluble ScFv5E3 was visible on a Coomassie stained gel without
any concentration (Panel B of Figure 4.4). The optimized induction time for soluble expression of
ScFv5E3 was 2 h (Figure 4.5). With the increase in the induction time, more insoluble aggregates
were visible in the wells of the gel (Figure 4.5). Based on our optimized conditions (induction at
20 ºC with 0.2 mM IPTG for 2 h), 200-500 μg of soluble ScFv5E3 could be obtained from a liter
of LB culture. Although this yield was a good improvement compared to the 48 µg of soluble
ScFv5E3 from a liter of SB culture (Panel C of Figure 3.6), it is not considered a typical yield for
determining the crystal structure of recombinant proteins. This protocol however can be used for
purifying enough ScFv5E3 for optimization of other binding assay studies.
To provide an alternative opportunity to determine the NMR structure of ScFv5E3 bound
to the mimotope of m5E3, we tried to optimize the soluble expression of ScFv5E3 in minimal
media. We used two different types of minimal media. One was IPTG-inducible and the other one
was auto-induced. The optimized conditions for LB led to a low expression of ScFv5E3 in the
IPTG-inducible medium. The induction of the IPTG-inducible medium at the higher A600 of 0.74
and the temperature of 20 ºC and induction time of up to 58 h still resulted in the low expression
of ScFv5E3 (Panel A of Figure 4.7). We then tried the auto-induced minimal medium to allow the
medium itself to initiate the induction at the right density of cells. This induction of all cells at the
same time could allow less formation of aggregates as the cells could be harvested as soon as the
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induction would happen. Excitingly, ScFv5E3 was well expressed in the auto-induced medium up
to 24 h (Panel A of Figure 4.7). We however could only see very thin bands for the corresponding
soluble fractions of ScFv5E3 (Panel B of Figure 4.7).
We tried to optimize the soluble extraction of ScFv5E3 from the auto-induced minimal
medium using nineteen different buffers. The buffers were chosen to examine various reagents
and conditions to solubilize ScFv5E3s such as solubilizers at different concentrations, acidic/basic
conditions, or reducing agents (Table 4.2). Urea and β-mercaptoethanol were the best solubilizers
of ScFv5E3 (Panel A of Figure 4.8). Almost all other additives had a negative effect on the
solubilization properties of urea (Panel A of Figure 4.8). The ScFv5E3 extracted with either high
concentration of urea or β-mercaptoethanol, however, resulted in low yields of ScFv5E3 after the
refolding step. A buffer with a low concentration of urea was chosen as a result. Our best buffer
to solubilize and extract ScFv5E3 from the auto-induced culture was B2 with 3 M urea and 0.4 M
Arg, which yielded more than 360 μg of ScFv5E3 per L of culture (Panel B of Figure 4.8). The
irregular secondary structure in this purified ScFv5E3 was more than expected. Although we were
able to successfully reach a decent yield of soluble ScFv5E3, this yield was only possibly suitable
for an NMR study to determine the residues of ScFv5E3 responsible for binding the mimotope of
m5E3 and not for determining the structure of ScFv5E3 while binding the mimotope. The CDR
residues of m5E3 were already verified in Chapter 3 to be enough for detection of the mimotope.
As the CDRs are short peptides, a small number of residues can be involved in the interaction of
ScFv5E3 and the seven-residue cyclic mimotope. Hence, the NMR experiment to determine the
binding residues of the CDRs was not considered attractive.
We believe the main obstacle for producing mg(s) of soluble ScFv5E3 per liter of culture
was the amino acid composition of the framework of ScFv5E3. The amino acid composition of
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ScFv5E3 with the PelB signal was predicted by SOLpro (195) to be insoluble upon overexpression. The SOLpro server (195) predicted ScFv5E3 to be soluble upon over-expression with
OmpA (54%), PhoA (57%) and malE (53%) periplasmic signals. Therefore, One possible solution
could be the use of expression vectors with other periplasmic signals or weaker promoters such as
Novagen’s pET-39b (DsbC signal), Novagen’s pET-22b (pelB/OmpT signal), pComb3x (OmpA)
(204), pAK400 (PelB signal) (205), 178 (PhoA signal) (206), or pUC119 (PelB signal) (207). A
more profound change should be the use of m5E3’s CDRs on another framework that SOLpro
(195) and possibly other computational methods predict to be soluble with a higher probability
upon over-expression.
Expression systems from other organisms may allow the production of enough soluble
ScFv5E3. In particular, yeast (e.g. Saccharomyces cerevisiae) as a eukaryotic organism has a
highly developed protein folding and transport system and is often used for expression of
recombinant proteins that are not otherwise expressible in E. coli. Insect cell expression systems
(e.g. Spodoptera frugiperda (Sf) 9 and Sf21) may also used to express recombinant proteins as they
have been to fold mammalian proteins properly resulting in much higher expression of difficult
recombinant proteins.
Although mammalian cells such as human embryonal kidney (HEK)293 and Chinese
hamster ovary (CHO) cells are not commonly used for producing high quantities of soluble
recombinant proteins, they would have to be used to prepare ScFv5E3 for any therapeutic purposes
as not all post-translational modifications are available in the other expression systems.
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Chapter 5: Predicted Binding Sites of Amyloid-β Oligomers on CellSurface

Receptors

using

Sequence

Alignments

against

the

Complementarity Determining Regions (CDR) of the monoclonal
amyloid-β oligomer-specific antibody 5E3 (m5E3)

5.1

Introduction
The hypothesis that AβOs are the cause of dementia in AD was developed after synthetic

Aβ1-42 (Aβ42) oligomers (named Aβ-derived diffusible ligands (ADDLs)) were shown to be
neurotoxic in the absence of Aβ fibrils (38). ApoJ was implicated as a chaperone for the formation
of ADDLs. ADDLs were also demonstrated to form at low temperatures or low concentrations.
The toxicity of AβOs has been proposed to be induced upon the interaction of AβOs with
cell-surface receptors (73). The toxicity of ADDLs was specifically shown to be dependent on
cell-surface receptors as the toxicity was abolished by trypsin proteolysis (38). ADDLs have been
used widely as representatives of AβOs in vitro, and hence most of the AβO receptors discovered
are ADDL receptors. Amylospheroids (ASPDs) are synthetic Aβ1-40 (Aβ40) neurotoxic
oligomers prepared by slow rotation of Aβ40 in solution (79), which were shown to fulfill their
toxicity by interacting with targets on the surface of neurons (209). Globulomers are also
neurotoxic AβOs prepared by incubating synthetic Aβ42 with sodium dodecyl sulfate (SDS) or
fatty acids (210). ADDLs, ASPDs and globulomers are the three main types of synthetic AβOs
used for discovering AβO receptors.
One possible therapeutic intervention for AD is to block the interaction of AβOs and their
proposed receptors (the receptors implicated in AβO toxicity are listed in Table 5.1 following Ref.
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(73)). Synthetic antibody mimics—such as antibody fragments, protein scaffolds with loops and
synthetic paratope mimetic peptides—are clear candidates for inhibition of a ligand-receptor
interaction (211). CDR-derived bioactive peptides have already been generated from various
monoclonal antibodies (212,213). The CDR-derived bioactive peptides can also be used to design
de novo single chain antibodies (214). Although efforts have been made to elucidate the molecular
level of the interactions between AβOs and their proposed receptors (215,216), to the best of our
knowledge the approach of discovering and using the binding sites of AβOs using the CDRs of an
AβO-specific antibody has not been utilized.
It is sensible that an antibody raised against a ligand may have a high sequence similarity
with the receptor of that ligand (217,218). The AβOs have been proposed to act as ligands of some
of the cell-surface receptors (73), and hence the antibodies raised against AβOs may display
sequence similarity with the AβO-receptors. More specifically, the most immunologically relevant
regions of AβO-specific antibodies, which are their CDRs, are most likely to share high sequence
similarity with the receptor binding sites of AβOs.
The m5E3 oligomer-specific antibody was raised against an oligomer-specific
conformation of Aβ (82). The CDRs of m5E3 were verified experimentally to be sufficient for
binding to the peptide mimicking its epitope (mimotope) as described in Chapter 3. As the CDRs
are short peptides (7-11 amino acids), a variant of the semi-global alignment algorithm was
developed to determine the sequence similarity of the CDRs of m5E3 and the AβO-receptors.
In this chapter, we first explain the details of the semi-global alignment used to align the
CDRs of m5E3 and the AβO-receptors. The most promising aligned fragments as targets for
therapeutic antibody mimics were ranked based on their scores and E-values. We then provide the
details of the top five sequence alignments of AβO-receptor with the CDRs of m5E3. The sequence
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alignments of the CDRs of m5E3 with the remainder of the AβO-receptors are provided in
Appendix B.

