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1 Introduction

People around the world are expected to live longer. Due to great improvement in diet and
lifestyle, as well as access to medical care, the global average life expectancy raised from 48
years in 1950 to 71 years in 2013 [1], in high-income countries like Germany, it is even 81
years. From another point of view, however, the average age of populations around the
world is rapidly increasing. By 2050, 2 billion people will be aged 60 and older, which would
be 22% of the world population (source: World Health Statistics 2015, WHO) that having
high risk to develop neurodegenerative disorders, such as Parkinson’s disease, Huntington
disease and Alzheimer’s disease.

1.1 Alzheimer’s disease

On November 25, 1901, a 51-year-old woman, Auguste Deter, was admitted to a Frankfurt
asylum, where she was examined by German psychiatrist and neuropathologist Alois
Alzheimer (Fig. 1 A and B). She was suffering of disorientation, impaired memory, and
troubles in reading and writing. Progressive symptoms like hallucinations and mental
function disorders were developed later. After she died in 1906, Alzheimer presented a
preliminary report based on her clinical and neuropathological features at a meeting of the
South-West German Society of Alienists in Tlbingen. He described it as “a peculiar disease of
the cerebral cortex” and noted two abnormalities in the brain: neurofibrillary tangles and
amyloid plaques (Fig. 1 C and D). On September 12, 1907, Alzheimer received a 56-year-old
man, Johann F., who suffered from dementia and died three years later. Because these two
cases showed similar changes in brain autopsy, Emil Kraepelin, a colleague of him and the
most important German psychiatrist of that time, named this brain disorder after him as
“Alzheimer’s disease” [2-5].

D W\%'M e S0 ’

Fig. 1.The portraits of A) Alois Alzheimer (source: U.S. National Library of Medicine, History of
Medicine Division), B) Auguste Deter (source: upload.wikimedia.org/wikipedia/commons/1/1d/
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Auguste_D_aus_Marktbreit. jpg), C) A neurofibrillary tangle and D) Amyloid plaques in
Bielschowsky (silver) stained tissue sections from the cerebral cortex of Auguste Deter (Images C
and D are from the publication of Graeber et al. 1998 [6]).

Alois Alzheimer believed he had discovered a new but rare dementia occurring in the
“presenile” period, because the first patient was 51 years old and the second was 56.
However, the Alzheimer’s cases accumulated rapidly over time and the “Alzheimer changes”
(amyloid plaques and neurofibrillary tangles) in cerebral grey matter were also described in
demented people of advanced age, which was then defined as senile dementia of the
Alzheimer type [7].

Nowadays, Alzheimer’s disease (AD) has become the most common cause of dementia
(estimated 60-80% of cases) [8]. Clinical symptoms differ in different progressive stages.
Major indications include loss of memory, inability to learn new things, hallucinations and
delusions, loss of language function, deranged perception of space, depression, impulsive
behaviour and many other signs [9]. Alzheimer’s patients may survive 4 to 8 years on
average after diagnosis and usually die of complications of chronic illness such as pneumonia
[10]. According to the report ‘Alzheimer's Disease 2015 Facts and Figures’, between 2000
and 2012, the number of deaths from AD increased by 69%, which is more than that of
breast cancer and prostate cancer combined. In the United States, AD is the 6th leading
cause of death and the 5th leading cause of death for people over 65 years old (source:
National Center for Health Statistics of the Centers for Disease Control and Prevention).
While deaths from other major diseases like heart disease, cancer and HIV decreased, deaths
from AD increased by 71% from 2000 to 2013 [11-13]. It is the only cause of death among
the top 10 in America that cannot be prevented, cured, or even slowed. In 2015, about
700,000 people estimated will die with AD [14, 15]. Not only the person diagnosed
Alzheimer’s, but also their family members and caregivers suffer this devastating chronic
disease [16, 17]. The psychological burden and economic impact of AD raise great issues to
society and politics [18, 19].

1.1.1 Pathology

Macroscopic appearance may not distinguish a brain with AD from that of an age-matched
elderly brain with normal cognitive function, especially in advanced age. But presenile AD
brains (before 65-year-old) show obvious difference with age-matched controls, when
comparing the brain weight or the atrophy of cerebral cortex [20]. Generally, AD brain shows
extreme shrinkage in cortical region and hippocampus, as well as symmetrical enlargement
of lateral ventricles (Fig. 2).
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Fig.2. Diagram of a normal brain (left) and a brain with Alzheimer's Disease (right) (source:
http://www.cpmedical.net/images/Brain-w550.jpg).

Under microscopic observation, AD can be more easily identified by histopathological
features. The hallmark pathologies are the abnormal accumulation of neuritic plaques (the
difference with amyloid plaque is explained below) and neurofibrillary tangles. Other
neuropathological changes are for examples, cerebral amyloid angiopathy, astrogliosis,
microglial cell activation, and neuronal and synaptic loss.

The neurofibrillary tangle consists of abnormally phosphorylated, twisted filaments of the
microtubule-associated protein tau within the neural cells. Tau is an abundant protein in
both central and peripheral nervous systems. In normal brain it is concentrated in axons,
while in AD brain, it is found in nerve cell bodies, axons and dendrites in a
hyperphosphorylated state [21, 22].

The other pathological significance in Alzheimer’s brain with diagnostic meaning are
extracellular neuritic plaques, which are composed primarily of 39- to 42-residue peptides,
referred to as amyloid beta (AB). Neuritic plaques are defined by dystrophic neurites within
or around AB deposits, and are characterized by local synapse loss and glial activation [23],
thus it should not be confused with amyloid deposits [24]. The term “amyloid” was originally
brought by the German botanist Matthias Schleiden in 1840’s in botany [25], then later was
introduced by the German physician Rudolph Virchow in 1854 to describe the polyglucosan
bodies (corpora amylacea) in human being [26, 27]. He used iodine-sulphuric acid reaction
[28] as a stain for glycogen-like substance in the human body [29]. Due to the limitation of
scientific methodology and medical knowledge at that time, he concluded this structure
contained cellulose and gave this iodine-stain-positive macroscopic abnormality the name
“amyloid”, derived from the Latin “amylum” and the Greek “amylon”, meaning “starch-like”
[30]. Here, the conception of starch, cellulose and glycogen, as well as the reaction
mechanism of iodine test were misused and misunderstood. In 1859 Friedreich and Kekulé
directly analysed amyloid-rich samples from the spleen of a patient with we now define
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amyloidosis. They demonstrated the absence of carbohydrate and high nitrogen content in
amyloid sample, suggesting amyloid consisted of protein [31].

In 1922 the young German chemist Herman Bennhold discovered the high affinity of Congo
red to amyloid [32]. 5 years later, Divry and Florkin established the first diagnostic criterion
of amyloidosis, namely Congo red stained amyloid showing apple-green birefringence under
a polarizing optical microscope [33] (Fig. 3).

A

Fig. 3. Congo red stained amyloid plaque in linearly polarized white light (A) and between crossed
polarizers showing apple-green birefringence (B). (Images A and B are from the publication of Jin L-
W et al. 2003 [34]. Modified.).

The optical birefringence found in Congo red stained amyloid suggested that Congo red dye
might intercalate in an ordered arrangement. This discovery led to more interests to
investigate the ultrastructure of amyloid, which was initially considered as structurally
amorphous [35]. Later studies identified that amyloid forms fibrils assembled through cross-
B-sheet conformation which build up amyloid plaques [36]. The plaques also contain small
amount of glycogen such as sulphated glycosaminoglycans [37] and heparan sulfate
proteoglycan [38], thus explaining the congophilic as well as the iodine-stain positive
characters of amyloid.

The neuropathological changes in different AD brain areas influence the regional brain
function, resulting in corresponding clinical signs and symptoms of cognitive and behavioural
changes when the neuropathological damages accumulate to certain extent. For example
when hippocampus is affected, AD patients normally suffer from memory loss and
disorientation [39, 40]. As a progressive disease, many efforts were made to retro-track the
distribution of neuropathological changes of AD based on its clinical progression. In 1991,
the German neuroanatomist Heiko Braak proposed a sequence of progression of the
neuropathology of AD by mapping out the extent and distribution of lesions in 83 brain
specimens, which is now called the Braak staging [41]. He described the spatiotemporal
pattern of AD progression initially from areas of the transentorhinal region, then to the
limbic system and in the final stage to the neocortex and occipital cortex (Fig. 4).
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Fig. 4. Distribution of amyloid plaque and neurofibrillary tangles at different stages of Alzheimer’s
disease progression (Braak staging).
(source: http://www.iom.edu~media353F303C759D406C8B893618DF9260F7.ashx. Modified.)

Later the Braak staging was modified [42, 43], and also validated in animal models of AD [44,
45]. It provides a useful summary of Alzheimer’s disease neuropathology and also reveals
that the damages ascend progressively from the lower limbic regions to the higher brain
centres [46], suggesting the function of neural circuits and pathways in spreading the AD
pathology in brain (see Chapter 1.2).

1.1.2 APP, AB and amyloid cascade hypothesis

AB is a sequential proteolytic product of the amyloid B (A4) precursor protein (APP). APP is a
type | transmembrane glycoprotein with a large extracellular domain containing N-terminus
and a much smaller intracellular domain containing C-terminus [47, 48]. It has three principal
isoforms of 695, 751, and 770 residues derived by alternative splicing. Among them the 695
residue isoform is expressed at very high level in neurons [23, 49]. The gene coding APP is
highly conserved during evolution. In human it locates on chromosome 21 [47, 50]. Full-
length APP and its proteolytic fragments have important functions in diverse biological and
pathological processes such as axonal transport, cell adhesion, cholesterol metabolism and
gene transcription [51].

APP can be processed by several proteolytic pathways involving a-, B- and y-secretases [52]
(Fig. 5). In the amyloidogenic pathway producing AR, the B-secretase firstly sheds a large
part of the ectodomain of APP and generates an APP carboxy-terminal fragment (CTF or C99).
After prior shedding, the y-secretase cleaves consecutively the remaining small
transmembrane part in the hydrophobic intramembrane at multiple sites, referring to as
gamma-, zeta-, and epsilon-cleavages [52-54]. Before the release of the AR isoforms, a
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stepwise cleavage of the APP CTF on these sites by y-secretase is suggested, resulting in two
distinct product lines. The major product line is AB49-AB46-AB43-AB40-AB37 from which the
AR isoform with 40 amino acid residues, AB40, is the major end product, while the minor line
is AB48-AB45-AB42-AB38 producing the pathogenic AB42 [54-56]. Thus, the y-secretase
generates predominately AB40 and 42 in the amyloidogenic pathway, namely 28 amino acids
of the ectodomain and 12 or 14 amino acids of the transmembrane domain [57, 58].

In another proteolytic pathway involving a- and y-secretase, APP is shedded by the a-
secretase approximately in the middle of the AR domain and ultimately produces a
truncated AP peptide called p3 [59]. p3 is irrelevant to the AD pathology and thus this
pathway is called anti-amyloidogenic pathway.

Shorter and longer AB isoforms have been recently identified in cells and brain tissue [54,
60]. Studies show AB1-14, AB1-15, and AB1-16 are produced through catabolic pathway by
B- followed by a-secretase [61], while all isoforms longer than and including AB1-17 were y-
secretase dependent [62]. The function of these isoforms is still under investigation.

Recently, another secretase has been reported as n-secretase by Michael Willem et al [63].
The CTF from this secretase cleavage can inhibit neuronal activity within the hippocampus.
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10|Seite



Fig. 5. Schematic representation of APP (left), enlarged view of red frame showing the membrane
spanning and cleavage sites of secretases (right) and A sequence. Modified from original figures in
the publication of Turner et al. 2003 [51].

The processing of APP is now termed as regulated intramembrane proteolysis (RIP), which is
found associated with many other membrane proteins [64-66]. The B-Secretase, or B-site
APP cleaving enzyme-1 (BACE1) is more abundant in neurons [67, 68], so that the
amyloidogenic processing of APP is dominant in nervous system, whereas the anti-
amyloidogenic pathway is predominant elsewhere [69]. As APP is expressed ubiquitously,
this helps to explain why brain is the most affected organ by Alzheimer’s disease [53, 70].

The reason why y-secretase has “sloppy” cleavage site is still unclear. Recent studies showed
the cleavage of y-secretase produces AB42 in the endoplasmic reticulum/intermediate
compartment (ER/IC), while AB40 is produced in the trans-Golgi network and other
cytoplasmic organelles. Based on the organelle-specific generation of different AB isoforms
by y-secretase, intracellular ER/IC-generated AB42 and secreted AB40 are supposed to be
produced by different y-secretases [71, 72].