5.2
5.2.1

Materials and Methods
Special Semi-Global Alignment
The full length of the short 7-10-residue-long CDRs (t) of m5E3 are to be aligned with the

long AβO-receptors (s) with 10s of amino acids. No amino acid from the CDRs shall be ignored.
For this purpose, we developed a modified semi-global alignment algorithm based on the
Needleman-Wunsch algorithm (219). The Needleman-Wunsch dynamic programming table (𝑆) is
m by n, where m is the size of a receptor and n is the length of a CDR. We use BLOSUM62 as the
scoring matrix with a linear gap penalty (𝑔) of 4. The table is initialized to 𝑆(0, 𝑗) = −𝑗. 𝑔 and
𝑆(𝑖, 0) = 0. The recurrence relation to update the scores of the 𝑆 table is
𝑆(𝑖 − 1, 𝑗 − 1) + 𝐵𝐿𝑂𝑆𝑈𝑀62(𝑠𝑖 , 𝑡𝑗 ) (𝑚𝑖𝑠)𝑚𝑎𝑡𝑐ℎ
𝑆(𝑖, 𝑗) = 𝑚𝑎𝑥 {𝑆(𝑖 − 1, 𝑗) − 𝑔
𝑔𝑎𝑝 𝑖𝑛 𝐶𝐷𝑅
𝑆(𝑖, 𝑗 − 1) − 𝑔
𝑔𝑎𝑝 𝑖𝑛 𝑟𝑒𝑐𝑒𝑝𝑡𝑜𝑟
where 𝑠𝑖 represent the 𝑖-th amino acid from the receptor and 𝑡𝑗 the 𝑗-th amino acid of the CDR.
The score of each alignment is 𝑚𝑎𝑥𝑖=0:𝑚 𝑆(𝑖, 𝑛). The traceback for finding the best alignment
starts at the maximum(s) of 𝑆(𝑖, 𝑛), and reproduces all the possible alignments with the best score.
According to the definition of BLOSUM matrices, the scores are measured in half-bits, which
means an alignment with a score x is 2𝑥/2 times more likely to be a true alignment than a random
one.
An "E-value" is also developed to measure how many times more likely it is for an
alignment of a CDR to a receptor to be real than occurring by chance somewhere in the receptor.
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With 𝑚 − 𝑛 positions in a receptor (assuming no gaps) for a CDR to be aligned with, the E-value
is calculated as (𝑚 − 𝑛) ∗ 2𝑥/2 . We arbitrarily select a threshold of 500,000 to indicate a relatively
large E-value.
The use of an affine gap penalty (an open gap penalty of 11 and an extension gap penalty
of 1) instead of the linear one for this modified semi-global alignment resulted in alignments with
almost no gaps. We prefer the use of the linear gap penalty to allow multiple separate deletions or
insertions, which increase the possibility of finding therapeutic fragments in receptors. We
implemented this modified semi-global alignment algorithm with the affine and linear gap
penalties using the Perl programming language.

5.2.2

The AβO Receptors
The majority of the receptors proposed to interact with different forms of Aβ were reviewed

by Jarosz-Griffiths et al. (73). All the proposed AβO-receptors in Ref. (73) have been considered
in this work. These proposed AβO-receptors are listed in Table 5.1. The UniProt identifiers for
each of these receptors were retrieved from Ref. (220).

5.2.3

The CDRs of m5E3
We identified the CDRs of m5E3 using the method described in Ref. (127) and verified

them experimentally as described in Chapter 3. The procedure is briefly outlined here. Antibodies
consist of a constant (Fc) and a variable domain (Fv). The Fv region brings specificity to an
antibody and consists of two chains of amino acids. The larger of the two chains is called the heavy
chain and the smaller chain is called the light chain. Six short regions (CDRs) within the Fv
fragment are the most immunologically relevant parts of an antibody and are involved in binding
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of the cognate antigen. The Fv regions are identified based on sequence alignments among
antibodies. Specifically, each CDR is determined based on its residue number and the appearance
of specific patterns of amino acids before and after the CDR (127). In order to use this protocol to
determine the CDRs of m5E3, we first performed a BLAST search to find a framework for the
partially available sequence of m5E3. We then mutated the residues of the framework to the
corresponding residues from m5E3. This model is then used to determine CDRs of m5E3 using
the protocol described in Ref. (127). The resulting CDRs are listed in Table 5.2. We designed a
single chain antibody using the six CDRs of m5E3 and demonstrated that the CDRs are sufficient
to detect the mimotope of m5E3 (Chapter 3).

5.3

Results
The sequence alignments were performed between each of the AβO-receptors (Table 5.1)

and each CDR of m5E3 (Table 5.2). The scores and the corresponding E-values for each of these
alignments are provided in Tables 5.3 and B.1, respectively. The five best alignments
accumulative over all six CDRs are described in detail in the next five subsections. The rest of the
alignments are presented in Appendix B.
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Table 5.1: The proposed AβO receptors (73) along with their lengths and UniProt ids.
Receptor
voltage-dependent P/Q-type
calcium channel sub-unit α-1A
(PQα1A) (221)
N-Methyl-D-aspartate
(NMDA) receptor (222)

UniProt id
O00555

NR1 sub-unit Q05586
NR2A sub-unit Q12879
NR2B sub-unit Q13224
insulin receptor (IR) (223)
P06213
ephrin B2 receptor (EphB2) P29323
(224)
Na+/K+-ATPase
neuron- P13637
specific α3 sub-unit (NaKα3)
(225)
ephrin A4 receptor (EphA4) P54764
(226)
alpha-amino-3-hydroxy-5GluA1 P42261
methyl-4-isoxazolepropionic
GluA2 P42262
acid (AMPA) receptor (227) GluA3 P42263-2
GluA4 P48058
neuroligin-1 (NL-1) (228)
Q8N2Q7
leukocyte immunoglobulin- Q8N423
like receptor B2 (LilrB2)
(229)
frizzled 5 (FZD5) (230)
Q13467
amylin receptor (231)
calcitonin receptor (CTR)
P30988
receptor activity-modifying
protein 3 (RAMP3) O60896
α7 subtype of the nicotinic P36544
acetylcholine receptor (α7nAChR) (232)
apolipoprotein J (apoJ) (233) P10909
75 kDa neurotrophin receptor P08138
(p75NTR) (234)
β2 adrenergic receptor (β2AR) P07550
(235)
IgG Fcγ receptor IIb (FcγR2b) P31994
(236)
apolipoprotein E (apoE) (237) P02649
cellular Prion Protein (PrPC) P04156
(238)
sigma-2 receptor (239)
O00264

Length (m)
2505

938
1464
1484
1382
1055
1013

986
906
883
894
902
840
598

585
508
148
502

449
427
413
310
299
253
195
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Table 5.2: The CDRs of m5E3 AβO-specific antibody.
CDR I
CDR II
CDR III

Heavy chain

Light chain

ASGYIFTSYY
IYPGNVNT
ARMDYEAHY

RASQEISGYLT
AASTQDS
LQYGNYPRT

Table 5.3: The scores for the sequence alignments of the CDRs of m5E3 and various AβOreceptors.
Receptor
NR2A
IR
GluA2
PQα1A
α7-nAChR
GluA3
NR2B
FZD5
EphB2
EphA4
β2AR
NR1
NaKα3
p75NTR
LilrB2
NL-1
FcγR2b
apoJ
CTR
Sigma-2
apoE
PrPC
RAMP3

Light chain
CDR I
CDR II
18
15
26
14
19
15
22
14
22
15
17
15
18
13
16
12
18
13
18
15
20
17
15
15
13
16
19
22
16
15
15
13
18
14
15
19
13
11
14
16
16
11
9
8
11
7

CDR III
22
19
21
19
17
20
17
20
16
16
21
16
17
16
20
21
15
14
16
15
11
13
16

Heavy chain
CDR I
CDR II
33
17
18
22
21
21
22
16
16
22
21
20
22
20
19
20
19
18
14
24
18
16
16
20
21
17
15
13
16
17
16
16
16
14
9
14
16
13
14
10
12
14
13
15
19
9

CDR III
19
21
17
20
19
18
21
22
23
19
14
22
15
14
14
16
10
14
15
14
13
18
9

Total
124
120
114
113
111
111
111
109
107
106
106
104
99
99
98
97
87
85
84
83
77
76
71
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5.3.1

The Alignments of the CDRs of m5E3 and the NMDA Receptor Sub-units
The excess entry of calcium to neurons through AβO-activated NMDA receptors has been

suggested to be associated with the neuronal toxicity present in AD, and has provided an
explanation for the use of the NMDA receptor antagonist memantine as an approved drug for the
treatment of moderate to severe AD (240). AβOs have been shown to directly activate NMDA
receptors containing NR1 and NR2A or NR2B sub-units but favor the NMDA receptors with the
NR2A sub-unit (241). The NR1 and NR2A sub-units of NMDA receptors have also been
implicated by interacting with Aβ as they co-immunoprecipitated with AβOs (242,215) and also
have mediated the Aβ-toxicity (243). AβOs have also been shown to inhibit long-term potentiation
(LTP) by excessive activation of the NMDA receptors containing the NR2B sub-unit (244).
The alignments of the CDRs of m5E3 and the NR1, NR2A, NR2B sub-units of the NMDA
receptor are shown in panels A-C of Figure 5.1, respectively. The best alignments accumulative
over the six CDRs are with the NR2A sub-unit with an overall score of 124 (Table 5.3). This is
the largest accumulative score among all the alignments studied in this work. The average E-value
for these alignments is 23,387,943 (Table B.1), indicating that the alignments are 23,387,943 times
more likely to be true than those randomly occurring elsewhere in the sequence of NR2A. The
CDR1, CDR2, and CDR3 of the light chain of m5E3 are aligned to residues 504-513 of NR2A
with 45% identity, to residues 999-1005 with 42% identity (which increases to 57% if only residues
999-1004 are considered), and to residues 1254-1262 with 60% identity, respectively (Panel B of
Figure 5.1). The CDR1, CDR2, and CDR3 of the heavy chain are aligned to residues 751-761
with 63% identity, to residues 334-342 and to 955-962 with 44% identity, and to residues 110-121
with 33% identity and residues 1219-1228 with 30% identity, respectively (Panel B of Figure 5.1).
The alignments with the CDR2 and CDR3 of the heavy chain are solvent exposed on the three124

dimensional conformation of the binding domain of the NR2A sub-unit (Figure 5.2). The
alignment of the NR2A sub-unit and the CDR3 of m5E3’s light chain is the best of all alignments
of the receptors to this CDR. The score for this alignment is 22 and its E-value is 2,979,840 (Tables
5.3 and B.1). The best alignment with m5E3’s CDR1 of the heavy chain is also with the NR2A
sub-unit of the NMDA receptor. The score for this alignment is 33 (Table 5.3). This alignment
also has a very large E-value of 134,759,482 (Table B.1).
The alignments of the NR1 sub-unit of the NMDA receptor with the CDR2 and CDR3 of
the heavy chain are among the best alignments to these CDRs. CDR3 (the second-best alignment)
is aligned to the residues 467-478 of NR1 with 50% identity (Panel A of Figure 5.1). The score
of this alignment is 22 and its E-value is 1,902,592 (Tables 5.3 and B.1). CDR2 (the fifth-best
alignment) is aligned to residues 380-386 with 62.5% identity (Panel A of Figure 5.1). The
corresponding score and E-value are 20 and 952,320, respectively (Tables 5.3 and B.1). All CDRs
of the heavy chain as well as CDR2 and CDR3 of the light chain of m5E3 are aligned to the
extracellular region of the NR1 sub-unit which includes residues 19-559 and 648-812 (the topology
information is from the corresponding UniProt entry). Interestingly, antibodies raised against the
extracellular domain of NR1 have been shown to inhibit its interaction with AβOs (215). The
alignments of the CDR2 and CDR3 of the light and the heavy chains are also solvent exposed in
the extracellular binding domain of the NR1 sub-unit (Panels A-B of Figure 5.2)
The alignments of the NR2B sub-unit of the NMDA receptor are also among the best
alignments to the CDR1, CDR2, and CDR3 of the heavy chain. CDR1 (the third-best alignment)
is aligned to residues 752-762 with 45% identity (Panel C of Figure 5.1). The score and E-value
of this alignment are 22 and 3,018,752, respectively (Tables 5.3 and B.1). CDR2 (the fifth-best
alignment) is aligned to residues 1377-1383 with 50% identity (Panel C of Figure 5.1). The score
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of this alignment is 20 (Table 5.3) and its E-value is 1,511,424 (Table B.1). CDR3 (the fifth-best
alignment) is aligned to residues 695-705 with 45% identity (Panel C of Figure 5.1), the score of
21 (Table 5.3), and a high E-value of 2,136,028 (Table B.1). Alignments of NR2B with all three
CDRs of the heavy chain are among the five best alignments. The alignments to the heavy chain
CDRs are not however close to the usual extracellular binding site of NR2B (Panel B of Figure
5.2).
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Figure 5.1: The alignments of the CDRs of m5E3 and the NMDA receptor sub-units. The red
vertical bars separate the alignments. The alignments of the light and heavy chains of m5E3 are
labeled with curly brackets on top. The residues with similar biochemical properties are in the
same color. A) The NR1 sub-unit alignments. B) The NR2A sub-unit alignments. C) The NR2B
sub-unit alignments.

Figure 5.2: The locations for the alignments of the CDRs of m5E3 and the NMDA receptor
on the three-dimensional conformation of the receptor (PDB entries 6IRA and 6CNA with
99% identity with NR2A and NR2B sub-units, respectively). A) The positions of the alignments
of the NR2A sub-unit (in silver) to the CDR2 and CDR3 of the heavy chain of m5E3 are shown in
yellow and red colors, respectively. The sites of the alignments of the CDR2 and CDR3 of the
light chain of m5E3 and the CDR2 of the heavy chain of m5E3 to the NR1 sub-unit (in grey) are
128

also shown in cyan, purple, and yellow colors, respectively. B) The locations of the alignments of
the NR2B sub-unit (in silver) to the CDR1 and CDR3 of the light chain of m5E3 are shown in blue
and purple, respectively. The sites of the alignments of the NR1 sub-unit (in grey) to the CDR2
and CDR3 of the light and the heavy chains are shown in cyan, purple, yellow and red colors,
respectively.

5.3.2

Insulin Receptor
The insulin receptor is a trans-membrane receptor and is a member of the family of tyrosine

kinase receptors (245). The expression of the insulin receptor is down-regulated in AD brains along
with impairments in insulin signaling (246). AD-type neurodegeneration has also been seen in a
chemically treated rat for depletion of insulin signaling mechanisms (247). ADDL AβOs have
been suggested to possibly interact with insulin receptors and to lead to redistribution of insulin
receptors from dendrites and inhibition of the insulin receptors tyrosine autophosphorylation
activity (248).
The insulin receptor has the second-best alignment accumulative over all six CDRs of
m5E3 with a score of 120 and an average E-value of 2,984,353 (Tables 5.3 and B.1). The insulin
receptor is also characterized by the best alignment with the CDR1 of the light chain (the score
and E-value are 26 and 11,231,232), the second-best alignment with the CDR2 of the heavy chain
(the score and E-value are 22 and 2,813,952), and the third-best alignment with the CDR3 of the
heavy chain (the score and E-value are 21 and 1,988,316) (Tables 5.3 and B.1). Specifically, the
CDR1, CDR2, and CDR3 of the light chain are aligned to residues 386-396 with 54% identity, to
residues 823-829 with 42% identity, and to residues 500-507 or 916-925 with 44-50% identities,
respectively (Figure 5.3). For the heavy chain, the corresponding alignments are to residues 391129

402 with 41% identity (CDR1), to residues 29-36 with 50% identity (CDR2), and to residues 11811189 with 50% identity (CDR3) (Figure 5.3). All the CDRs except the CDR3 of the heavy chain
are aligned with the extracellular domain of the insulin receptor where it is available on the cell
surface. The alignments however do not map to the insulin binding site (249), which is in line with
the finding that the down-regulation of insulin receptors seen in presence of AβOs (ADDLs) is not
inhibited by insulin through ligand competition (250). The alignments with the CDR1 and CDR3
of the light chain, and the CDR1 and CDR2 of the heavy chain are solvent exposed in the
extracellular binding domain of the receptor (Figure 5.4).

Figure 5.3: The alignments of the CDRs of m5E3 with the insulin receptor (IR).
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Figure 5.4: The locations for the alignments of the CDRs of m5E3 and the insulin receptor
on the three-dimensional conformation of the receptor in dimeric form (PDB entry 6PXV
with 98% sequence identity with the UniProt entry P06213). The alignments with the CDR1
and CDR3 of the light chain, and the CDR1 and CDR2 of the heavy chain are shown in blue,
purple, orange, and yellow colors, respectively.

5.3.3

AMPA Receptor
The AMPA receptor is also a glutamate-activated ionotropic transmembrane receptor in

the vicinity of the NMDA receptor. The AMPA receptors are composed of the GluA1, GluA2,
GluA3 and GluA4 sub-units (251). The binding of the ADDL AβOs to the GluA-containing
AMPA receptors especially with GluA2 leads to the internalization of the AMPA receptors (227),
which may explain the reduced number of AMPA receptors with GluA1 and GluA2/GluA3 subunits in AD (252).
The GluA2 sub-unit of the AMPA receptor has the third-best alignment cumulative over
all six CDRs with a score of 114, and an average E-value of 817,241 (Tables 5.3 and B.1). The
GluA2 sub-unit also has the fourth-best alignment individually with the CDR1 of the light chain
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(with the score of 19 and the E-value of 631,395), the second-best alignment with the CDR3 of
the light chain (with the score of 21 and the E-value of 1,265,687), the third-best alignment with
the CDR1 of the heavy chain (with the score of 21 and the E-value of 1,264,239), and the thirdbest alignment with the CDR2 of the heavy chain (with the score of 21 and the E-value of
1,267,135). The CDR1, CDR2, and CDR3 of the light chain align to the residues 35-46 with 41%
identity, the residues 667-673 with 57% identity (or alternatively the residues 857-863 with 43%
identity), and the residues 27-36 with 40% identity, respectively. The CDR1, CDR2, and CDR3
of the heavy chain align to the residues 82-92 with 41% identity, the residues 178-185 with 50%
identity, and the residues 565-574 with 40% identity, respectively (Panel A of Figure 5.5). The
alignments with the CDR1 and CDR3 of the light chain, and the CDR1 and CDR2 of the heavy
chain are solvent exposed in the three-dimensional conformation of the extracellular binding
domain of the GluA2 sub-unit (Panel A of Figure 5.6).
The GluA3 sub-unit of the AMPA receptor has the third-best alignment with the CDR3 of
the light chain (with the score of 20 and the E-value of 906,240), the third-best alignment with the
CDR1 of the heavy chain (with the score of 21 and the E-value of 1,280,168), and the fourth-best
alignment with the CDR2 of the heavy chain (with the score of 20 and the E-value of 907,264).
The CDR3 of the light chain aligns to the residues 25-33 and 370-379 of GluA3 with 33% and
50% identities, respectively. The CDR1 and CDR2 of the heavy chain align to the residues 95-105
with 41% identity, and the residues 57-64 with 50% identity, respectively (Panel B of Figure 5.5).
The alignments of the CDR2 and CDR3 of the light chain, and the CDR1 and CDR2 of the heavy
chain with the GluA3 sub-unit are partially solvent exposed in the three-dimensional structure of
the extracellular binding domain of the GluA3 sub-unit (Panel B of Figure 5.6).
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Figure 5.5: The alignments of the CDRs of m5E3 and the AMPA receptor. A) The GluA2
sub-unit. B) The GluA3 sub-unit.
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Figure 5.6: The locations for the alignments of the CDRs of m5E3 and the AMPA receptor
on the three-dimensional conformation of the receptor. A) The alignments of the GluA2 subunit (in dimeric form) with the CDR1 and CDR3 of the light chain, and the CDR1 and CDR2 of
the heavy chain are shown in blue, purple, orange, and yellow colors, respectively. (PDB entry
6NJL with 98% sequence identity with the UniPropt entries P42262). B) The alignments of the
CDR2 and CDR3 of the light chain, and the CDR1 and CDR2 of the heavy chain with the GluA3
sub-unit (in silver) are shown in cyan, purple, yellow and orange colors, respectively. The
alignments of the CDR3 of the light chain, and the CDR1 and CDR2 of the heavy chain with the
GluA2 sub-unit (in grey) are shown in purple, orange and yellow colors, respectively (PDB entry
5IDE with 99% sequence identity with the UniPropt entries P42263-2).