Under non-pathogenic conditions, AB40 constitutes approximately 90% of total AB in human
cerebrospinal fluid [72] and is the most abundant in the brain [73]. AB42 is much more
prone to aggregation and more toxic to neurons than AB40, even though they differ from
each other only by two residues [74, 75]. For a long time, it was thought that the AB plaques
were toxic to neurons. However, recent studies have identified that the soluble AB oligomers,
for example protofibrils, AB*56 (a dodecamer), annular assemblies and AB-derived diffusible
ligands (ADDLs), are the key neurotoxic species in disrupting plasticity mechanisms and
causing memory impairment [76-82], resulting in more studies concentrate on the
aggregation states of those two predominant AR isoforms. They both form protofibrils and
mature into fibrils, but recent studies show the difference in the initial phase of
oligomerization due to the amino acids at position 41 and 42 [83]. AB40 exists as monomer,
dimer, trimer and tetramer, while AB42 preferentially forms pentamer/hexamer units
(paranuclei) (Fig. 6). The distinct behaviour between AB42 and AB40 in monomer
oligomerization may explain their clinical, biological, and biophysical difference.
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Fig. 6. A simple model of AB42 assembly. Monomers rapidly oligomerize into paranuclei, and then
oligomerize to form larger, beaded structures. Monomers, paranuclei and large oligomers are
predominately unstructured (U), but contain B-sheet/B-turn (B) and helical (a) elements. Protofibrils
maturate to fibrils which seems to be a kinetically irreversible process. (The figure is from the
publication of Bitan et al. 2003 [83].)

Based on pathological, biochemical and genetic findings, Selkoe established in 1991 a
dynamic model to propose a rough temporal sequence of pathogenetic events of
Alzheimer’s disease (Fig. 7), which was later called the amyloid cascade hypothesis [84]. He
concluded B-amyloidosis acts in initiating a chronic, multicellular degenerative response in
selected brain regions of AD brain.
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Fig. 7. Hypothetical model of the pathogenesis of familial forms of Alzheimer’s disease based on
currently available information. (The figure is from the publication of Selkoe 1991 [84].)

Over the past twenty years, the amyloid cascade hypothesis has been modified several times,
as change from AP deposition dependent neuronal dysfunction to AR accumulation related
(Fig. 8). Or in another word, to replace “amyloid hypothesis of Alzheimer’s disease” with “AB
hypothesis of Alzheimer’s disease”, because AB incorporates all the possible aggregated
forms [85].
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Fig. 8. Recently modified amyloid cascade hypothesis. (The figure is from the publication of Selkoe
2000 [85].)

The AR oligomers are toxic to neurons by a variety of mechanisms, for example, they cause
lesions to plasma and intracellular membranes by a combination of radical-initiated lipid
peroxidation through reactive oxygen species (ROS) [86] and formation of ion-permeable
pores which causes an influx of Ca®" into neurons and loss of calcium homeostasis [87, 88].
They also cause dysfunction of synapses through hyperphosphorylation of the tau protein,
which interrupts the microtubule-supporting role of tau to maintain the axon structure, and
ultimately leads to the death of neurons [89].

Expression of APP as well as production of AB can be found ubiquitously in the body [90, 91],
suggesting they are part of biological processes. AB peptides are naturally present in
nanomolar concentrations as circulating soluble monomers in the cerebrospinal fluid and
blood of healthy individuals [92], which is much lower than the concentrations (in micomolar)
used in in vitro and in vivo AP toxicological and pathological studies [93]. Recent studies
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reveal its biological functions, such as protection of cells from hypoxia [94], stimulation of
cholesterol transport [95], antimicrobial effect [96] or even being important for learning and
memory [97]. Therefore, Alzheimer’s disease should be considered as a downstream
consequence of AB in pathological concentration.

1.1.3 Genetics

The greatest risk factor for acquiring Alzheimer’s disease is aging, while rare cases (about 5%)
of AD are inherited or “familial” [98, 99]. Therefore two types of AD are defined, the non-
familial or sporadic AD (SAD) and the familial AD (FAD). These two types of AD have the
same clinical features, incidence of risk factors for dementia, or MRI or PET features. But
unlike the SAD, FAD can develop at any age, with mean age of onset before 65 years and
often before 55 [100, 101]. FAD is caused by autosomal dominant mutations in either the
amyloid beta (A4) precursor protein (APP) gene on chromosome 21 (10-15% of FAD), or the
presenilin 1 (PSEN1) gene on chromosomes 14 (30-70% of FAD) and presenilin 2 (PSEN2)
gene on chromosomes 1 (<5% of FAD) [102-104].

In 1989 Korenberg et al. discovered the first gene associated with Alzheimer’s disease, the
APP gene [105]. More than 50 different mutations in the APP gene have been identified in
AD patients. APP mutations are located in exons 16 and 17 around the secretase processing
sites. Mutations near the B-secretase site increase general AB levels and mutations near the
y-secretase site specifically increase AP42 [106-108]. Both presenilin 1 and 2 are the
proteolytic subunits of the y-secretase complex. More than 150 PSEN1 and 11 PSEN2 gene
mutations have been identified in AD patients. Abnormal presenilin 1 and 2 proteins
interfere with the function of the y-secretase complex, which alter the processing of APP and
leads to the increase of AB42/AB40-ratio [66].

Especially for sporadic AD, a genetic risk factor, apolipoprotein E (APOE) €4 allele on
chromosome 19 strongly promotes amyloid-B deposition in the brain [109]. The APOE gene
encodes apolipoprotein E, which is essential for the normal catabolism of triglyceride-rich
lipoprotein constituents. In brain it mediates extracellular transport of cholesterol, supports
amyloid aggregation and clearance of deposits from the parenchyma [110, 111]. There are
three alleles of APOE gene, called €2, €3 and €4, which encode the apolipoprotein E2, E3 and
E4, respectively. APOE4 is significantly associated with sporadic AD, whereas E2 might
protect against AD [112, 113].

In addition to the three autosomal dominant mutations and APOE €4 allele, which clearly
play an important role in amyloid pathology of AD, several other genetic risk factors have
recently been described [114]. However, microtubule-associated protein tau (MAPT) gene,
which is located on chromosome 17 and encodes the tau protein, is a risk factor for
Parkinson’s disease but no clear genetic links have been found to AD [115-117].

Identified genetic factors or risk factors may contribute to a better chance to understand the
complexity of Alzheimer’s disease and to develop diagnostic and therapeutic strategies
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through establishing transgenic animal or cell models [118]. Especially, transgenic mouse
models developed in the last decade may provide a promising tool by reflecting behavioural
cognitive deficits and neuropathological damages observed in human AD patients [119, 120].
Studies on a range of AD mouse models from single transgenic to multi-transgenic have
already yielded significant research breakthroughs.

Considerations should also be taken, as none of the animal models can replicate all the
aspects of human AD due to phylogenetic differences and fundamental differences in
behavioural ecology [121]. Besides, those animal models only reflect the familial forms of
the disease.

1.1.4 Diagnosis and treatment

AD is currently diagnosed based on clinical-neuropathologic assessment, such as cognitive
tests and physical and neurologic examinations, laboratory testing of body fluid biomarkers
(AB42 or tau in CSF or blood sample) and neuroimaging (MRT and PET), with approximately
80 to 90% accuracy [122, 123]. Confirmation of diagnosis is only possible post-mortem by
analysis of neuropathological hallmarks at autopsy, including microscopic neuritic plaques,
neurofibrillary tangles and amyloid angiopathy, which is still regarded as the gold standard
for diagnosis [124].

No treatment is available today to cure or slow the Alzheimer’s disease. Current
pharmacologic treatment is only supportive against some of its symptoms, such as using
acetylcholinesterase inhibitor or N-methyl-D-aspartic acid (NMDA) receptor antagonists
which provides short-term benefits to AD patients based on enhancement of remaining
cognitive function in a dose-dependent manner [125, 126]. Non-pharmacologic therapy for
example music therapy and cognitive activity also aims on maintaining or improving
cognitive function, the ability to perform daily activity or quality of life [127, 128]. Recently,
Leinenga et al. used scanning ultrasound to internalize AB into the lysosomes of activated
microglia in mouse brains, which provides a completely new non-pharmacological approach
to remove AR and restore memory function in an AD mouse model [129].

As progress is made on discovering the molecular level of AD pathology, especially based on
the concept of the amyloid cascade hypothesis, several strategies targeting different AD
pathogenesis steps are developed.

Aimed on the AB concentration in brain, strategies to reduce production and/or increase the
degradation/clearance of AP are being intensively tested. One strategy on the APP
processing level is to decrease AP (especially AB42) production through inhibiting or
reducing the activity of B- or y-secretase. But consideration should be taken, as inhibition of
y-secretase activity also affects its physiological role on Notch proteolysis [130] and causes
intestinal goblet cell metaplasia [131].

Another strategy is immunotherapy through vaccination with AB, which showed very
encouraging results in transgenic mice. Through active or passive immunization, reduction of
amyloid load and reversal of memory deficits could be achieved [132-134]. However, it may
cause autoimmune response as demonstrated in a phase Il clinical trial, in which some
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patients treated by active immunization with vaccines against human AB42 showed an
unacceptable incidence of meningoencephalitis [135].

To upregulate the expression of amyloid-degrading enzymes, for example neprilysin (NEP) is
a strategy based on the degradation and clearance of AR [136]. Recent studies showed its
therapeutic value in animal models [137, 138].

Metal ions for example Cu®" and zn* may play an important role in the pathogenesis of AD
through mediation of AB aggregation and toxicity, as well as production of reactive oxygen
species when bound to AB [139, 140]. Prevention of such toxic effects by certain metal
chelators is also tested in clinical trials [141]. As epidemiologic evidence showed that
nonsteroidal anti-inflammatory drugs (NSAIDs) delay onset of AD, administration of anti-
inflammatory drugs may be of therapeutic importance by decreasing overall neuronal
dysfunction and loss [142].

Because the focus of the AD pathological research has shifted to soluble AB oligomers,
compounds that inhibit the transition of monomeric AB to toxic oligomers, or eliminate the
toxic oligomers are attracting special interest. An advantage of this strategy is that it only
targets a purely pathological species, rather than affecting processes which may have
important biological functions. A range of compounds, such as nanoparticles, small organic
molecules, peptides and peptidomimetics are identified [143-145]. An inositol stereoisomer
called ELNDOOS is in now clinical phase 2 trials (source: ClinicalTrials.gov)

1.2 Hippocampal formation and axonal transport in AD

Neuropathological hall marks of Alzheimer's disease are mostly found in the limbic and
association cortices, as well as in certain subcortical nuclei that project to them [84]. The
progressive dysfunction and dystrophy of neurons in the different brain regions are
associated with corresponding clinical signs and symptoms as discussed above (chapter
1.1.1).

Limbic (from the Latin limbus for border) means an intermediate or transitional state. In
brain the limbic system acts as a border between the neocortex and the subcortical
structures (diencephalon) [146]. It receives input from many parts of the cerebral cortex and
contains association areas where gathering various aspects of sensory experience to form a
single experience [147]. It consists of the phylogenetically old limbic lobe and other
subcortical structures and their connections [148], in which the hippocampal formation is
mostly implicated in the early stages of Alzheimer's disease [149, 150]. The components of
hippocampal formation are disputed in different literatures. From the view adopted here, it
is composed of dentate gyrus, hippocampus proper, subicular complex, and entorhinal
cortex [151].

The word hippocampus comes from late Latin and means “sea horse” in Greek. This folded
structure is also named 'Cornu Ammonis (CA)' or 'Ammon's horn' after an early Egyptian
deity Amun with a ram's head [152]. The hippocampus proper, or simply hippocampus, is
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divided into parts CA1l to 3. Unlike 6 layers in neocortex, hippocampus consists of 3 layers,
including an outer molecular layer, a middle pyramidal layer and an inner polymorphic layer.
In mammals, the anatomical details and the functional role of hippocampus are remarkably
conserved across species [153], thus its neurophysiological or neuropathological studies with
animal models like the mouse are closely predictive for human outcomes [154].

A variety of fibre pathways or circuits connect the hippocampus with other structures (Fig. 9).
In general, two parallel excitatory pathways relay information through the hippocampus:

1. The tri-synaptic pathway, in which axons from layer II/IV of the entorhinal cortex
project to the granule cells of the dentate gyrus through the perforant pathway. Then
axons of the dentate gyrus project to CA3 pyramidal cells via Mossy fibres. Here the
axons from the ipsilateral hippocampus through the Schaffer collaterals, or from the
CA3 region of contralateral hippocampus through commissural fibres join together
and project to CA1 pyramidal cells.

2. The monosynaptic pathway, in which layer llI/V of the entorhinal cortex directly
project to the pyramidal cells of the CAl1 and the subiculum through the
temporoammonic pathway.

Finally, axons of CA1 and subiculum project back to layer V of the entorhinal cortex.

Due to the different origins of fibres (from the lateral or medial entorhinal cortex), the
perforant pathway is divided into lateral (LPP) and medial pathway (MPP), respectively.