5.3.4

Voltage-Dependent P/Q-type Calcium Channel
Aβ42 globulomer oligomers have been shown to modulate the P/Q-type calcium channels

(221). The effect of globulomers on the P/Q-type calcium channels was shown to be specifically
through the pore-forming α-1A sub-unit of the channel (221).
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The α-1A sub-unit protein of the P/Q-type calcium channels has the fourth-best alignment
over all six CDRs (with a cumulative score of 113 and an average E-value of 2,942,555). The
CDR1, CDR2 and CDR3 of the light chain align to the residues 384-394 of the α-1A sub-unit with
27% identity, the residues 2006-2014 with 55% identity, and the residues 699-704 with 55%
identity, respectively. The CDR1, CDR2 and CDR3 of the heavy chain align to the residues 685694 of the α-1A sub-unit with 30% identity, the residues 247-254 and 1930-1936 with 37%
identities (or the residues 1713-1719 with 25% identity), and the residues 2072-2082 with 41%
identity, respectively (Figure 5.7). The α-1A sub-unit has the second-best alignment individually
with the CDR1 of the light and heavy chains with the score of 22 and the E-values of 7,233,395
and 5,109,760, respectively (Tables 5.3 and B.1). There is no published structure with high
sequence similarity to the P/Q-type calcium channel to determine the location of these alignments
within the three-dimensional conformation of the channel.

Figure 5.7: The alignments of the CDRs of m5E3 and the α-1A sub-unit of the P/Q-type
calcium channel (PQα1A).
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5.3.5

The α7 Subtype of the Nicotinic Acetylcholine Receptor
A possible contributing cause of AD is considered to be the change in expression and

function of nicotinic acetylcholine receptors as a result of the presence of AβOs (232). A
significant body of evidence also have indicated a direct interaction between AβOs and α7
nicotinic acetylcholine receptors (232). There is however no experimental structure on the exact
mode of binding between AβOs and the α7 nicotinic acetylcholine receptor.
The α7 nicotinic acetylcholine receptor has the fifth-best alignment accumulative over all
six CDRs with the score of 111 and the average E-value of 461,381 (Tables 5.3 and B.1). The
CDR1, CDR2 and CDR3 of the light chain align with residues 181-192 with 41% identity, residues
411-418 with 50% identity, and residues 21-28 with 44% identity (or residues 87-99 with 38%
identity), respectively. The CDR1, CDR2 and CDR3 of the heavy chain align to residues 142-151
with 45% identity (or residues 187-196 with 40% identity), residues 93-99 with 62% identity, and
residues 78-86 with 33% identity, respectively (Figure 5.8). The α7 nicotinic acetylcholine
receptor also has the second-best alignments individually with the CDR1 of the light chain and the
CDR2 of the heavy chain with the score of 22 and the E-values of 1,005,568 and 1,011,712,
respectively (Tables 5.3 and B.1).
Interestingly, the CDR3 of the light chain and the CDR2 of the heavy chain align to the
H85-V99 fragment of the α7 nicotinic acetylcholine receptor, and the CDR1s of the light and the
heavy chains align to the loop G region (Q185-G191) of the α7 nicotinic acetylcholine receptor,
which were predicted computationally to be the binding sites of Aβ fragments (216). The
alignments with the CDR1 and CDR2 of the light chain, and the CDR1, CDR2 and CDR3 of the
heavy chain are solvent exposed in the three-dimensional conformation of an acetylcholine binding
protein with sequence identity in these five aligned regions (Figure 5.9).
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Figure 5.8: The alignments of the CDRs of m5E3 and the α7 nicotinic acetylcholine receptor
(α7nAChR).

Figure 5.9: The locations for the alignments of the CDRs of m5E3 and the α7 nicotinic
acetylcholine receptor on the three-dimensional conformation of an acetylcholine binding
protein in pentameric form (PDB entry 5OUG with 67% sequence identity with the UniProt
entry P36544). The regions aligned with the CDR1 and CDR3 of the light chain, and the CDR1,
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CDR2 and CDR3 of the heavy chain are highlighted in blue, purple, orange, yellow, and red colors,
respectively.

5.4

Negative Controls
It is a non-trivial task to identify a protein as an appropriate negative control in which no

partial sequence of it can possibly interact with AβOs. The probability of finding a random high
score alignment between a CDR of m5E3 and an arbitrary sequence depends on the length of the
sequence. The longest AβO receptor considered in this work (P/Q-type calcium channel) is 2,505amino acid long (Table 5.1). We used hemoglobin and hemoglobin-haptoglobin-binding protein
A from the dinoflagellate organism (UniProt entry A0A1Q9EQI1) with 3,249 amino acids as a
negative control. The alignments of the CDRs of m5E3 and this negative control proved to be of
low quality (Figure 5.10).

Figure 5.10: The alignments of the CDRs of m5E3 and the negative controls. The
alignments with the hemoglobin and hemoglobin-haptoglobin-binding protein A (HPGA).
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5.5

Discussion
AβOs are known to be the most neurotoxic agents in AD. One way that this neurotoxicity

is proposed to be induced is through the direct binding of AβOs to cell-surface receptors (38).
Therapeutic inhibition or activation of these receptors, however, could interfere with the normal
function of downstream signaling pathways (253). One of the most promising approaches to
neutralize the toxic effect of AβOs through cell-surface receptors has been the application of AβOspecific antibodies (82,90). In this chapter we specifically examined whether CDRs of the AβOspecific antibody 5E3 (82), by virtue of binding AβOs, might possess sequence similarities with
AβO-binding regions of receptors. These alignments may also implicate specific AβO binding
sequences on cell-surface receptors.
The six aligned fragments from each receptor to the CDRs of m5E3 may also assist in
refining the CDRs of the framework antibodies to design de novo AβO-specific antibodies with
higher affinities. We used a similar approach to design a single chain antibody using the CDRs of
the monoclonal 5E3 antibody as described in Chapter 3. De novo nanobodies (single-domain
antibodies) can be designed if the aligned fragments are of high quality. The aligned fragments
can also be used individually to bind to AβOs and block their further interaction with receptors.
We described high quality alignments of top five receptors to the CDRs of m5E3 (Figures
5.1, 5.3, 5.5, 5.7, and 5.8), and listed the alignments of the CDRs to the rest of the AβO-receptors
in Appendix B. Some of the alignments reported in this chapter (including the ones in Appendix
B) were within the regions that were previously predicted to be the binding sites of the Aβ peptides.
The alignments of the NR1 sub-unit of the NMDA receptor with most of the CDRs of m5E3 were
within its extracellular domain that has been proposed to be the binding site of AβOs (215). The
loop G region of the α7 nicotinic acetylcholine receptor and its H85-V99 region, which were
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predicted to be the binding sites for Aβ fragments (216), also aligned to various CDRs of m5E3.
We also realized many of the predicted binding sites are solvent exposed in the resolved structures
of proteins with sequence identities to the binding sites of the NMDA, insulin, AMPA, and
acetylcholine receptors (Figures 5.2, 5.4, 5.6, and 5.9). This could be true for the other predictions
provided in Appendix B.
There are other proposed AβO-receptors such as various pattern recognition receptors
(257), calcineurin phosphatase (258), and calcium-sensing receptors (259). The binding sites of
AβOs on these receptors may also be determined by performing sequence alignments with the
CDRs of m5E3. There are also many other AβO-specific antibodies (90,152,85,149), which can
be used instead of the m5E3 AβO-specific antibody for determining the binding sites of AβOs on
cell surface receptors. Overlaps among the predicted binding sites may then increase the
confidence in the discovered binding sites.
No new drug has been approved for AD in this century, which indicates the necessity for
generating new ideas and approaches in this field. Our rational drug design approach may prove
productive in discovering a therapeutic treatment for AD. The m5E3 AβO-specific antibody itself
may also prove successful in inhibiting the binding of AβOs to the AβO-receptors with high
sequence similarity.
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Chapter 6: Conclusion
Our work in this thesis was aimed at understanding the molecular interaction of AβOs with
the monoclonal AβO-specific antibody 5E3, and to predict their binding sites on AβO-receptors.
A molecular model for the oligomer-specific antibody m5E3 (Fv5E3) was developed (Figure 2.1)
and used to predict the molecular details of interactions between m5E3 and its Aβ cognates
(Figures 2.3, 2.4, and 2.5). The Aβ aggregates were classified as Fv5E3-positives and possibly
Fv5E3-negatives (Table A.1). It was demonstrated that the initial detection of the Aβ aggregates
by Fv5E3 was through the electrostatic attractions (Figure A.3). The epitope residues further
stabilized the interaction between the Fv5E3 and the Aβ aggregates by forming high occupancy
hydrogen bonds, ionic, hydrophobic, and cation-π interactions (Tables A.2, A.3, A.4, A.5, A.6,
and A.7). The sharpness of the turn at the epitope residues, sufficient distance between adjacent
Aβ peptides or the presence of small number of closely packed adjacent epitopes, and a solventexposed K28 were the three common characteristics among the m5E3 cognates. Residues R50,
R66 and K59 of the m5E3 antibody interacted only with the models of the Aβ fibrils or the crossβ sub-units, and site-directed mutagenesis of these residues may result in better oligomer-specific
antibodies.
The CDRs of m5E3 were verified experimentally to be sufficient for detection of the
mimotope of m5E3. The CDR3 of the heavy chain of Fv5E3 was found to be critical for
recognizing AβOs in silico. The heavy chain CDR3 along with the Pittsburgh compound B (PiB)
ligand may be used as imaging ligands for early or preclinical detection of AD. This could be used
to distinguish AD patients from patients with other dementing syndromes, or to study the
effectiveness of AD drugs. Although the PiB ligand has been used to detect individuals at high
risk of developing AD, it has a 30% false positive rate (270). The period of time between the initial
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deposition of Aβ plaques to the point at which Aβ plaques can be seen in individuals with mild
cognitive impairment is about 15 years (270). As AβOs (which are the constituents of plaques)
should appear much earlier than fibrils, the heavy chain CDR3 of the m5E3 AβO-specific antibody
and other AβO-specific antibodies may be used as biomarkers for early detection of AD. A single
chain variable fragment of the monoclonal 5E3 oligomer-specific antibody (ScFv5E3) was
successfully prepared. ScFv5E3 was used to verify the predicted CDRs of m5E3.
The ScFv5E3 antibody detected the cyclic mimotope of m5E3 both on a dot blot and on
an SPR system (Figures 3.9 and 3.10). This work provides us with an important tool for studying
the biology and structure of m5E3. ScFv5E3 was, however, largely insoluble upon overexpression. We, therefore, limited the expression of ScFv5E3 in LB to avoid over-expression. We
were able to improve the soluble expression of ScFv5E3. The 200-500 µg/L of soluble ScFv5E3
in LB culture will allow our lab to comfortably produce enough ScFv5E3 for various binding
assays (Figure 4.6). This yield however was not sufficient for determining the co-crystal structure
of ScFv5E3 and the mimotope of m5E3. We were also able to reach a good yield of more than 360
µg of soluble ScFv5E3 per L of the auto-induced minimal medium (Panel B of Figure 4.8). The
yield again was not suitable for determining the NMR structure of ScFv5E3 with the mimotope of
m5E3. Future work should use a different periplasmic tag or a different ScFv framework with an
amino acid composition less likely to form inclusion bodies upon over-expression.
The main obstacle in determining the NMR or X-ray crystal structures of AβOs bound to
ScFv5E3 was the transient nature of AβOs. This difficulty has also impeded the preparation of the
co-crystals of AβOs and another monoclonal AβO-specific antibody in the past (163).
The decision to generate a single chain variable fragment of a monoclonal oligomerspecific antibody was done for a number of reasons, including the hope that it would yield higher
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levels of expression, that it would be used for structure determination (via NMR), that it would
improve the ease of handling and that the antibody could pass through the blood-brain barrier.
Indeed, it is well known that only 0.1% of full-length monoclonal antibodies can cross the bloodbrain barrier (1). However, the most important reason for developing a single chain variant of
m5E3 was the realization that single chain variable fragment would lack the microglia-activating
Fc portion found in all monoclonal antibodies. The ARIA-E imaging abnormalities seen in some
failed anti-Aβ antibody clinical trials is largely proposed to be the result of inflammation responses
from activated microglia.
In addition to the cloning and characterization of a single chain Fv of m5E3, the other aim
of this thesis was to determine the binding sites of AβOs on cell-surface receptors. There is a
significant body of data on AβO-specific antibodies (90,152,85,149) and the AβO-receptors (73).
We used this data to predict the binding sites of AβOs on the cell-surface receptors. We proposed
various binding sites according to the sequence alignments of AβO-receptors and the CDRs of the
m5E3 AβO-specific antibody (Figures 5.1, 5.3, 5.5, 5.7, 5.8, B.1, B.2, B.3, B.4, B.5, B.6, B.7,
B.8, B.9, B.10, B.11, B.12, B.13, and B.14). Many of the proposed binding sites were shown to be
within the previously predicted binding sites (215,216), and also were solvent exposed in the threedimensional conformations of the receptors (Figure 5.2, 5.4, 5.6, 5.9). The predicted binding sites
of AβOs can be used to design therapeutic de novo antibodies, or short peptides to block the
deleterious interaction of AβOs and cell-surface receptors. The high quality sequence alignments
among the CDRs of m5E3 and the NR2A sub-unit of the NMDA receptor, the insulin receptor, the
GluA2 sub-unit of the AMPA receptor, the P/Q-type calcium channel, and the α7 nicotinic
acetylcholine receptor suggest a possible therapeutic role for m5E3 itself for blocking the
interaction of AβOs with these receptors.
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The absence of a three-dimensional structure for AβOs in the presence of their receptors is
one of the main obstacles in developing effective AD drugs (1). Our work might be considered an
initial step towards determining the binding sites of AβOs on their receptors. A different approach
for ab initio discovery of potential AβO-receptors is to generalize our sequence alignment
algorithm so that it may take a database of receptors as input rather than a single specific receptor
as input.
Our approach described in this thesis may be applied to other AβO-specific antibodies to
help gain a better understanding of AβO interactions mechanism. We expect an interaction (if any)
directed to the end of Aβ fibrils may also work for other AβO-specific antibodies. The exact AβO
epitopes detected by other AβO-specific antibodies, however, could be different than the one
specific to m5E3. For example, the A11 oligomer specific antibody is thought to detect the edge
of β-sheets (271). Various cytotoxic AβOs may be present in vivo and hence multiple AβO-specific
antibodies might be combined to create a more effective AD drug.
Another interesting area of research to pursue in the future is the comparison of CDRs
across the various AβO-specific antibodies.

Such a comparison may shed light on the

commonalities and differences of the AβO detection mechanism used by these antibodies. The
molecular interaction of an AβO-specific antibody with its cognate ligands is rarely studied. The
binding sites of AβOs on their corresponding receptors are also not commonly known. This work
and future works in this direction should provide an opportunity to design new antibody-based
therapies for AD.
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Appendices
Appendix A Additional Materials for Chapter 2
Supplementary Figures

Figure A.1: Structural models of AβOs in cartoon representation. The K28 residue is shown
in both the solvent-accessible surface and stick representations. A) Trimer by Kreutzer et al.
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(98) B) Tetramer by Streltsov et al. (99) C) Octadecamer by Gu et al. (100) D) Hexamer by
Shafrir et al. (101) E) Hexamer by Laganowsky et al. (102) F) Dodecamer by Gallion. (103).

Figure A.2: Structural models of the Aβ fibrils and cross-β sub-units in cartoon
representation. The K28 residue is shown in both solvent-exposed surface and stick
representations. A) Three-fold symmetry model of Aβ fibrils by Lu et al. (92) B) Two-fold
symmetry model of Aβ fibrils by Petkova et al. (93) C) Two-fold symmetry zipper-like model of

181

Aβ dimers in fibrils by Schmidt et al. (94) D) Cross-β sub-unit by Lührs et al. (104) E) Cross-β
sub-unit by Xiao et al. (105) F) Model of Aβ fibrils by Wälti et al. (95).

Figure A.3: Field lines and the projection of the electrostatic potential to the solvent-exposed
surface of Fv5E3. Blue and red colors represent positive and negative values of the electrostatic
potential, respectively. The settings of VMD (117) for the intensities of electrostatic fields
(FieldLines) of this image are Color Scale Data Range of (-10, 10), GradientMag of 8.31, Min
Length of 1, and Max Length of 200.6.
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Supplementary Tables
The summary of the various Aβ aggregates properties are provided in Table A.1. The
residues participating in different types interactions between m5E3 and its cognates are listed in
Tables A.1, A.2, A.3, A.4, A.5, A.6, A.7, A.8, A.9, A.10, A.11, A.13, A.14, A.15, A.16, A.17,
A.18, A.19, A.20, A.21, A.22, A.23, A.24, A.25.
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Table A.1: The summary of various features of Aβ aggregates.

2
7
1
2
1
8

-828.69
(-0.76)
-375.60
(-0.97)
-460.63
(-0.6)

Aβ26-40
Aβ18-41
Aβ40
Aβ40
Aβ42

6

5.5

-

0

solvent-exposed

1

-41.56

Yes

G25-C29

6.6

30.15

2

solvent-exposed

3

-31

Yes

G25-I31

11.66

6.54

1

2

-

Yes

G25G29
G25G29
-

7.8

6

-

-

Most likely no

7.3

9.87 and
12.08
6.17

2

solvent-exposed
in some chains
solvent-exposed
in the last layer
solvent-exposed

1

-30.46

Yes

9.47

13.29

2

solvent-exposed

-

-

Most likely No

G25-I31

11.51

16.75 and
23.38

3

1

-25.18

G25G29
E22-A30

10-12

multiples
of 4.8
multiples
of 7.47
multiples
of 4.7

many

partially
solvent-exposed
in some chains
burried

2

-

many

burried

2

-8.59

many

partially
solvent-exposed

2

-48.95

Yes if the proposed Ntermini residues are
flexible
Maybe to the end of
fibril
Maybe to the end of
fibril
Maybe to the end of
fibril

G25G29

9.7613.28
15.04
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Fv5E3-positive?