Temporoammonic

Schaffer
collaterals

Sl \‘l\li‘R
-
MPP*

Perforant
pathway

Fig. 9. The neural circuitry in the rodent hippocampal formation. Arrows show the “trisynaptic”
perforant pathway. Orange lines show the “monosynaptic” temporoammonic pathway. (MPP: medial
perforant pathway; LPP: lateral perforant pathway; EC: entorhinal cortex; Il, Ill refer to layers Il and IlI
of the entorhinal cortex). The commissural fibres are not shown here. (The figure is from the
publication of Deng et al. 2010 [155].)
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Those projections are formed by the fibres or myelinated axons of interneurons. The axons
transport a variety of substances to and from the neuron’s cell body, such as proteins, lipids,
synaptic vesicles, mitochondria and other organelles. The axonal transport manages
intracellular informational communication and metabolic activities throughout the life and is
essential to the neuron’s growth and survival [156]. Two motor proteins decide direction of
the axonal transport along the microtubule: the anterograde transport (from cell body to
synapse) is mediated by kinesins; the retrograde transport (from synapse to cell body) is
mediated by dynein [157]. Especially, endocytosis products destined for degradation are
retrogradely transported to endolysosomes of the cell body [158].

In Alzheimer’s disease, AB-deposition expands anterogradely from regions already exhibiting
AP aggregates into regions that receive neuronal projections, following a distinct hierarchical
sequence of neuropathology [159]. Lazarov et al. demonstrated in a transgenic mouse model
that APP, synthesized by neurons in the entorhinal cortex, is transported via the perforant
pathway to presynaptic terminals in the dentate gyrus and gives rise to local AR peptides
which are deposited into extracellular plagques [160]. Other studies have identified the
synaptic pathology, especially the altered transmission in hippocampal Schaffer collateral
synapses, to be the earliest manifestation of AD pathology [161-163]. Since accumulating
literature has emerged that links axonal transport deficits to synaptic dysfunction in
neurodegenerative diseases like AD [164, 165], diagnosis based on clinical imaging of axonal
transport would be of special interest. Furthermore, the delivery of therapeutic compounds
through this high-speed, long distance and widely-spread route (or network) to the target
region would provide novel strategies.

1.3 Pharmacokinetics

The current non-pharmacological treatments such as music or psychosocial interventions
help AD patients to live with the disease. The pharmacological treatment aiming directly at
the pathological aspects, on the other hand, mostly serves the therapeutic purpose with
disease-modifying approaches. In the transition from a lead compound to clinically proven
drug, the study of pharmacokinetics (PK) is one of the important steps during drug
development. Before entering clinical trials, pre-clinical PK provides important information,
such as selection of drug candidates that have the maximum potential of reaching the target
or decision on the appropriate administration route. It also helps to estimate the frequency
and duration of dosing in order to sustain drug with therapeutic concentration at target.
Most importantly, the parameters from pre-clinical studies help to predict human
pharmacokinetics.

1.3.1 ADME
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Pharmacokinetics are defined as the study of the time course of drug absorption (A),
distribution (D), metabolism (M) and excretion (E) [166]. When the drug is administered, it
enters blood stream from its administration site (adsorption), and then blood circulation
transports the drug to the target site as well as to other parts of body (distribution). During
these processes, the drug may be transformed into smaller metabolites (metabolism), and
finally the drug and its metabolites need to be removed from the body (excretion).
Information about kinetics can be obtained through measuring the concentration of drug in
different body fluids and tissues at different time points after administration. Blood,
metabolism/excretion-related and target organs are mostly studied. Many factors affect the
pharmacokinetics of a drug, such as the physiochemical properties of the drug (or its
formulation), the route of administration, the duration and dose, and the animal species
[167, 168].

Bioavailability is termed as the fraction of drug absorbed from the administration site into
the systemic circulation, which should be considered when selecting the appropriate route
of administration [169]. For example, intravenous administration has no absorption process
and is guaranteed 100% bioavailability per definition, but is unfavourable for the patients.
Oral drugs, on the contrary, can be simply administered and are well accepted by the
patients, but are usually with low and unpredictable bioavailability due to complicated
absorption in gastrointestinal tract, the first pass metabolism by gut and liver, as well as the
enterohepatic circulation [170].

The metabolic stability of the drug, especially for peptide and protein drugs administered
orally, should be well characterized. The metabolites of a drug are mostly pharmacologically
inert, but for some drugs they could be also pharmacologically active or toxic [171] .
Incomplete metabolism/excretion or accumulation of the unchanged drug and its
metabolites from the previous doses may cause potential adverse effects with successive
doses or continuous infusion. Because only unbound drug is pharmacologically active, its
protein binding issue should be investigated for example through plasma protein binding
assay [172, 173].

1.3.2 Pharmacokinetic parameters and models

PK parameters calculated from the concentration-time curves help to understand how the
drug functions in the body and serve evaluation and communication of the results from
different PK studies. They are basically divided into two categories. One category includes
the parameters requiring no complex mathematical calculation. They are also called model-
independent parameters, including the maximal observed concentration of a drug (Cmax), the
time to reach Cnayx (Tmax) and the area under the concentration-time curve (AUC).

The other category includes parameters that require mathematical formula for calculation,
such as mean residence times (MRT), clearance (Cl), volume of distribution (V4) and the
terminal half-life (t;/2). Most of these parameters are generated through plotting the drug
concentration in plasma/blood as a function of time.
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The kinetic profile of a drug within the body involves various biological processes, and is
highly complex that simplifications and empiricism of it are necessary in order to practically
describe and predict these processes. Two most commonly used mathematical methods are
noncompartmental and compartmental analysis.

The compartmental analysis regards tissues and/or fluids sharing similar kinetic properties
(kinetic homogeneity) as a single compartment, and the body consists of one or more of
these compartments with specified interconnections, inputs and losses. Each compartment
can be mathematically described with an exponential function. The solution of an n-
compartmental model is just n-exponential function(s).

The noncompartmental analysis (NCA) on the contrary, does not assume any specific
compartmental model and thus also called model-independent analysis. It relies on
empirical determination of AUC with the linear trapezoidal and/or log-linear trapezoidal rule.
The rest of PK parameters are then calculated through AUC.

In theory, all parameters estimated using noncompartmental analysis can be recovered from
the ones using compartmental analysis, but differences exist due to different numerical
techniques used for parameter estimation (e.g. sums of exponentials versus trapezoidal
integration) [174, 175]. If the primary requirement is to obtain basic parameters for
characterizing the disposition of the drug in pilot PK studies, such as AUC, Tmax, Cmax,
terminal half-life and clearance, then NCA is generally preferred to the compartmental
analysis, especially when analysing sparse data [176, 177].

1.4 The brain barriers and peptide-based drugs

One therapeutic strategy against AD is based on a so-called “peripheral sink” hypothesis,
which postulates that removal of AB from the periphery is sufficient to decrease AB levels in
brain. However, recent studies on rodents and non-human primate indicate that peripheral
AB clearance may not be a therapeutic option [178-180]. As the neurotoxic AP42 is
predominately produced by neural cells, a direct action of potential therapeutics in the brain
parenchyma is still the best choice. Many factors contribute to the difficulty of developing
effective pharmacological treatments against AD. One of them is negligible transport of CNS
targeting drugs in pharmacologically significant amounts through the protective structure of
the brain, the blood-brain barrier (BBB).

1.4.1 The blood-brain barrier

BBB is a unique barrier that separates the brain from the circulating blood, which includes
three cellular elements: endothelial cells, astrocyte end-feet and pericytes (Fig. 10). The BBB
endothelial cells differ from peripheral endothelial cells by i) absence of fenestrae, ii) the
presence of tight intercellular junctions, iii) low pinocytotic activity, and iv) high levels of
efflux transporters at their luminal endothelial surface [181]. The tight junctions between
endothelial cells provide the BBB with an extremely high trans-endothelial electrical
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resistance and thus low para-cellular ion permeability [182]. Only water, some gases and
lipid-soluble molecules that can freely diffuse through the endothelium may cross the BBB
passively. Hydrophilic molecules must cross transcellularly through special transport
mechanism such as carrier-/receptor-mediated transport [183], or through endocytotic
mechanisms such as receptor-mediated or adsorptive transcytosis in case of bigger
hydrophilic molecules like proteins [184]. Studies show that approximately 98% of small
molecule (MW>500 D) and nearly all large molecule drugs (MW>1 kD) such as recombinant
peptides, proteins, or gene-based medicines are normally excluded from the brain [185, 186].

Blood-brain barrier

Capillary (in general) Capillary (Brain)
i ™
Fenestration ( Pericyte f.-' }/
(with intact basal membrane) 2

¥

Astrocyte

Endothelial cell

Intercellular space
Transport vesicles

Mitochondria
Tight Junctions

Fig. 10. Schematic comparison of a peripheral capillary (left) with a cerebral capillary (right)
(source: http://www.midasletter.com/wp-content/uploads/2015/01/Blood-Brain-Barrier-Picture-2-
581x383.jpg).

Besides the structural barrier, the BBB also possesses a metabolic barrier through expression
of several ectoenzymes on the plasma membranes of the endothelial cells, pericytes and
astrocytes, such as aminopeptidases, endopeptidases and cholinesterase [187-189].

The blood-cerebrospinal fluid barrier (BCB) also regulates blood-borne molecules entering
the brain through CSF. It is formed by the choroid plexus epithelial cells and the arachnoid
membrane which are linked by tight junctions [190, 191]. Some drugs and solutes enter the
brain principally across this barrier. The BBB in the adult human has 12 to 18 m? surface area
for exchange, which is 1000-fold greater than the surface area of the choroid plexus
epithelium [192, 193], thus to enhance the brain delivery through the BBB is still the major
strategy in design and optimization of most of the CNS drugs.
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1.4.2 Peptide-based drugs and ARM of HIV-1 Tat

The therapeutic potential of peptide-based drugs with 5 to 50 amino acid residues is
increasingly appreciated in the recent years. The peptide-based drugs combine the

Ill

advantages of conventional “small molecule” drugs (<500 Da) and the protein-based drugs
(>5000 Da), especially with high substrate specificity and affinity, as well as low toxicity [194].
With a better understanding of the cellular and molecular mechanisms of the BBB transport,
several strategies to enhance brain delivery of peptide-based drugs have been developed in
the past decades. One of these delivery technologies is based on cell-penetrating peptides
(CPPs), for example the trans-activator of transcription (Tat) that is derived from human
immunodeficiency virus type 1 (HIV-1) [195, 196]. The HIV-1 Tat is a regulatory protein with
86 to 101 amino acids depending on the subtype. It is produced in very early steps of viral
infection and greatly enhances the transcriptional rates that results in a high viral gene
expression. It also mediates viral spreading in disease progression [197]. It contains an
arginine-rich transduction domain (YGRKKRRQRRR), and thus belongs to the family of
arginine-rich motif (ARM) RNA binding proteins [198]. It is suggested to bind negatively
charged cell membrane embedded molecules like heparan sulfate or sialinic acid, and passes
the plasma-membranes passively [196, 199, 200]. Recent in vitro experiments based on
artificial membrane systems suggest its formation of plasma-membrane pores [201]. Tat-
and Tat motif-based drug delivery systems show in vivo BBB penetration when covalently
attached to the macromolecules [202, 203]. With enhanced and sufficient brain delivery, the
development of the peptide-based CNS drug would be particularly attractive.

1.5 Special aims of this thesis

In spite of the many advantages of peptide based drugs, their short half-life time in vivo due
to rapid degradation by proteases, and low bioavailability by oral administration restrict
their clinical usage. In comparison to naturally occurring L-form peptides, peptides derived
from partial D-amino acid substitutions or D-enantiomeric peptides, which are composed
entirely of D-amino acids, have advantages over L-enantiomers. Due to the stereoisomeric
selectivity of proteolytic enzymes, they are less prone to proteolysis, therefore longer half-
lives and higher bioavailability after oral administration are to be expected [204-206].
Furthermore, they are less or even not immunogenic at all [207].

Using mirror-image phage display [208, 209], a series of fully D-enantiomeric peptides have
been identified to bind specifically to AB (1-42). These D-peptides have already proven to
prevent AP fibril formation and to eliminate oligomers in vitro, as well as have shown
therapeutic efficacy with reduction of amyloid plagues and inflammation in the brain, and
reversing cognitive deficits in transgenic mouse models [210-213].
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Despite knowing their therapeutic function, their exact distribution in vivo is yet unknown.
Thus the purpose of this doctoral research is to examine the distribution of D-peptides in the
body in vivo, their entrance into the brain and distribution within the brain in particular.

Aim #1. D-enantiomeric peptides are known to be very resistant to proteolysis in vitro.
However, only limited information exists about their biodistribution, oral availability and
biological half-life in vivo. So far, pharmacokinetic analyses have only been shown for
peptides that only partially consisted of D-amino acids, thus a comprehensive preclinical
pharmacokinetic study of solely D-enantiomeric peptides is strongly required. Studies on
their metabolic stability and plasma protein binding property are important and help to
understand PK parameters. Comparing the pharmacokinetic behaviour of lead peptide, D3,
and its derivatives from rational design also provides important information on transfer of in
vitro or in silico data to in vivo, as well as for the selection of promising candidates for the
treatment of Alzheimer’s disease.

Aim #2. As mentioned above, the “peripheral sink” hypothesis failed in many studies. Drugs
developed as AD therapeutics still need to enter the brain to be therapeutically active. D3, as
an arginine-rich peptide, shows similarity to the ARM of HIV-1 Tat and its BBB permeability
was examined in an in vitro cell culture model. The studies of aim#1 suggested the
distribution of D3, as well as other D-peptides, into the brain with different administration
routes, but there is still no direct evidence to show D-peptides actually entre the brain.
Therefore, the aim of this study is to use tritium and fluorescently labelled D3 to detect and
visualize the brain delivery, as well as the specific binding to AB plaques in mouse models.

Aim #3. D3, as well as fluorescently labelled D3 are able to pass the BBB and bind to AB
plaques in vitro and in vivo as shown in studies of aim #2. Here we go another step further,
to see how they are transported as exogenous substances once they are introduced in the
brain parenchyma. As mentioned above, the neuropathological changes of AD start at the
region of hippocampal formation, thus we select this injection site as it is also easy to locate
and suitable for tracking substance transport due to its anatomic character. D-peptides are
labelled with fluorescence (FAM or FITC) for visualization purpose, so FITC is tested for
control as well. By comparing the transport difference in wild type and AD transgenic mouse
models, it is investigated whether those fluorescently labelled D-peptides can reveal the
neuropathological changes of AD.
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Abstract In this study, we characterized unexpected side-
products in a commercially synthesized peptide with the se-
quence RPRTRLHTHRNR. This so-called peptide D3 was
selected by mirror phage display against low molecular weight
amyloid-3-peptide (A 3) associated with Alzheimer’s disease.
Capillary electrophoresis (CE) was the method of choice for
structure analysis because the extreme hydrophilicity of the
peptide did not allow reversed-phase liquid chromatography
(RPLC) and hydrophilic interaction stationary phases
(HILIC). CE-MS analysis, applying a strongly acidic back-
ground electrolyte and different statically adsorbed capillary
coatings, provided fast and efficient analysis and revealed that
D3 unexpectedly showed strong ion-pairing with sulfuric ac-
id. Moreover, covalent O-sulfonation at one or two threonine
residues was identified as a result of a side reaction during
peptide synthesis, and deamidation was found at either the
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asparagine residue or at the C-terminus. In total, more than
10 different species with different m/z values were observed.
Tandem-MS analysis with collision induced dissociation
(CID) using a CE-quadrupole-time-of-flight (QTOF) setup
predominantly resulted in sulfate losses and did not yield
any further characteristic fragment ions at high collision ener-
gies. Therefore, direct infusion Fourier transform ion cyclo-
tron resonance (FT-ICR) MS was employed to identify the
covalent modification and discriminate O-sulfonation from
possible O-phosphorylation by using an accurate mass analy-
sis. Electron transfer dissociation (ETD) was used for the
identification of the threonine O-sulfation sites. In this work,
it is shown that the combination of CE-MS and FT-ICR-MS
with ETD fragmentation was essential for the full characteri-
zation of this extremely basic peptide with labile
modifications.

Keywords Extremely hydrophilic peptide - Capillary
electrophoresis - Coating - Electron transfer dissociation -
Alzheimer’s disease

Introduction

The prevalence of the neurodegenerative Alzheimer’s disease
(AD) as the most common form of dementia is strongly in-
creasing because of the growing average age of the Western
population, with more than 20 million people affected [1].
According to the modified amyloid cascade hypothesis, the
disease is associated with the pathologic self-association of
amyloid-f3-peptide (A3), which leads to the formation of tox-
ic AP oligomers and extracellular amyloid neuritic plaques.
Af3 peptides are 37-43 amino acids long and are derived from
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the amyloid precursor protein by proteolytic processing. A3
aggregates are thought to play an important role in the devel-
opment and progression of AD.

Based on the modified A3 cascade theory, therapeutic ap-
proaches tackling AP aggregate formation include the
developments of agents reducing the A3 production by
inhibiting secretases, interfering with the A3 oligomeri-
zation and plaque formation, or increasing AP clearance
from the brain.

Earlier, the D-enantiomeric peptide D3 was selected by
phage display selection against monomeric or low molecular
weight species of the mirror image of A3(1-42) using a phage
displayed peptide library of more than 1¢10° different
12-mer peptides [2]. Such a mirror image phage display
yields D-peptides that are known to have enhanced half-
life via increased resistance against most proteases [3-5].
D3 was shown to bind to different A31-42 conformers
[6-8], to modulate A aggregation and to reduce A
cytotoxicity and to reduce the plaque load and inflamma-
tion processes in transgenic mice [9, 10]. In addition,
even oral application of D3 significantly improved cog-
nition [11, 12]. D3 seems to convert toxic A} species
into non-amyloidogenic, non-fibrillar, and non-toxic aggre-
gates [12]. Interaction of D3 with A3 may be based on elec-
trostatic interaction of the cationic D3 moieties with anionic
sites in A3 oligomers.

The strong electrostatic interaction is due to the extreme
characteristics of D3, being a very hydrophilic peptide (2/3
of the amino acids are hydrophilic) with 5 arginines and 2
histidines in its amino acid sequence: RPRTRLHTHRNR
with an amidated C-terminus. The pl is calculated to be 12.6
[not taking into account the amidation of the C-terminus,
http://web.expasy.org/compute_pi/)]. Other sources
calculated the pl to be 14 with amidation at the C terminus
(http://www.innovagen.se/custom-peptide-synthesis/peptide-
property-calculator/peptide-property-calculator.asp) or 13.1
(https://www.genscript.convssl-bin/site2/peptide calculation.
cgi). These extreme values make the chromatographic
separation of D3 challenging. For quality control and its
analysis in cerebrospinal fluid and blood, chromatographic
techniques are difficult to apply as either too strong or too
low retention is observed. High separation selectivity was
achieved using capillary electrophoresis coupled with ESI-
MS to separate and identify the large number of modifications
of D3 and other D3-related peptides including deamidation
(DA), O-sulfonation at the threonine sites, and ion-
pairing. Further in-depth analysis required high resolu-
tion accurate mass (HR/AM) mass spectrometry to de-
termine deamidation and discriminate sulfate from phos-
phate, and different fragmentation techniques, including
collision induced and electron transfer dissociation (CID
and ETD). We used FTICR-ETD-MS to determine the
O-sulfonation sites.

@ Springer

Materials and methods
Chemicals

[odoacetamide (=99 %, TLC) and polybrene (>95 %, MW=
15,000) were purchased from Sigma-Aldrich (Steinheim,
Germany). Dithiothreitol (DTT; molecular biology grade)
was bought from BDH Prolabo (Darmstadt, Germany), tryp-
sin (sequencing grade) from Promega (Mannheim, Germany)
and ammonium hydrogen carbonate (>99 %) from
AppliChem (Darmstadt, Germany). RapidGest was purchased
from Waters (Eschborn, Germany), acetonitrile (LC-MS-
grade) from Biosolve (Valkenswaard, The Netherlands),
isopropanol (LC-MS-Chromasolv) from Fluka (Steinheim,
Germany), and LN coating solution (concentrate) from
Target Discovery (Palo Alto, CA, USA). Bovine serum albu-
min (BSA), ammonium acetate, glacial acetic acid (p.a.), and
formic acid (p.a.) were bought from Merck (Darmstadt,
Germany). All aqueous solutions were prepared with water
that was purified by a Milli-Q purification system from
Millipore (Bedford, MA, USA). The fused silica capillaries
were purchased from Polymicro Technologies (Phoenix, AZ,
USA). D3 and other peptides were synthesized by JPT Peptide
Technologies GmbH, Berlin, Germany.

Recombinant production of L-D3

E. coli C43(DE3) competent cells (Avidis, Saint-Beauzire,
France) and E. coli OmniMax T1(Invitrogen, Darmstadt,
Germany) were employed. Custom synthesized DNA oligo-
mers were obtained from BioTeZ (Berlin, Germany).
Restriction enzymes were from MBI Fermentas. The original
expression vectors pTKK19 and pET-20b/YUH were a gen-
erous gift of Dr. Toshiyuki Kohno. DNAse 1 was from
AppliChem (Darmstadt, Germany), protease inhibitor com-
plete EDTA free (Hoffmann-LA Roche, Basel, Switzerland),
Ni**-NTA-agarose was purchased from Qiagen (Hilden,
Germany), and SP Sepharose was obtained from GE
Healthcare Life Science (Uppsala, Sweden). Hiload 16/60
Superdex 30 prep grade was from GE Healthcare Life
Science, Uppsala, Sweden.

The plasmid pTKK19-LD3 allowed the production of the
L-D3 peptide in E.coli as an N-terminal fusion protein with
decahistidine tagged ubiquitin. The ubiquitin hydrolase is able
to release the L-D3 12-mer peptide from ubiquitin without
additional amino acids left from the cleavage site. The vector
pTKK19 was modified by introducing the Sacll restriction
site as a still mutation at the C-terminal end of ubiquitin.

For cloning the L-D3 peptide expression vector DNA olig-
omers coding for L-D3 peptide (RPRTRLHTHRNR) were
synthesized (BioTeZ, Berlin, Germany). The codon usage
was optimized for the expression in £. coli. The 5'-phosphor-
ylated oligomers (5'-GGCGGTCGTCCGCGTACCCGTCTG
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CACACCCACCGTAACCGTTAAG and 5-AGCTGAAT
TGCCAATGCCACCCACACGTCTGCCCATGCGCCTGC
TGGCGGCQG) are able to hybridize to each other to build a
DNA double strand with overhanging ends, which can hybrid-
ize with the Sacll/ Sall digested and dephosphorylated vector
pTKK19. After ligation of vector and DNA oligomers E. coli
OmniMaxT1 competent cells (Invitrogen, Darmstadt,
Germany) were transformed with the ligation reaction. The
obtained colonies were analyzed, and the DNA sequence of
the L-D3 peptide expression vector, referred to as pTKK19-
LD3, was confirmed by DNA sequencing (SEQLAB,
Géttingen, Germany).

E. coli C43(DE3) competent cells were transformed with
plasmid pTKK19-LD3. A volume of 200 mL LB medium
(100 pg/mL kanamycin and 2 % glucose) was inoculated with
asingle colony and incubated at 37 °C and 130 rpm overnight.
The cells were harvested at 5000g for 20 min at 20 °C and
resuspended in 1 L fresh LB-medium with a final O.D ¢ of
0.2. The expression culture was incubated at 37 °C at 130 rpm
until the 0.D.4 value reached 1.6. The expression of the
fusion protein was induced by addition of IPTG to a final
concentration of 1 mM. After another 5 h of shaking at
37 °C at 130 rpm, cells were harvested by centrifugation at
5000g for 20 min at 4 °C. Cells were washed once with 30 mL
PBS, centrifuged at 14,000¢ for 5 min at 4 °C, and stored at —
20°C.

For purification, the cell pellet was resuspended in 50 mL
lysis buffer (PBS pH 7.4 with 5 mmol/L imidazole). The cell
lysis took place with a cell disruptor at 1.7 bar for 3 cycles.
Then 30 pg/mL DNAse I (5 mg/mL DNAse I dissolved in
10 mM HEPES-KOH, pH 7.9, 30 mmol/L MgCl,, 30 mmol/L
CaCl,, 50 % glycerol) and one tablet protease inhibitor
completely EDTA-free (Hoffmann-LaRoche, Basel,
Schweiz) per 10 mL lysis buffer were added. After centrifu-
gation at 50,000g for 30 min at 11 °C, the supernatant was
loaded on a Ni*'-NTA-agarose column (8 mL column mate-
rial per liter expression pellet) equilibrated with lysis buffer.
The column was washed with 10 column volumes PBS pH 7.4
containing 60 mmol/L imidazole, 10 column volumes PBS
pH 7.4 containing 60 mmol/L imidazole and 1 mol/L
urea, and 10 column volumes PBS pH 7.4 containing
60 mmol/L imidazole and 2 mol/L urea to remove non-
specifically bound proteins. The His-tagged fusion pro-
tein was eluted from the column with six column vol-
umes of 500 mmol/L imidazole in 50 mmol/L sodium
phosphate buffer pH 7.5 and 700 mmol/L NaCl. Fusion
protein containing fractions were pooled and dialyzed against
50 mmol/L sodium phosphate buffer pH 7.5, 400 mmol/L.
NaCl, and 1 mmol/L EDTA.

The N-terminal ubiquitin of the fusion protein was cleaved
with yeast ubiquitin hydrolase (YUH) in 50 mmol/L sodium
phosphate buffer pH 7.5, 400 mmol/L NaCl, and 1 mmol/L
EDTA ovemight at room temperature with a ratio YUH:fusion

protein of 1:3. Expression and purification of YUH was done
as described [13].