4
0
3
2
4
2

Aβ42

1
6
6

Binding free energy
(kcal/mol)

1
2

Aβ42

4

Stoichiometry

3

C1-C7

K28 direction

2
1
2
4
4
2
4
2
1
5
2
3

Number of adjacent K28

OrnithineAβ17-36
Aβ18-41

-150.59
(-21.51)
-206.45
(-3.27)
-247.37
(-2.51)
-596.59
(-0.88)
-416.88
(-1.65)
-212.33
(-2.35)
-396.42
(-1.43)

Distance of adjacent K28
residues (Å)

1

Distance of G25 to G29 (Å)

7

Turn's residues

Number of chains

Rosetta score (normalized
to the number of residues)

Size (number of residues

Lu et al.
model
Petkova et
al. model
Schmidt et
al. model

in each chain of the model)

Kreutzer et
al. model
Streltsov et
al. model
Gu et al.
model
Shafrir et al.
model
Laganowsky
et al. model
Gallion
model

CGSNKGC

Sequence

Model
cSNK

Lührs et al.
model

Aβ42

2
6

5

Xiao et al.
model

Aβ42

3
2

1
1

-237.08
(-2.1)
-496.69
(-1.41)

S26-I31

12.56

4.8, 9.6

2, 2

F20-A30

13.4

4.8, 9.6

2, 2

buried except
for the leading
chain
solvent-exposed

1

-34.28

Yes

-

-

Most likely No
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Table A.2: The residues forming hydrogen bonds between Fv5E3 and cSNK. The word "main"
stands for main chain. The word "side" stands for side chain. Occupancy is the fraction of time
during the MD simulation that these interactions exist.
cSNK residue

Fv5E3 residue

Fv5E3 chain

K5-Side
G6-Main
G6-Main
G6-Main
K5-Side
K5-Side
G6-Main
G6-Main

D100-Main
Y94-Side
Y33-Side
R96-Side
M99-Main
E102-Side
G92-Main
D100-Side

heavy
light
heavy
light
heavy
heavy
light
heavy

Fv5E3 residue
position
CDR3
CDR3
CDR1
CDR3
CDR3
CDR3
CDR3
CDR3

Occupancy
4.69%
5.20%
23.67%
28.82%
62.84%
66.38%
70.04%
97.60%

Table A.3: The residues participating in ionic and cation-π interactions between Fv5E3 and
the cSNK mimotope.
cSNK

Fv5E3
residue

Fv5E3
chain

K5
K5
K5

D100
E102
Y32

heavy
heavy
heavy

Fv5E3
residue
position
CDR3
CDR3
CDR1

Type

Occupancy

ionic
ionic
cation-π

11.86%
82.06%
30.83%
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Table A.4: The residues forming hydrogen bonds between Fv5E3, and the experimental
models of AβOs.
The
oligomer
residue
G25-Main
N27-Side
N27-Side
K28-Side
E22-Side
G33-Main
Trimer by
D23-Side
Kreutzer et K28-Side
al.
E22-Side
I31-Main
E22-Side
G33-Main
K28-Side
N27-Main
S26-Side
K28-Main
D23-Side
S26-Side
E22-Side
Octadecamer S26-Side
by Gu et al. S26-Side
D23-Side
N27-Main
V18-Main
N27-Main
N27-Side
N27-Side
K28-Side
S26-Side
N27-Main
S26-Main
N27-Main
Tetramer by N27-Side
Streltsov et N27-Side
al.
S26-Side
N27-Side
N27-Side

The
Fv5E3
Fv5E3
oligomer residue
chain
chain
B
R96-Side
light
B
D100-Side
heavy
B
S31-Main
heavy
B
D100-Main heavy
A
S56-Side
light
B
Y49-Side
light
B
Y49-Side
light
B
M99-Main
heavy
A
G57-Main
light
B
S56-Main
light
A
K60-Side
light
B
Q54-Main
light
B
E102-Side
heavy
B
R96-Side
light
D
Y49-Side
light
B
R96-Side
light
D
T53-Side
light
B
Y32-Side
heavy
D
Y49-Side
light
D
R46-Side
light
D
D55-Side
light
D
Y32-Side
light
B
M99-Side
heavy
B
S31-Side
heavy
B
Y32-Side
heavy
B
D100-Side
heavy
B
E102-Side
heavy
D
E102-Side
heavy
P
Y33-Side
heavy
B
S31-Side
heavy
F
R96-Side
light
P
Q27-Side
light
P
Y94-Main
light
P
N93-Side
light
F
D100-Side
heavy
P
N93-Side
light
P
P95-Main
light

Fv5E3
residue
position
CDR3
CDR3
CDR1
CDR3
framework
framework
framework
CDR3
framework
framework
framework
framework
CDR3
CDR3
framework
CDR3
framework
CDR1
framework
framework
framework
CDR1
CDR3
CDR1
CDR1
CDR3
CDR3
CDR3
CDR1
CDR1
CDR3
CDR1
CDR3
CDR3
CDR3
CDR3
CDR3

Occupancy

10.30%
11.48%
16.27%
17.86%
24.50%
29.25%
33.58%
36.80%
36.51%
40.80%
44.04%
58.89%
79.42%
2.72%
3.83%
3.87%
4.34%
7.72%
8.99%
15.28%
15.49%
18.19%
19.85%
44.43%
92.94%
94.57%
96.02%
99.50%
10.53%
11.52%
13.46%
13.53%
15.82%
16.46%
18.99%
20.42%
20.60%
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S26-Side
N27-Main

F
P

R96-Side
Y94-Main

light
light

CDR3
CDR3

25.86%
37.18%
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Table A.5: The residues participating in hydrophobic, ionic, and aromatic-aromatic
interactions between Fv5E3, and the experimental models of AβOs.

Trimer by
Kreutzer et al.

Octadecamer
by Gu et al.

Tetramer by
Streltsov et al.

The
oligomer
residue
I32
D23
E22
K28
V24
V24
F19
V24
F19
K28
F19

The
oligomer
chain
B
B
A
B
D
D
B
D
B
D
B

Fv5E3
residue
Y49
R46
K60
E102
Y32
Y91
Y94
A50
Y32
E102
Y32

Fv5E3 Fv5E3
chain
residue
position
light
framework
light
framework
light
framework
heavy
CDR3
light
CDR1
light
CDR3
light
CDR3
light
CDR2
heavy
CDR1
heavy
CDR3
heavy
CDR1

F19

B

Y94

light

CDR3

V24
V24

R
F

A50
Y94

light
light

CDR2
CDR3

Type

Occupancy

hydrophobic
ionic
ionic
ionic
hydrophobic
hydrophobic
hydrophobic
hydrophobic
hydrophobic
ionic
aromaticaromatic
aromaticaromatic
hydrophobic
hydrophobic

46.51%
10.92%
45.56%
87%
33.15%
44.58%
64.14%
71.24%
74.53%
99.88%
44.42%
56.36%
7.19%
30.47%
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Table A.6: The residues forming hydrogen bonds between Fv5E3, and the computational
and theoretical models of AβOs.
The
oligomer
residue
Y27-Side
A30-Main
G29-Main
K28-Side
N27-Main
A2-Main
N27-Side
K28-Main
K28-Main
Hexamer by D1-Main
Shafrir et
N27-Main
al.
K28-Side
G29-Main
N27-Main
A30-Main
N27-Main
K28-Side
D1-Side
I31-Main
M35-Main
K28-Side
N27-Side
L34-Main
G38-Main
Hexamer by K28-Side
Laganowsky V40-Main
et al.
K28-Main
M35-Main
V39-Main
V40-Side
G33-Main
V24-Main
K28-Side
A30-Main
I31-Main
K28-Main
A30-Main

The
oligomer
chain
A
B
B
A
D
D
F
A
F
D
B
D
F
D
D
D
B
B
D
F
B
D
C
E
D
A
D
F
A
F
C
U
U
D
D
D
D

Fv5E3
residue

Fv5E3
chain

D1-Side
Y32-Side
Y91-Side
Y27-Main
N55-Side
N55-Side
E28-Main
S31-Side
Q27-Side
N77-Side
R96-Side
Y94-Main
Y94-Main
N57-Side
S31-Side
Y33-Side
E102-Side
R46-Side
Y32-Side
Y91-Side
E102-Side
E28-Side
G92-Main
S31-Side
E28-Side
S30-Main
S30-Side
Y32-Side
S30-Side
R98-Side
Y32-Side
R46-Side
S56-Side
G26-Main
G26-Main
I28-Main
I28-Main

light
light
light
heavy
heavy
heavy
light
heavy
light
heavy
light
light
light
heavy
heavy
heavy
heavy
light
light
light
heavy
light
light
heavy
light
light
light
heavy
light
heavy
light
light
light
heavy
heavy
heavy
heavy

Fv5E3
residue
position
framework
CDR1
CDR3
CDR1
CDR2
CDR2
CDR1
CDR1
CDR1
framework
CDR3
CDR3
CDR3
CDR2
CDR1
CDR1
CDR3
framework
CDR1
CDR3
CDR3
CDR1
CDR3
CDR1
CDR1
CDR1
CDR1
CDR1
CDR1
CDR3
CDR1
framework
framework
CDR1
CDR1
CDR1
CDR1

Occupancy
7.05%
7.35%
7.95%
8.77%
11.60%
14.44%
15.08%
17.62%
18.44%
18.52%
20.84%
25.78%
27.98%
30.43%
30.98%
41.21%
86.12%
95.40%
10.61%
12.91%
14.46%
15.50%
17.87%
20.36%
20.70%
22.50%
22.89%
23.57%
27.09%
28.37%
42.06%
13.079%
13.58%
13.87%
16.87%
20.52%
21.95%
190