To remove YUH, ubiquitin and noncleaved fusion protein,
a SP-Sepharose column was employed. The protein solution
was diluted after cleavage with 50 mmol/L sodium phosphate
buffer pH 7.5 1:4 to adjust the NaCl concentration to
100 mmol/L and loaded on an SP-Sepharose column (1 mL
column material for 1 L expression culture) equilibrated with
50 mmol/L sodium phosphate buffer pH 7.5. The column was
washed with increasing concentrations of ammonium acetate
pH 8.8 (50, 100, 200, and 400 mmol/L, 2 column volumes
each). During the washing procedure, the L-D3 peptide stuck
to the column and YUH, ubiquitin, and non-cleaved fusion
protein were washed away. To elute the L-D3 peptide, the
column was incubated for 2 min with 6 column volumes
1 mol/L ammonium acetate pH 8.8.

To remove residual impurities, the L-D3 peptide solution
was loaded on the size exclusion chromatography column
Hiload 16/60 Superdex 30 prep grade (GE Healthcare Life
Science, Uppsala, Sweden). The column was equilibrated
with 1 mol/L. ammonium acetate pH 8.8. The elution volume
of L-D3 was 90 mL. The protein containing fractions were
pooled, lyophilized, and stored at —80 °C.

HPLC-MS

Analyses were performed using an Agilent 1100 series binary
HPLC system (Agilent Technologies, Waldbronn, Germany)
coupled with a 4000Qtrap linear ion trap mass spectrometer
(Applied Biosystem/MDS Sciex, Foster City, CA, USA),
which was equipped with a Turbolon spray source. The mass
spectrometer was operated in the positive Q1 mode scanning
from 400 to 1200 Da. Parameters were first optimized
performing a flow injection analysis with D3 and led to the
following parameter settings: IS 5500 kV, declustering poten-
tial DP 80 V, curtain gas (N2) 10 arbitrary units (au), source
temperature 550 °C, nebulizer gas (N2) 50 au, and heater gas
(N2) 30 au.

Separation was tested on different C8/C18, HILIC-, and
cation exchange columns (e.g., ProntoSIL 120-C8-SH,
3 um, 150x2 mm (Bischoff Chromatography, Leonberg,
Germany), Luna HILIC, 5 pum, 150%3 mm (Phenomenex,
Aschaffenburg, Germany), or Luna WCX, 5 um 150x
2.1 mm (Phenomenex, Aschaffenburg, Germany). The col-
umn oven temperature was kept at 20 °C during analysis.

Gradient elution on C8/C18 columns was done with deion-
ized water with 0.1 % formic acid, 20 mmol/L or 50 mmol/L
ammonium acetate pH 3, 4.5, or 6 (solvent A), and acetonitrile
with 0.1 % formic acid (solvent B) at a constant flow rate of
300 uL min". The gradient profile was 5 % B for 2 min
isocratic, from 2 to 20 min a linear increase from 5 % B to
95 % B, an isocratic step for 6 min, and a return to 5 % B at
27 min and 10 min isocratic for re-equilibration.
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Gradient elution on HILIC column was tested with differ-
ent ammonium acetate concentrations (30, 50, 100 mmol/L)
with different pH (3, 4.5, and 6) (solvent A) and acetonitrile
with 0.1 % formic acid (solvent B). The gradient profile was
95 % B for 5 min isocratic, from 5 to 35 min a linear decrease
from 95 % B to 50 % B, an isocratic step for 6 min, a return to
95 % B at 42 min, and 15 min isocratic for re-equilibration.
The flow rate was 150 pL/min.

Gradient elution on cation exchange was done with
100 mM ammonium acetate, pH 3.5 (solvent A) and acetoni-
trile with 0.1 % formic acid (B) 5 % B for 2 min isocratic, from
2 to 30 min a linear increase from 5 % B to 95 % B, an
isocratic step for 6 min, a return to 5 % B at 37 min, and
10 min isocratic for re-equilibration. The injection volume
was always 10 uL D3 (100 pmol/L).

CE-MS

An Agilent 7100 capillary electrophoresis system (Agilent
Technologies, Waldbronn, Germany) was used for CE analy-
sis. The capillaries (i.d. 50 pm, length 60 cm) were coated
according to the standard coating procedure described in
[14]. Briefly, the capillaries were rinsed consecutively with
methanol and aqueous hydrochloric acid (¢=1 mol/L) for
10 min at 1 000 mbar, followed by 25 min rinsing with sodium
hydroxide (c=1 mol/L) for activation. Having rinsed with
water for 10 min, the capillaries were flushed with the coating
solution (a 5 % aqueous polybrene solution or the 1:5 diluted
LN stock solution) for 30 min and the capillary was left over-
night filled with coating solution. Having flushed it out with
BGE, 20 min conditioning at —30 kV (polybrene) or +30 kV
(LN) was accomplished and the capillary was ready to be
used. The running buffer was a 3:1 (v/v) mixture of acetic
acid:formic acid, each ¢c=1 mol/L. The tryptic digests of bo-
vine serum albumin (BSA) used as a reference were accom-
plished according to [14] and injected hydrodynamically (5 s
at 50 mbar) without further treatment. Separations were car-
ried out at +30 kV (LN coating) or —30 kV (polybrene coat-
ing). Before each run, the capillary was flushed with running
buffer for 150 s. An Agilent 6520 Accurate-Mass QTOF-MS
(Agilent Technologies, Santa Clara, CA, USA) was used for
MS detection. The CE was coupled to the mass spectrometer
via a coaxial sheath liquid interface from Agilent (Agilent
Technologies, Waldbronn, Germany). An Agilent isocratic
pump 1260 (Agilent Technologies, Waldbronn, Germany) de-
livered the sheath liquid, a 50:50 (v/v) mixture of
water:isopropanol, containing 1 % acetic acid at a flow rate
of 4 pL/min. The nebulizer pressure was set to 0.28 bar and
the drying gas flow to 4 L/min. A fragmentation voltage of
175 V, a capillary voltage of —4000 V, a skimmer voltage of
65 V, and an octopol voltage of 750 V were used. The mass
range was set to m/z 1001700 and the data acquisition rate
was 2 spectra/s. For the daily calibration of the MS we used
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the G1969-85000 QTOF standard calibration tune mix from
Agilent. For the plotting of extracted ion electropherograms,
the intensities of the isotopes of one signal were summed.

Direct infusion ESI-FTICR-MS

Direct infusion electrospray ionization (ESI) experiments
were carried out using a 5 pg/mL solution of the synthetic
D3 peptide with 0.05 % formic acid at an infusion rate of
2 uL per min. ESI-FTICR experiments were performed on a
Bruker 15 Tesla solariX FTICR mass spectrometer, as previ-
ously described [15], using the same instrumental settings
with some modifications. Briefly, the capillary voltage was
4500 V with dry gas flow, dry gas temperature, and nebulizer
gas pressure set to 3.7 L/min, 200 °C, and 1.3 bar, respective-
ly. A quadrupole (Q) was used for precursor ion selection and
a hexapole collision cell for ETD. The ion funnels operated at
100 and 6.0 V, respectively, with the skimmers at 15 and 5 V.
The trapping potentials were set at 0.995 and 0.985 V, the
analyzer entrance was maintained at —10 V, and side kick
technology was used to further optimize peak shape and signal
intensity. The required excitation power was 19 % with a pulse
time of 10 ps. MS and MS/MS spectra were acquired in the
m/z-range from 153.5 to 3 000 and generated from the average
of 8 and 100 scans, respectively, using an accumulation time
in the hexapole collision cell of 0.15 and 4 s, respectively. MS/
MS experiments were performed with the Q at an isolation
window of 10 mass units, followed by ETD and fragment ion
mass analysis in the ICR cell. The ETD reagent (fluoranthene
from negative chemical ionization (NCI) source) accumula-
tion and reaction time was 150 and 100 ms, respectively. Both
positive and negative ions were trapped using a mirror rf am-
plitude of 180 V..

Prior to the measurements, the FTICR system was exter-
nally calibrated using a commercially available peptide mix
(Bruker Daltonics). DataAnalysis software ver. 4.0 SP 5
(Bruker Daltonics) was used for the visualization and the cal-
ibration of the ETD spectra. ETD fragments of the different
D3 peptide forms were simulated using the MS-Product tool
of the http://prospector.ucsf.edu/prospector/mshome.htm
website.

Results
LC-MS

D3 analysis was first tested using RP-HPLC with a C18 col-
umn, though D3 eluted close to the void volume with hardly
any retention (data not shown), despite various optimization
strategies (different columns, salt concentration, pH, see the
Materials and methods section). In contrast, the peptide was
irreversibly bound to a weak cation exchange column (data
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not shown). In order to obtain reasonable but not too strong
binding of D3 on the stationary phase, HILIC separation with
a column covered by cross-linked diol groups was tested (see
Fig. 1). Very strong retention also at elevated pH was observed
with peak base widths of 6 min, revealing doubly and triply
charged peptides in the deconvoluted MS spectra with m/z
values of 1599.7, 1679.6, and 1759.4. These correspond to
D3 and isoforms differing in one or two modifications with
amass difference of +80 Da pointing to phosphorylation or O-
sulfonation.

CE-MS separation and identification of modifications

We applied our standard CE-MS method for peptide analysis
[14] involving an acidic background electrolyte composed of
a mixture of acetic acid and formic acid (3:1, each c=
1 mol/L). In order to avoid adsorption of the highly charged
D3 peptide cations to the capillary wall, different coatinging
strategies were applied using the neutral acrylamide-based LN
coating and polybrene, both well suited for the analysis of
highly charged and, thus, highly mobile peptides [14]. With
LN coating, very short analysis times below 6 min were ob-
tained (see Fig. 2a). Already from the analysis with LN coat-
ing, an astonishingly high number of D3 species was observed
migrating in three major groups. The mass spectra for two

signals of the very basic D3 with a corresponding high charge
state of 4 (the D3 species were detected with 3-5 charges)
are exemplarily shown in Fig. 3. The signal of free D3 is
observed together with two signals with nominal mass
differences of 80 (Fig. 3a) and 98 (Fig. 3b) (or 178 from
a combination of both). These could later be assigned to a
single O-sulfonation at the threonines, the formation of an
ion-pair with sulfate, or a combination of covalent O-
sulfonation and ion-pairing with sulfate via FTICR-MS (see
section ESI-FTICR-MS fragmentation with ETD). Care has to
be taken in the interpretation of the results as in-source decay
is present for the labile ion-pairs and SOs-moieties (see below)
and many isobaric species are present, not yet sufficiently
resolved (Fig. 2b).

A higher resolution, especially of isobaric species with sin-
gle or double O-sulfonation and ion-pairs was obtained
matching the effective electrophoretic mobility of the fast
D3 and its modified forms with the electroosmotic mobility
using the cationic polybrene coating inducing a high EOF [16]
as visible in Fig. 4. As O-sulfonation and ion-pairing are prone
to in-source decay, this good separation is vital for unambig-
uous identification of compounds present either in the sample
or stemming from neutral loss reactions. The mass spectra of
all electrophoretic peaks showed O-sulfonation and/or ion-
pairing of D3 (potentially with deamidation) plus the signals
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Fig.1 (a) HILIC-MS chromatogram with mass traces for 535 (blue), 561
(red), and 587 (green); (b) mass spectrum as well as (¢) deconvoluted
mass spectrum over retention time range 27.5-29.0 min; separation was

done with 100 mmol/L ammonium acetate, pH 6, as described in
Materials and Methods

@ Springer

30| Seite



6642 M. Pattky et al.
Fig. 2 Electropherogram from x10 & a
CE-MS separation using LN
coating; BGE: 3:1 (v/v) mixture
of acetic acid:formic acid, each 4
c=1 mol/L; +30 kV; sheath |
liquid: a 50:50 (v/v) 2/ D3-250,
water:isopropanol mixture with V4 A
1 % acetic acid, flow rate of g 'Y . g N
o pin i et 558 3 0-mgi 4 41 42 43 44 45 46 47 48 49 5 51 52 53
(a) overview; (b) enlargement. St : :
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I . |
‘ isoforms ! \|
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from neutral losses. An example is presented in Fig. 3 for D3-
S05:H,S0,4, where the D3-S0; as well as the free D3 can be
observed. A comparison of the separation profiles obtained
with the respective coating materials reveals the strong impact
of the capillary coating and, thus the EOF velocity on
the separation profiles: although the LN coating is per-
fectly suited for a fast screening of larger sample co-
horts, only the highly cationic capillary coating polybrene
enables the in-depth evaluation of the complex D3 isoform
pattern.

Owing to in-source decay with its neutral losses, the mass
of the native D3 (or the deamidated form) can be observed

Counts vs. Acquisition Time (min)

underlying every signal, but no “free” D3 was observed dur-
ing our CE-MS analysis. For data representation in Fig. 4a, we
used this presence of the m/z signal of 320.59 (5-fold charged
D3 from in-source decay) to illustrate the impressive
sample complexity of the commercially synthesized D3
sample. In addition, deamidation is indirectly visualized:
note that the resolving power of the QTOF system does
not allow accurate detection of a 0.984 Da mass shift
(i.e., the first isotope of the deamidated species cannot
be resolved from the second isotope of the amidated peptide
signal). However, because of the separation capabilities of the
CE-method, deamidation can be visualized when plotting the

Fig. 3 Details of the mass spectra _ D3-SO, a
(charge state +4) of two selected 420.4798
D3 species [D3-SO; (a) and 2.5 f
D3:H,S0y (b)] in the separation 2
presented in Fig. 2 (see also 15
insert); further separation '
conditions, see Fig. 2 11 D3 D3-303:H2304
0.5
; oo A 444.9706
400 405 410 415 420 25 430 435 440 445 450
Counts vs. M3ss-to-Charge (m/z)
x10 &
x10 5 . b
400.4908 ‘
31 z‘
24 o: 43 44 ;s 46 47 48 49 5 51 52 53
Counts vs. Acquisition Time (min)
1] D3:H,SO,
424.9820
413.9697

400 405 410 415 420 425 430 435 440 445 450
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Fig. 4 Electropherograms from x103 a
separations using a PB-coated 4
capillary, other separation DA-SO,/

3.5

conditions as in Fig. 2. (a)
Electropherogram overview
including the sum of the mass
traces of m/z 320.59 (unmodified
D3 present from in-source decay);
(c)(e) extracted ion
electropherograms of modified
D3 forms including deamidated
forms; (b) D3-280; (m/z 440.47);
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extracted ion electropherograms of the first and second
isotope masses of the amidated species (m/z values
320.59 and 320.79), as presented in Fig. 4a. Signals
of species with deamidation are present where a large

Counts vs. Acquisition Time (min)
difference in the signal intensities of these mass traces
is observed.

A summary of all species identified from CE-MS using
polybrene-coated capillaries is given in Table 1.
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Table 1  Characterization of the heterogeneity of D3: theoretical mass,
modification, theoretical, and observed mass of charge state +4 (for CE-
MS and FTICR-MS). As visualized in Fig. 4, the masses of the D3

species occur at multiple positions in the electropherogram. The
average of the measured masses at the different positions is listed. For
migration times please refer to Fig. 4

MW (theor) Deamidation O-sulfonation Ton-pair Theoretical mass Observed mass Delta (ppm) Observed mass
at charge state at charge state +4 at m/z-values
+4 m/z-values in CE-MS: m/z-values (charge state +4)

FTICR-MS

1597.92529** - - - 400.4885 400.4902 4 400.4885

1598.90931** 1 DA - - 400.7345 400.7355 2

1757.83893 - 2804 - 440.4666 440.4683 4 440.4670

1677.88211 - 1803 - 4204777 4204781 1 420.4778

1678.86609 1 DA 1 SO, - 420.7237 420.7247 2

1775.84948* - 1 SO; 1H,80, 4449696 444.9704 2 444.9696

1695.89268 - - 1 H,80, 4249804 4249814 2 424.9804

1696.87668 1 DA - 1H,S0,  425.2264 425.2250 -3

* The mass referring to D3-S05:H,S0, was detected at different migration times as also shown in Fig. 4e. A clear identification was possible at migration
times of 10.3-10.6 min; for other signals, an unexpected isotopic pattern was observed varying within a peak over time. Further species, where a similar
effect was observed, are not listed as the identification is ambiguous (see also section on Determination of O-sulfonation sites).

** D3 and DA without modification were only observed as a result of in-source decay.

ESI-FTICR-MS fragmentation with ETD

Direct infusion ESI-FTICR-MS analysis of the D3 peptide con-
firmed the presence of five out of eight species detected by CE-
QTOF-MS. A typical example of'an ESI-FTICR-MS spectrum is
depicted in Fig. 5a. The signal detected at m/z 400.4885 was
identified via ETD experiments as the quadruply protonated form
of the D3 peptide amidated on the C-Terminus (data now
shown). The high accuracy of the 15 T ESI-FTICR-MS mea-
surements allowed the identification of ion adducts and modified
forms of the same peptide by accurate measurement of the mass
differences between signals in the spectrum. Following this strat-
egy and measuring the mass differences from the D3 peptide
observed at m/z 400.4885, all species in the spectrum were iden-
tified: the mass difference of 21.9820 Da corresponding to a
sodium adduct was calculated for the peptide detected at m/z
405.9841, whereas a mass difference of 79.9568 Da correspond-
ing to an O-sulfonation was calculated for the peptide observed at
m/z 420.4778. The peptide observed at m/z 424.9804 was
97.9676 Daheavier than the D3 peptide, indicating the formation
of an ion-pair with sulfate, whereas the peptide observed at m/z
440.4670 was 159.9136 Da (i.e., twice 79.9568 Da) heavier than
the D3 peptide, indicating the presence of a second O-sulfona-
tion. Finally, the mass difference of 97.9672 Da was calculated
between the peptide at m/z 420.4778 and the peptide at m/z
444 9696, indicating both the presence of one O-sulfonation
and an ion-pair with sulfate. All the identified species are sum-
marized in Table 1.

To corroborate the identification and localize the modifica-
tion sites, ETD ESI-FTICR-MS/MS experiments were per-
formed on selected precursor ions. The ETD spectrum of
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quadruply protonated mono-sulfonated D3 peptide is depicted
in Fig. 5b. Here, only the precursor ion and ETD c- and z-
fragment ions were annotated. The high sequence coverage
(i.e.,10 out of 11 peptide bonds cleaved) allowed the localiza-
tion of this modification mainly on threonine-8.

Since the mass differences between a sulfonated and a phos-
phorylated peptide is only 9.5 mDa, the unambiguous identifica-
tion of this kind of modification was proven after intemal cali-
bration of the spectrum. To this end, the ¢9- (m/z-value
621.1877), the c4- (m/z-value 528.3365), the z4- (m/z-value
565.3192), and the c6-fragment (m/z-value 797.5217) that do
not contain the modification were used to intemally calibrate
the ETD spectrum. As depicted in Fig. 5c, the measured m/z
value of the modified c8-fragment was in excellent agreement
with sulfonation with a mass measurement error (MME) below
0.2 ppm for both the c4- and the c8-fragment. Note that HSO;-
containing fragment ions had an MME between 0.13 and
0.50 ppm. MMEs would have been higher than 5 ppm in case
of phosphorylated fragment ions. Note that ETD fragments (i.e.,
c4, c5, and c7) of the D3 peptide mono-O-sulfonated at
threonine-4 were also detected. However, the signal intensity of
these fragments was very low and the mono-sulfonated D3 pep-
tide was considered as modified mainly at threonine-8. The ETD
experiment performed on the modified D3 peptide of m/z value
440.4670 confirmed the presence of one O-sulfonation on both
threonine-4 and threonine-8 simultaneously (data not shown).

Analysis of L-D3 obtained from E. coli

Figure 6 shows the CE-MS analysis of the peptide L-D3
expressed in E. coli, with only L-D3:H,SO,4 and minor
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Fig. 5 ETD-MS spectra from
direct infusion FTICR-MS of D3
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impurities not related to L-D3 present. No O-sulfonated spe-
cies were detected.

Application to D3-related peptides

Peptides with slightly modified amino acid sequences were
synthesized to investigate the impact of a modified amino acid
sequence on the pharmacologic potency of the respective pep-
tides as well as to understand the impact of the amino acid
sequence on the number of O-sulfonated forms and ion-

pairing. The CE-MS results in Fig. 7 show that only single
but not double O-sulfonation was always observed on the
single threonine present. Deamidation was only recorded in
case of RD2. lon-pairs are present, though only detected with
a higher degree of in-source decay compared with D3,
pointing to a higher stability of its ion-pairs in the gas phase.
No combinations of O-sulfonation and ion-pairing or
deamidation were detected. Overall, the complexity of the
peptides with a varied amino acid sequence was clearly
lowered.
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Fig. 6 Electropherogram of X106
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Discussion

Analysis of the extremely hydrophilic peptide D3
and separation of sulfated/phosphorylated species

Both the chromatographic and electrophoretic separation of
extremely hydrophilic and highly basic peptides such as the
peptide D3 in this study are challenging.

Chromatography

The very hydrophilic peptide D3 with its large number of
polar amino acid moieties (mainly lysine and arginine)
showed negligible retention on reverse phase columns, like
other very polar peptides [17, 18] , though in principle the
analysis of phosphorylated, sulfated, and sulfonated peptides
is possible [19, 20]. An optimization via ion-pairing [9, 17, 18,
21] or using normal phase chromatography with a high con-
tent of organic solvents in the mobile phase of high surface
tension and low induced ionization efficiency [22, 23] is not
possible. Too strong up to irreversible retention of very basic
peptides, also for D3, was observed using weak cation
exchange phases (see also [24]).

HILIC is often used for weakly acidic or basic compounds
in general [25], including hydrophilic (glyco-)peptides [26,
27] with aqueous-organic mobile phases of >50 % organic
solvent, well compatible with mass spectrometry [26]. In or-
der to avoid excessive retention, we applied here a non-ionic
diol-stationary phase without anionic surface charge (e.g., of
zwitterionic sulfobetaine phases) to prevent Coulombic attrac-
tion of D3 on the surface. However, no successful separation
of different D3 species was obtained. Even decreasing the
percentage of organic solvent or utilizing the salting-out effect
[25] for the non-ionic HILIC phase did neither reduce the
retention times below 30 min nor enhance separation efficien-
¢y (6 min peak base width), see Fig. 1. The negligible selec-
tivity may stem from the strong ion-pairing of the peptide with
sulfate and O-sulfonation, with an increase in hydrophobicity
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as also observed by Singer et al. [28] for phosphorylated
peptides.

In the future, we will test other HILIC stationary phases
including amide- and amine-bonded phases at low pH in order
to induce Coulombic repulsion, thus lowering the retention

a
b
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Counts vs, Acqunsmon Time (min)

Fig. 7 Electropherograms from the analysis of D3 variants separated in
polybrene-coated capillaries at -30 kV; further separation conditions as in
Fig. 2. (a) PTLHTHNRRRRR with mass traces: RD2 400.74 (1598.92),
RD2-S0; 420.73 (1678.87); RD2:H,SO, 424.23 (1776.85); DA-RD2
400.98 (1599.90). (b) RPRTRLTHRNR with mass traces D3-h: 366.47;
(1461.86); D3-h-SO; 386.46 (1541.82); D3-h:H,SO, 390.96 (1559.825).
(¢) RPRTRLHRNR, with mass traces D3-th 341.21 (1360.81); D3-th-SO5
361.20 (1440.77); D3-th:H>S04 365.70 (1458.78). (d) RPRTRLRNR with
mass traces D3-hth 408.92 (1223.75); D3-hth-SO; 435.58 (1303.71);
D3-hth:H,S0, 440.58 (1321.73)
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(ERLIC-approach; electrostatic repulsion-hydrophilic interac-
tion chromatography) [29]. Likewise, mixed-mode stationary
phases may be used [30-33].

Capillary electrophoresis

An alternative to chromatography with its inherently limited
range of encompassed analyte polarities [32] are capillary
electromigrative separation techniques, where the polarity of
the analyte, despite the need of being soluble in the separation
medium, is not of concern for the separation. Only charge is
required for separation (either on the analyte or on a separation
carrier). CE-MS coupling is frequently applied for peptide
analysis [34, 35]; mostly very acidic BGEs (pH 2-3) are used
with volatile acetic acid and formic acid as buffer constituents.
This ensures cationic migration of most peptides, especially
tryptic peptides, which mostly have a charge of +2 in these
aqueous buffers. D3 with its high pl and, thus, high charge can
be regarded a nearly ideal analyte for capillary electrophoresis
as it has a very high electrophoretic mobility and a good sol-
ubility. However, because of its very basic character and high
cationic charge, adsorption problems onto the capillary wall
are likely to occur with the use of acidic BGEs attributable to
ionic interactions. Thus, neutral or cationic coatings had to be
applied for high separation efficiency and repeatability. The
neutral LN coating provided extremely fast measurements
with less than 6 min separation time (see Fig. 2); however,
only with low resolution (compare [16]). Counter-
electroosmotic migration with the help of polybrene with
its high EQOF (=6.2x107* ¢m?/Vs with the running buffer
applied here) to provide an efficient transport of D3 to the
MS yielded increased resolution, very high separation effi-
ciency, and increased robustness [14]; however, in a some-
what longer separation time of 20 min. Only with the brilliant
separation obtained, we were able to clearly discriminate the
large number of isobaric compounds, including ion-pairs and
sulfonated species together with their deamidated analogs,
without quenching effects. More importantly, a clear assign-
ment of all species despite the labile nature of the ion-pairs as
well as the covalent bond of the sulfonate was now possible
(see Fig. 4), in contrast to direct infusion experiments or
HILIC-MS with coeluting analytes.