Dodecamer
by Gallion

N27-Main
K28-Side
F20-Main
S26-Side
K28-Side
V18-Main
S26-Side
I32-Main
G33-Main
D23-Side
E22-Side

D
U
D
U
U
D
U
D
D
U
D

S31-Side
S56-Main
Y32-Side
R46-Side
D55-Side
E102-Side
D55-Side
G26-Main
G26-Main
R46-Side
R96-Side

heavy
light
heavy
light
light
heavy
light
heavy
heavy
light
light

CDR1
framework
CDR1
framework
framework
CDR3
framework
CDR1
CDR1
framework
CDR3

23.32%
25.53%
27.33%
30.01%
36.00%
50.61%
52.05%
53.35%
54.93%
81.46%
85.02%
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Table A.7: The residues participating in hydrophobic, ionic and cation-π interactions
between Fv5E3, and the computational and theoretical models of AβOs.
The
oligomer
residue
I32
A2
A30
I31
Hexamer by A30
Shafrir et
I31
al.
A30
I31
E3
K28
K28
V40
V40
V36
V40
L34
V40
Hexamer by V36
Laganowsky V39
et al.
A30
L34
L34
V40
L34
F19
F19
I32
F19
V18
Dodecamer A21
by Gallion V40
I31
K28
E22
D23
F19

The
oligomer
chain
B
B
B
B
F
B
E
G
B
B
A
E
F
G
F
D
F
G
F
B
G
G
F
D
U
U
D
U
D
U
D
D
U
D
U
U

Fv5E3
residue
Y32
Y49
Y49
Y32
I29
Y91
Y52
Y94
K60
E102
Y32
I28
Y52
M99
P53
A51
Y33
Y32
F29
Y94
Y32
Y91
F29
Y32
Y91
I29
I28
Y32
M99
Y91
Y27
Y27
D55
R96
R46
Y91

Fv5E3 Fv5E3
chain residue
position
light
CDR1
light
framework
light
framework
light
CDR1
light
CDR1
light
CDR3
heavy CDR2
light
CDR3
light
framework
heavy CDR3
heavy CDR1
heavy CDR1
heavy CDR2
heavy CDR3
heavy CDR2
light
CDR2
heavy CDR1
heavy CDR1
heavy CDR1
light
CDR3
heavy CDR1
light
CDR3
heavy CDR1
light
CDR1
light
CDR3
light
CDR1
heavy CDR1
light
CDR1
heavy CDR3
light
CDR3
heavy CDR1
heavy CDR1
light
framework
light
CDR3
light
framework
light
CDR3

Type

Occupancy

hydrophobic
hydrophobic
hydrophobic
hydrophobic
hydrophobic
hydrophobic
hydrophobic
hydrophobic
ionic
ionic
cation-π
hydrophobic
hydrophobic
hydrophobic
hydrophobic
hydrophobic
hydrophobic
hydrophobic
hydrophobic
hydrophobic
hydrophobic
hydrophobic
hydrophobic
hydrophobic
hydrophobic
hydrophobic
hydrophobic
hydrophobic
hydrophobic
hydrophobic
hydrophobic
hydrophobic
ionic
ionic
ionic
aromaticaromatic

4.38%
7.27%
11.30%
11.36%
12.70%
28.01%
78.07%
89.13%
3.61%
95.57%
6.98%
3.22%
3.4%
5.27%
6.75%
8.01%
12.28%
12.73%
13.69%
21.35%
23.57%
24.61%
25.41%
41.93%
10.22%
11.53%
14.55%
27.93%
28.85%
39.82%
43.13%
54.35%
45.02%
85.7%
90.54%
37.91%
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Table A.8: The residues forming hydrogen bonds between Fv5E3 and the models of Aβ
fibrils.
The fibril
residue

The fibril by
Lu et al.

The fibril by
Petkova et
al.

D23-Side
R5-Side
V40-Side
D23-Side
V40-Side
Q15-Side

The
fibril
chain
V
V
V
V
V
V

R5-Main
E22-Side
H14-Main
D7-Side
M35-Main
D7-Side
K16-Main

V
V
V
V
V
V
V

E22-Side
E11-Side
E11-Side
D23-Side
D23-Side
D23-Main
K16-Side
N27-Side
G19-Main
Q15-Main
E11-Side
S26-Main
V40-Side
Y10-Side

V
V
V
V
V
N
E
N
E
E
E
N
E
N

F19-Main

N

E11-Side
Y10-Side

N
E

G9-Main
E22-Side

N
E

Fv5E3
residue

Fv5E3
chain

Occupancy

heavy
light
light
heavy
light
light

Fv5E3
residue
position
CDR2
CDR2
framework
framework
CDR3
CDR3

N55-Side
S52-Side
R46-Side
K59-Side
Y91-Side
Y91Main
K60-Side
K59-Side
S30-Main
K60-Side
S31-Side
S52-Side
G92Main
R50-Side
S30-Side
R66-Side
Y33-Side
R50-Side
N77-Side
Y91-Side
S31-Side
K59-Side
Y91-Side
K59-Side
T30-Side
Y32-Side
V58Main
G26Main
Y49-Side
D61Main
S52-Main
R66-Side

light
heavy
light
light
heavy
light
light

framework
framework
CDR1
framework
CDR1
CDR2
CDR3

43.13%
45.96%
52.36%
56.90%
59.59%
66.13%
68.07%

heavy
light
light
heavy
heavy
heavy
light
heavy
heavy
light
heavy
heavy
heavy
light

framework
CDR1
framework
CDR1
framework
framework
CDR3
CDR1
framework
CDR3
framework
CDR1
CDR1
framework

75.17%
81.48%
83.60%
92.34%
94.03%
14.68%
14.89%
15.16%
15.35%
21.97%
22.36%
23.48%
24.28%
24.90%

heavy

CDR1

26.74%

light
heavy

CDR3
framework

27.49%
31.12%

light
light

CDR2
framework

31.52%
37.35%

34.70%
35.49%
35.70%
36.94%
37.89%
42.06%
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The fibril by
Schmidt et
al.

H13-Side
G9-Main

E
N

H14-Side
E11-Main
K16-Side
L17-Main
H13-Main
E11-Side
Y10-Side
S10-Main
S10-Side
N11-Side

E
E
E
E
E
E
E
A
A
A

N11-Side
N11-Side
V8-Main
D7-Side
N11-Side

A
M
A
A
A

N11-Side
G9-Main
N11-Side
S10-Side
G9-Main
N11-Main
N11-Side
L18-Main
A14-Main
D7-Side
I16-Main

A
A
A
A
A
A
M
M
M
A
A

I16-Main
V20-Main
D7-Side

A
A
M

S31-Side
Q54Main
Y91-Side
Y33-Side
E28-Side
Y32-Side
Y33-Side
Y52-Side
D61-Side
Q5-Side
N77-Side
G26Main
S7-Side
Y52-Side
Q5-Side
V2-Main
A24Main
Q5-Main
Q6-Main
S7-Main
S76-Main
S76-Main
S7-Side
N55-Side
N77-Side
N55-Side
Q1-Main
G26Main
I28-Main
S31-Side
R96-Side

heavy
light

CDR1
framework

38.19%
38.76%

light
heavy
light
light
heavy
heavy
heavy
heavy
heavy
heavy

CDR3
CDR1
CDR1
CDR1
CDR1
CDR2
framework
framework
framework
CDR1

47.98%
48.17%
61.50%
73.46%
77.48%
87.66%
95.52%
11.03%
13.14%
14.72%

heavy
heavy
heavy
heavy
heavy

framework
CDR2
framework
framework
framework

14.73%
18.33%
19.67%
20.56%
20.67%

heavy
heavy
heavy
heavy
heavy
heavy
heavy
heavy
heavy
heavy
heavy

framework
framework
framework
framework
framework
framework
CDR2
framework
CDR2
framework
CDR1

21.12%
22.53%
26.27%
29.45%
29.76%
34.44%
35.46%
37.64%
39.46%
52.10%
58.27%

heavy
heavy
light

CDR1
CDR1
CDR3

76.78%
81.65%
98.35%
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Table A.9: The residues participating in hydrophobic, ionic and aromatic-aromatic
interactions between Fv5E3 and the models of Aβ fibrils.
The
fibril
residue
L34
V39
L34
V39
V36
M35
V40
V40
L17
The fibril F19
by Lu et al. D23
E22
E11
E22
D23
F19

The
fibril
chain
T
V
V
V
V
V
W
V
V
V
V
V
V
V
V
V

Fv5E3
residue

Fv5E3
chain

I28
M99
Y52
Y32
Y94
Y32
I28
Y49
Y94
Y94
K59
K59
R66
R50
R50
Y94

heavy
heavy
heavy
heavy
light
heavy
heavy
light
light
light
heavy
heavy
light
heavy
heavy
light

Fv5E3
residue
position
CDR1
CDR3
CDR2
CDR1
CDR3
CDR1
CDR1
framework
CDR3
CDR3
CDR2
CDR2
framework
CDR2
CDR2
CDR3

F19
L17
V24
Y10
F19
L17
The fibril V12
by Petkova E11
et al.
K16
K16
E11
Y10

E
N
N
E
N
E
E
E
D
E
E
E

A51
I28
I28
Y52
I28
Y32
Y94
R50
E28
E28
K59
Y52

light
heavy
heavy
heavy
heavy
light
light
heavy
light
light
heavy
heavy

CDR2
CDR1
CDR1
CDR2
CDR1
CDR1
CDR3
CDR2
CDR1
CDR1
CDR2
CDR2

K16
Y10
V8
V8
F3
F3
L18

E
E
A
A
K
J
A

Y91
R50
V2
L4
Y32
Y32
Y32

light
heavy
heavy
heavy
light
light
heavy

CDR3
CDR2
framework
framework
CDR1
CDR1
CDR1

Type

Occupancy

hydrophobic
hydrophobic
hydrophobic
hydrophobic
hydrophobic
hydrophobic
hydrophobic
hydrophobic
hydrophobic
hydrophobic
ionic
ionic
ionic
ionic
ionic
aromaticaromatics
hydrophobic
hydrophobic
hydrophobic
hydrophobic
hydrophobic
hydrophobic
hydrophobic
ionic
ionic
ionic
ionic
aromaticaromatic
cation-π
cation-π
hydrophobic
hydrophobic
hydrophobic
hydrophobic
hydrophobic

1.28%
7.21%
8.49%
12.57%
20.27%
24.42%
27.99%
53.9%
70.16%
83.75%
49.43%
69.79%
85.59%
88.93%
96.31%
24.22%
4.37%
17.82%
23.22%
25.59%
30.18%
44.58%
60.08%
0.17%
15.04%
63.5%
87.92%
5.81 %
89.5%
95.19%
0.09%
1.13%
12.42%
17.05%
33.33%
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The fibril
by
Schmidt et
al.