Identification of D3 species
Deamidation

With CE-MS using the polybrene coating, a clear baseline
separation of several D3 peptide species differing in mass by
+0.98 Da was observed, pointing to deamidation converting a
neutral into an acidic side chain and, thus, leading to lower
mobilities and higher migration times in the electropherogram
(see Fig. 4). It is also possible that the ion-pair changes its

three dimensional structure. Resolution is further aided by
the counter-electroosmotic migration. A shift of more than
1 min was observed for D3-SO; versus DA-SO; (9 and 9.8
versus 10.5, 11.5 and 12 min, although a clear assignment of
corresponding isobaric species is not possible) corroborating
the good experiences for this type of modification by Gennaro
and Salas-Solano [36] for CE, and Gaus et al. [37] for MEKC
but not for RPLC [36-38].

The number of isobaric analogs observed may stem from
the isomerization process into aspartate and iso-aspartate, two
isomers that may well be separated by CE as described by Lai
et al. [39]. Isobaric deamidated D3 analogs may also stem
from isomers differing in the deamidation site as D3 has two
possible deamidation sites: at the amidated C-terminus or on
asparagine, though only one seems to be deamidated at a time
(some signals with very low intensity may tentatively be iden-
tified as doubly deamidated species, though mass accuracy is
too poor at these low intensities). As we did not obtain viable
CID fragment spectra using CE-MS, no clear assignment is
possible. However, deamidation was not observed for the L-
D3 peptides synthesized in E. coli (see section Analysis of L-
D3 obtained from E. coli), which does not possess the
amidated C-terminus, making it likely that this is the point
of deamidation in D3.

FTICR-MS did not reveal signals related to deamidation
even though the mass resolving power of the instrument of
more than 200,000 can be considered to be sufficient to dis-
tinguish between deamidated and non-deamidated D3 species
(87,000 would be sufficient in case of similar signal intensi-
ties, which are, however, not present). Possibly, discrimination
effects are present that hinder the detection of the relatively
low abundant deamidated species without prior separation.
We can rule out in-source decay or deamidation reactions
during the electrophoretic run as we achieved baseline sepa-
ration of deamidated species without tailing effects.

lon-pairing with sulfuric acid

CE-MS revealed several electrophoretic signals, the mass
spectra of which showed the native D3 (or its deamidated
analog) plus signals with a nominal mass difference of 98 to
the native D3 peptide (or its deamidated analog) as exempli-
fied in Fig. 3. Strong in-source decay is thus present, depend-
ing on the fragmentation voltage. At 250 V, the intensity of the
mass trace for native D3 dominated but was clearly reduced at
70 V (data not shown). For complex analogs with both O-
sulfonation and ion-pairing present, e.g., in D3-SO5:H,SO,
(see Fig. 3), also the gas-phase dissociation of the ion-pair to
D3-SO5 was visible (as the Coulombic attraction is obviously
weaker than the covalent O-sulfonation).

The reduction in the electrophoretic mobility upon addition
of HSO, to the D3 peptide forming an ion-pair with proton-
ated D3 (D3:H,S0,) leads to a lower shift in migrations times
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compared with covalent O-sulfonation (D3-S0s). It is likely
that the hydrodynamic radius of the ion-pair is smaller as the
peptide winds around the sulfate moiety. Thus, a higher effec-
tive electrophoretic mobility and a shorter migration time can
be anticipated.

FTICR-MS confirmed the presence of D3 singly and dou-
bly O-sulfonated species. Likewise, an ion-pair of D3 with
sulfate was detected, which was also stable enough in the
gas phase to survive the long measuring time in FTICR-MS.
Using only direct infusion experiments, the ion-pair would
most probably have been identified as an adduct formation
from sulfuric acid in the sample, not as a sample constituent
as demonstrated by CE analysis. For all ion-paired species,
several isobaric signals were observed pointing to isomers
with the sulfate present at different positions in the molecule.
With several structural motifs of Arg-X-Arg in the D3 se-
quence (with X being proline, threonine, or asparagine), such
a differential binding to sulfate with corresponding differences
in charge density and hydrodynamic radius is easy to
comprehend.

The results allow the conclusion that amidation or O-
sulfonation events or ion-pair formation are independent: e.g.,
amidation does not seem to play a role in the O-sulfonation/
sulfation processes as both D3-SO3 and DA-SO; as well as the
ion-paired counterparts are present (see Fig. 4 and Table 1). Itis
also very interesting to report that CE-MS as well as FTICR-
MS results clearly revealed that O-sulfonation and ion-pairing
occur simultaneously in D3 as species with m/z 444.9696
(FTICR) and 444.97 (CE-MS) (each charge state +4) for D3
with covalently bound sulfate and ion-pair formation were ob-
served, that is D3-SO3:H,S0,. In CE-MS, these signals had
only a low intensity, but had an expected intermediate effective
electrophoretic mobility and, thus, migrated between doubly
sulfonated and ion-paired species. This means that even the
covalent modification with —SO; does not hinder the formation
of ion-pairing (or vice versa), obviously because of the large
number of basic amino acid moieties in the D3 amino acid
sequence and most likely several different binding sites in the
peptide.

In contrast to electrophoretic separations, only covalent
modifications were observed in HILIC-MS. Obviously the
ion-pairing constant is strong enough to yield a stable ion-
pair within the CE buffer, but not strong enough when com-
peting binding sites on the HILIC column are present or when
electrosprayed from the HILIC eluent. In general, CE is well
known to be useful for the analysis of stable metal complexes
in speciation analysis [40]. In our case, CE was able to par-
tially keep the D3:sulfate ion-pairs intact. Interestingly, in so-
lution the ion-pair proved to be extremely stable as attempts to
break the ion-pair using sodium hydroxide or surfactants at
low concentration were not successful, as proven by non-
changing CE-MS electropherograms (data not shown). With
high concentrations of ammonia and overnight incubation,
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only hydrolysis (CE-MS signals with mass of D3 minus 18)
was observed to a low extent.

We have not found similar stable ion-pairs of peptides with
strong acids described in literature. However, Schug and
Lindner [41] discussed noncovalent binding between
guanidinium and anionic groups with a focus on arginine in-
teractions with phosphonate and sulfonate residues.
Electrostatic interactions as well as hydrogen binding are the
key interactions involved here because of the “planar forklike
guanidinium functionality with six potential hydrogen bond
donors available” [41]. The authors also discuss special bind-
ing motifs with RR (as in the twin arginine translocase binding
domain) and RKR for binding acidic residues. These motifs
are not present for D3, though similarly strong binding is
possible via folding of the molecule with its five arginines
for similar binding sites.

Identification of O-sulfonation versus phosphorylation

Electromigrative separation techniques are especially suited
when modifications with changes of the charge state of the
analyte occur [42], among them O-sulfonation/phosphoryla-
tion, glycosylation with sialic acids [43], formation of C-
terminal pyroglutamate, or deamidation reactions (see
discussion in Deamidation). Especially phosphorylation anal-
ysis has been addressed [35] showing that in cation analysis,
phosphorylated species have a clearly lower effective electro-
phoretic mobility and can well be separated from the non-
modified peptides because of their relatively low isoelectric
point, regardless of the modified amino acid being serine,
threonine, or tyrosine [44]. Both with CE and MEKC, phos-
phopeptide isomers with multiple phosphorylation sites have
been separated [45-47].

For mass spectrometric analysis, it has to be taken into
account that O-sulfonation and phosphorylation are near-
isobaric modifications with a mass difference of only 0.0095
u. For their discrimination on the D3 peptide amidated at the
C-terminus (m/z value 420.4778 for the quadruply charged
mono-sulfated D3), a mass resolution of about 180,000 is
necessary to resolve the modification’s mass difference, which
requires an FTICR-MS instrument. Even upon ETD fragmen-
tation, for the smaller fragments C4 and C8, the required mass
resolution 1s still 56,000 and 120,000.

O-sulfonation of serine and threonine has been described
by Medzihradszky et al. [20] as a post-translational modifica-
tion for proteins in a number of species besides the more
common O-sulfonation of tyrosine residues. The authors ob-
served peptide signals largely differing in retention time in
RPLC but showing the same sequence information from
CID fragmentation. Upon inspection of the results, a mass
difference of 80 Da proved to be present, pointing to either
phosphorylation or O-sulfonation. Several hints on O-
sulfonation were considered: (1) loss of —80 Da from serine
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and threonine residues instead of the more commonly ob-
served —98 Da due to H3POy; (2) FTICR-MS clearly pointed
to O-sulfonation; (3) comparison with the spectra and reten-
tion times of synthesized peptides and their sulfonated and
phosphorylated counterparts; (4) chemical 3-elimination and
O-sulfonation reactions.

CE-MS did not allow the discrimination of O-sulfonation
versus phosphorylation; hints on sulfonation were: phospho-
NMR did not reveal a signal. Cleavage reactions using sulfatases
and phosphatases were unsuccessful (identical CE-MS runs) af-
ter enzymatic treatment. In CE-MS, we mainly observed neutral
losses of —80 u instead of —98 u during in-source decay and/or
CID. It was shown that for phosphorylated and sulfonated pep-
tides, CID fragmentation mostly leads to either the neutral loss of
phosphoric or sulfuric acid (H;PO4 and H,SO4) with a mass
difference of —98 Da or gas-phase elimination of HPO; and
SO; (80 Da) when applying positive mode [48]. In case of
aliphatic phosphorylation at threonine and serine, mostly neutral
loss of H;POy is observed mainly from a charge-directed E2-
elimination process, whereas in case of phosphorylation at tyro-
sine (aromatic), the loss of HPOs is preferred as H3 PO, cannot be
lost upon E2 elimination and as the C-O bond is stronger than
the P—O bond because of resonance stabilization of the resulting
product [48]. However, in cases where basic moieties are present,
such as in D3, neutral loss of H;PO, may be observed either
from cation—7t interaction or from a concurrent loss of HPO,
and water [48]. So a neutral loss of —80 is not suitable for an
ambiguous identification of the modification. To this end, a 15
Tesla ESI-FTICR-MS instrument with ETD option was applied
that allowed the unambiguous identification of O-sulfonation at
direct infusion with a mass accuracy at 0.2 ppm (versus 5 ppm
for a potential phosphorylation), see Fig. 5.

Determination of O-sulfonation sites

The D3 peptide in our study has two threonine residues, one of
them or both were observed to be sulfonated (see Figs. 4 and 5).
O-sulfonation site identification requires either fragmentation of
the D3 peptide in mass spectrometry or its tryptic digestion, the
latter impossible for the D-amino acids involved.

As seen in Fig. 4, many isobaric species can be observed for
the singly sulfonated species D-SO5 and DA-SOs (and also D3-
SO;:H,S0,), pointing to structural isomers, differing in the O-
sulfonation site of threonine-8 versus threonine-4 and the site of
ion-pairing. A similar separation of singly or doubly phosphory-
lated isomers with two phosphorylation sites has been shown by
Dong et al. [45]. CID fragmentation in CE-MS was unsuccessful
as either the collision energy was too low to reveal peptide back-
bone cleavage in addition to the strong neutral loss of SOs or the
collision energy was too high and no fragment could be identi-
fied. However, we observed also two isomers of D3-2S0s, clear-
ly separated from each other (see Fig. 4b) with both threonines
being O-sulfonated. Sterical isomers may be present. In literature,

several chemical attempts for O-sulfonation and (more often)
phosphorylation site determination have been presented: O-
sulfonation on tyrosine (for review see [49]) (serine and threo-
nine O-sulfonation have only very recently been described in
eukaryotes [20]) may be identified (1) via the modification of
remaining free tyrosines in a peptide (e.g., via acetylation)
followed by enzymatic release of the sulfonation [50, 51]; (2)
via 3-elimination and derivatization by bromination or reaction
with ethane diol [51, 52]; or (3) by mass spectrometry with
concurrent neutral loss at the sulfonated/phosphorylated tyro-
sines [53] or using noncovalent stabilizers in MALDI [54].
Several attempts were made to enable CID identification of phos-
phorylation and O-sulfonation: several studies describe the [3-
climination of the phosphorylation moiety (either hydrolysis or
sulfatase/phosphatase) with subsequent derivatization reactions
on serine [51-53] to determine the stoichiometry and the sites
of the modification. Stabilization of the modification in the gas
phase may be achieved with derivatization, complex formation,
or the use of negative ionization mode [54].

Alternatively, fragmentation of the amino acid backbone
can be achieved using ECD or ETD [49, 55-59] or infrared
multiphoton dissociation (IRMPD) [60]. Whereas in CID the
energy upon collision is quickly spread via vibrational pro-
cesses leading to the break of the weakest bond (mostly with
the modification attached), the electron transfer leads to radi-
cal anions with the charge at the most electronegative points in
the molecule leading to the break of most N-Ca bonds and to
¢/z fragment ion series.