I16
I15
M19
D7
F3

A
A
A
M
K

Y27
I28
I28
R96
Y32

heavy
heavy
heavy
light
light

CDR1
CDR1
CDR1
CDR3
CDR1

hydrophobic
hydrophobic
hydrophobic
ionic
aromaticaromatic

35.77%
41.52%
66.42%
99.54%
41.1%
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Table A.10: The residues forming hydrogen bonds between Fv5E3 and the cross-β sub-units
of Aβ fibrils.

The model of
cross-β sub-unit
by Lührs et al.

The model of
cross-β sub-unit
by Xiao et al.

The cross-β
sub-unit
residue
E22-Side
S26-Side
S26-Side
E22-Side
E22-Side
S26-Side
N27-Side
N27-Side
S26-Main
V24-Main
S26-Main
S26-Main
S26-Side
E22-Side
E22-Side
E22-Side
K28-Side
S26-Side
K28-Side
K28-Side
A42-Side
A42-Side
S26-Side
A42-Side
S26-Side
A42-Side
K28-Side
S26-Side
K28-Side

The cross-β Fv5E3
sub-unit
residue
chain
A
Y52-Side
A
S30-Main
F
G92-Main
F
R50-Side
B
K59-Side
F
N93-Side
A
S30-Side
B
S30-Side
B
Y94-Side
A
Y91-Side
B
G92-Main
F
Y94-Side
F
Y94-Side
B
R50-Side
D
K59-Side
F
K59-Side
G
Y32-Side
B
F29-Main
B
E102-Side
F
Y32-Side
A
Q1-Side
A
Q1-Main
B
G26-Main
E
Y32-Side
B
T30-Main
A
R98-Side
A
G26-Main
B
Y27-Main
B
Y27-Side

Fv5E3
chain
heavy
light
light
heavy
heavy
light
light
light
light
light
light
light
light
heavy
heavy
heavy
light
heavy
heavy
light
heavy
heavy
heavy
light
heavy
heavy
heavy
heavy
heavy

Fv5E3
residue
position
CDR2
CDR1
CDR3
framework
framework
CDR3
CDR1
CDR1
CDR3
CDR3
CDR3
CDR3
CDR3
framework
framework
framework
CDR1
CDR1
CDR3
CDR1
framework
framework
CDR1
CDR1
CDR1
CDR3
CDR1
CDR1
CDR1

Occupancy

10.32%
10.67%
12.01%
12.68%
14.43%
15.65%
16.71%
21.45%
23.47%
24.99%
25.56%
32.90%
35.71%
61.14%
64.21%
91.23%
1.49%
5.14%
6.74%
8.03%
8.06%
8.18%
9.36%
15.40%
16.48%
21.99%
22.50%
35.65%
48.58%
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Table A.11: The residues participating in hydrophobic, ionic and aromatic-aromatic
interactions between Fv5E3 and the cross-β sub-units of Aβ fibrils.

The model of
cross-β sub-unit
by Lührs et al.

The model of
cross-β sub-unit
by Xiao et al.

The cross-β The cross-β
sub-unit
sub-unit
residue
chain
V24
E
V18
D
V24
D
F20
F
V24
B
V24
A
V24
F
E22
F
E22
D
E22
B
E22
F
V39
A
I31
A
I41
A
K28
B
K28
B

Fv5E3
residue

Fv5E3
chain

Y94
V56
Y94
V56
G92
Y91
Y94
R50
K59
R50
K59
V2
V2
V2
E102
Y27

light
heavy
light
heavy
light
light
light
heavy
heavy
heavy
heavy
heavy
heavy
heavy
heavy
heavy

Fv5E3
residue
position
CDR3
CDR2
CDR3
CDR2
CDR3
CDR3
CDR3
framework
framework
framework
framework
framework
framework
framework
CDR3
CDR1

Type

Occupancy

hydrophobic
hydrophobic
hydrophobic
hydrophobic
hydrophobic
hydrophobic
hydrophobic
ionic
ionic
ionic
ionic
hydrophobic
hydrophobic
hydrophobic
ionic
cation-π

4.07%
15.64%
25.95%
29.52%
51.73%
63.59%
79.21%
65.51%
78.18%
87.71%
97.46%
0.22%
2.76%
6.18%
77%
49.92%
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Appendix B Additional Material for Chapter 5
Supplementary Tables
The E-values are provided in Table B.1.

Table B.1: The E-values for the sequence alignments of CDRs of m5E3 and various
receptors.
Receptor
NR2A
IR
PQα1A
NR2B
EphA4
EphB2
GluA2
GluA3
NR1
FZD5
α7-nAChR
NaKα3
NL-1
β2AR
p75NTR
LilrB2
apoJ
CTR
FcγR2b
PrPC
apoE
Sigma-2
RAMP3

Light chain
CDR I
743,936
11,231,232
7,223,395
754,176
499,200
534,528
631,395
319,680
167,804
146,944
1,005,568
90,690
150,065
411,648
301,216
150,272
79,286
44,983
153,088
5,475
73,728
23,552
6,199

CDR II
263,745
176,000
319,744
133,682
177,217
94,854
158,572
160,564
168,529
36,992
89,604
257,536
75,394
146,987
860,160
106,982
320,042
22,672
38,784
3,936
13,214
48,128
1,595

CDR III
2,979,840
994,158
1,807,297
534,007
250,112
267,776
1,265,687
906,240
237,824
589,824
178,485
363,486
1,203,416
585,054
107,008
603,136
56,320
127,744
54,486
22,084
13,123
33,669
35,584

Heavy chain
CDR I
134,759,482
702,464
5,109,760
3,018,752
124,928
756,660
1,264,239
1,280,168
237,568
416,344
125,952
1,452,499
212,480
206,336
75,485
150,528
9,933
127,488
76,800
43,987
18,496
23,680
99,922

CDR II
527,128
2,813,952
639,232
1,511,424
4,005,888
536,064
1,267,135
907,264
952,320
590,848
1,011,712
363,848
212,992
103,680
37,923
213,602
56,448
45,254
38,656
62,720
37,248
5,984
3,167

CDR III
1,053,532
1,988,316
2,555,904
2,136,028
707,423
3,029,539
316,421
453,120
1,902,592
1,179,648
356,970
181,743
212,736
51,712
53,504
75,392
56,320
90,328
9,632
124,928
26,247
23,808
3,145

Average
23,387,943
2,984,353
2,942,555
1,348,011
960,794
869,903
817,241
671,172
611,106
493,433
461,381
451,633
344,513
250,902
239,216
216,652
96,391
76,411
61,907
43,855
30,342
26,470
24,935

Supplementary Figures
The alignments of the CDRs of m5E3 with various AβO-receptors (Table 5.1) are provided
in Figures B.1, B.2, B.3, B.4, B.5, B.6, B.7, B.8, B.9, B.10, B.11, B.12, B.13, and B.14.
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Figure B.1: The alignments of the CDRs of m5E3 and the Frizzled 5 (FZD5) receptor.

Figure B.2: The alignments of the CDRs of m5E3 and the ephrin B2 (EphB2) receptor.
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Figure B.3: The alignments of the CDRs of m5E3 and the ephrine A4 (EphA4) receptor.

Figure B.4: The alignments of the CDRs of m5E3 and the β2 adrenergic receptor (β2AR).
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Figure B.5: The alignments of the CDRs of m5E3 and the sodium/potassium-transporting
ATPase sub-unit alpha-3 (NaKα3).

Figure B.6: The alignments of the CDRs of m5E3 and the 75 kDa neurotrophin receptor
(p75NTR).
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Figure B.7: The alignments of the CDRs of m5E3 and the leukocyte immunoglobulin-like
receptor sub-family B member 2 (LilrB2).

Figure B.8: The alignments of the CDRs of m5E3 and the neuroligin-1 (NL-1).
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Figure B.9: The alignments of the CDRs of m5E3 and the apolipoprotein J (apoJ).

Figure B.10: The alignments of the CDRs of m5E3 and the IgG Fcγ receptor IIb (FcγR2b).
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Figure B.11: The alignments of the CDRs of m5E3 and the amylin receptor sub-unit
calcitonin receptor (CTR) and the receptor activity-modifying protein 3 (RAMP3).

Figure B.12: The alignments of the CDRs of m5E3 and the sigma-2 receptor.
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Figure B.13: The alignments of the CDRs of m5E3 and the apolipoprotein E (apoE).

Figure B.14: The alignments of the CDRs of m5E3 and the cellular prion protein (PrPC).
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