With the success of ETD for phosphorylated and sulfonat-
ed peptides, we decided to use FTICR-MS with an ETD op-
tion for further evaluation of the O-sulfonation sites. With our
direct infusion experiments, indeed a successful fragmentation
of the amino acid backbone with a high sequence coverage of
10 out of 11 fragments in ETD was obtained (see Fig. 5).
Clearly, mainly threonine-8 was shown to be sulfonated.
With direct infusion FTICR-MS, also double-O-sulfonation
at both threonine-4 and threonine-§ was confirmed.

Overall modification of D3

More than 15 signals, many of them isobaric related to D3,
were observed, detected with charge stages of +3 to +5
inversely correlating with a higher degree of O-sulfonation
or ion-pairing as can be expected from these acidic moieties.
From the exact mass and the mass differences to the native
D3, the presence of D3 species with one deamidation (mass
difference of 0.98), 1-2 O-sulfonations (mass differences of
79.96 or 159.97) as well as 1-2 ion-pairs with sulfate (mass
differences 0 97.97 or 195.94) can be deduced, further identified
via FTICR-MS (see section Identification of O-sulfonation ver-
sus phosphorylation). Also, combinations of these modifications
such as D3-SO5:H,S0y, are present as well as deamidation events
giving rise to a large heterogeneity. An overview of the species
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observed is presented in Table 1. Notably, the mass of the native
(deamidated or non-deamidated) D3 (Fig. 4a) was only observed
underlying all signals, even dominating in case of the gas-phase
labile ion-pairs. Additional signals of low intensity were record-
ed, tentatively identified as (e.g., D3-2S05:H,S0,4 or
D3:2H,80,,. However, the isotopic pattern within these signals
changed during the passage of the peak, preventing a clear as-
signment of these species. To a lesser degree, the same inconsis-
tencies regarding the isotope pattern were observed for some of
the D3-S05:H,S0; signals as well, even though the species was
clearly identified by FTICR-MS. It is possible that the unexpect-
ed isotopic pattern of these signals is related to the instability of
the D3-species afier entering the MS giving rise to metastable
ions, which decompose in the flight path of the TOF.
Nevertheless, we can clearly state that D3 can carry more than
one negatively charged modification (2 SO;, 1 SO; and 1 H,SO,
or 2 H»SOy) and there are some hints for even three anionic
modifications.

Overall, there is a clear group separation of D3 species in
polybrene-coated capillaries with (1) ion-pairs with relatively
high overall charge and high effective electrophoretic mobility
(high migration times when cationic coatings are used), (2)
singly, and (3) doubly sulfonated species with reduced charge
and effective electrophoretic mobility (reduced migration
times with polybrene coating). Co-migration of (e.g., D3-
SO;:H,S0, and D3-S0O;) as possibly read from mass spectra
such as in Fig. 3 is thus unlikely and points to in-source decay.
However, the separation and sample are more complicated
because of the occurrence of deamidation, also changing the
charge distribution on D3 species and, thus, migration times.
Overall, a very good separation of deamidated and amidated
species is observed when using polybrene-coated capillaries
(e.g., D3-S0; and DA-SO; at 10.5 and 11.5 versus 9 and
10 min, see Fig. 4a). Clearly, deamidation leads to lower ef-
fective electrophoretic mobilities as the ~CONH, moiety re-
acts to the acidic -COOH group. Thus, even in the relatively
crowded region of 10-14 min (Fig. 4a), a clear discrimination
of D3 species present in the sample versus species derived
from in-source decay is possible. This discrimination was
not possible with just direct infusion experiments using
FTICR-MS. FTICR-MS with its ETD option was vital for
the identification of O-sulfonation versus phosphorylation
and for the site -specific analysis revealing a considerably
higher degree of O-sulfonation on threonine-8 versus threo-
nine-4.

From the CE-MS results, we know that 1 deamidation, 1-2
O-sulfonation at two different sites in the peptide, and 1-2
ion-paired sulfates may be present. Theoretically, with 1-2
O-sulfonation, 1-3 ion-pairs, and 1-2 deamidation events,
up to 40 different combinations, including the native amidated
D3 peptide may be expected, as—according to our results—
the different modifications do not counteract each other.
However, first we do not see the native D3 peptide as a signal
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of its own. Signals for m/z 400.4885 (quadruply charged) or
320.59 (charge state 5+) corresponding to this species are only
present underlying other signals, thus being only derived from
in-source decay of the ion-pair or sulfonated analog. The same
holds true for D3 analogs being deamidated. Second, we do
not observe all combinations or some only at a very low in-
tensity, making an unambiguous identification difficult. Third,
on total, a large number of isobaric signals were observed,
some of them but clearly not all attributable to site-
specificity (O-sulfonation at threonine-8 versus —4,
deamidation at C-terminus versus asparagine, as well as ion-
pairing at different parts of the peptide with its high number of
Arg-X-Arg motifs) (see discussion in section Determination
of O-sulfonation sites). Most likely sterical effects leading to
differences in the effective electrophoretic mobility are in-
duced, which are well known to be separable with CE as
was impressively demonstrated by Gaus et al. [37]. The pos-
sible formation of aspartic versus iso-aspartic acid may also
have to be taken into account. It has to be noted that this site-
specific information would be difficult or impossible to obtain
by direct-infusion experiments and most likely by competing
chromatographic interaction.

Reasons for complexity

According to the producer, no sulfate salt or sulfuric acid were
used during the manufacturing process. However, covalent O-
sulfonation was already observed in the LC-MS data provided by
the vendor (data not shown). Screening the relatively scarce lit-
erature on threonine O-sulfonation, we came across two publica-
tions from 1993 [61], which describe O-sulfonation of serine and
threonine as a side reaction in Fmoc solid state synthesis. The
arginine side chain is most often protected via different arene
sulfonyl chlorides leading to protecting groups such as MTR
(4-methoxy-2,3,5-trimethylphenylsulfonyl) or PMC (2,2,5,7,8-
pentamethylchroman-6-sufonyl) as well as PBF (2,2,4,6,7-
pentamethyldihydrobenzofuran-5-sulfonyl) used for the synthe-
sis here. This derivatization efficiently blocks the guanidino side
chain but also requires a relatively long treatment with TFA for
removal, which may lead to modifications of tryptophan (alkyl-
ation, transfer of full PMC residue), tyrosine (O-sulfonation),
and arginine moieties (V-sulfonation at the side chain) [62].
Originally, PMC was optimized with regard to higher acid labil-
ity but increased compatibility for peptides with multiple arginine
residues; however, the problem of tryptophan O-sulfonation was
not completely abandoned despite the fast hydrolysis and, thus, a
lower chance of intramolecular transfer [61, 63, 64]. Jacger et al.
[61] also observed O-sulfonation of serine and threonine side
chains, which are O-tert-butyl protected. Relatively high yields
from the transfer of the SO,-group of PMC or MTR to threonines
in case of disadvantageous cleavage conditions were reported.
The reaction mechanism remained unclear, but it was discussed
that the reaction may be scavenged upon addition of 5 % water to
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TFA. It is likely that also PBF with its very similar structure faces
the same problems.

From these results, the very high degree of O-sulfonation of
threonine-8 in case of D3 can easily be anticipated by the high
number of arginines present in the amino acid sequence, which
requires a high number of PBF protecting groups. We can only
speculate on the higher degree of threonine-8 versus threonine-4
O-sulfonation being due to the distance of the arginines to this
residue probably facilitating the intramolecular transfer or the
nucleophilic attack. Further work has to be done for the cleavage
of the protection groups to suppress these side reactions. It is very
interesting to note that the covalent O-sulfonation was not ob-
served in case of L-D3 being synthesized in E. coli, further prov-
ing that side reactions in solid state synthesis are relevant for this
modification (and not, as we first thought, covalent modification
of D3 due to the very stable ion-pairs formed leading to a con-
densation reaction and, thus, covalent modification). However,
for both L-D3 and D3, strong ion-pairing with sulfate is ob-
served. This strong ion-pairing seems to be a characteristic of
the molecule with its high number of guanidine side chains, most
likely enhanced by the R-X-R muotifs.

Variation of the amino acid sequence

Changes in the order of the amino acid sequence as well as
deletion of histidines and/or threonines clearly change the ob-
served binding pattern. As shown in Fig. 7, with just one threo-
nine present, only single O-sulfonation is present as can be ex-
pected. lon-pairing was observed for all modified D3 sequences,
also when all arginines are present at the C-terminus of the pep-
tide (Fig. 7a). However, from the ratio of the mass trace abun-
dance of the ion-pair versus the free peptide, it can be concluded
that the ion-pair formation constant in the gas phase is lowered.

The data presented in Fig. 7 also stress the covalent mod-
ification being related to threonine moieties. In contrast, ion-
pairing with sulfate seems to depend on the arginine moieties
(not histidines). Interestingly, all these peptides do not show a
combination of both modifications, that is, O-sulfonation and
ion-pairing present in one species. This may be reflected in the
linker sequence LHTH present in D3, which gives rise to both
peptide tails rich in arginines. In the other peptide sequences,
this linker is reduced to only LTH, LH, or L, which is not
sufficient to detect species with multiply bound sulfate and
covalent sulfonate.

Conclusion

We here shown that CE-MS in contrast to HILIC-MS is a
valuable tool for the characterization of extremely basic pep-
tides, which show several modifications, here O-sulfonation,
ion-pairing with sulfate and deamidation. The high separation
selectivity of the electrophoretic separation of all evolving

species differing in charge and/or structure was advantageous-
ly combined with impressive resolution optimization using
coating strategies. O-sulfonation was confirmed with HR/
AM FTICR-MS and the site of covalent O-sulfonation via
ETD fragmentation. Overall, the efficient electrophoretic sep-
aration was vital because of the many isobaric species and the
lability of the modifications prone to in-source decay. The
method was also applied to D3 variants differing in the amino
acid composition as well as L-D3 produced via E. coli. The
comparison as well as literature work suppose that the cova-
lent modification is an artifact from a side reaction (from the
arginine protecting groups) during solid state synthesis. In
contrast, the formation of very stable ion-pairs with sulfate is
a basic characteristic of D3 and related species as it is also
observed for D3 produced biotechnologically.

Currently we do not know if the strong formation of ion-
pairs may be related to the therapeutic action of D3. Possibly,
methionine autoxidation described due to A3 peptides ability
to catalyze H>O, formation (similarity to superoxide dismut-
ase), with the formation of S=0 and O=S=0 motifs is relevant
here [65]. Further studies on the binding of A} to D3 are
envisaged, which will advantageously be conducted with cap-
illary electrophoresis. Here, no limitation on polarity (with D3
being extremely hydrophilic and A} peptides being very hy-
drophobic) is present as long as no adsorption onto the capil-
lary coating occurs.
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Abstract

Targeting toxic amyloid beta (AB) oligomers is currently a very attractive drug development
strategy for treatment of Alzheimer’s disease. Using mirror-image phage display against
AB1-42, we have previously identified the fully D-enantiomeric peptide D3, which is able to
eliminate AB oligomers and has proven therapeutic potential in transgenic Alzheimer’s dis-
ease animal models. However, there is little information on the pharmacokinetic behaviour
of D-enantiomeric peptides in general. Therefore, we conducted experiments with the triti-
um labelled D-peptide D3 (3H-D3) in mice with different administration routes to study its
distribution in liver, kidney, brain, plasma and gastrointestinal tract, as well as its bioavail-
ability by i.p. and p.o. administration. In addition, we investigated the metabolic stability in
liver microsomes, mouse plasma, brain, liver and kidney homogenates, and estimated the
plasma protein binding. Based on its high stability and long biological half-life, our pharma-
cokinetic results support the therapeutic potential of D-peptides in general, with D3 being a
new promising drug candidate for Alzheimer’s disease treatment.

Introduction

After the initial description by Alois Alzheimer in 1906 [1], Alzheimer’s disease (AD), a pro-
gressive neurodegenerative disorder, has become nowadays the most common form (60-80%)
of dementia [2]. According to the World Alzheimer Report 2014, nearly 36 million people
worldwide are suffering from AD or related dementia. Even after years of intensive

PLOS ONE | DOI:10.1371/journal.pone.0128553 June 5,2015
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design, data collection and analysis, decision to investigation and research, it is still an incurable disease [3]. Current treatments are only sup-
publish, or praparation of the manuscript. portive against some of its symptoms. Clinical duration of AD varies from one to 25 years, typi-
Competing Interests: The authors have declared cally eight to ten years [4].

that no competing interests exist. Amyloid beta (AB) is produced by sequential cleavage of a type I integral transmembrane

protein, called amyloid precursor protein (APP) by B- and y-secretases. Variable lengths of AB
isomers differing at the C-terminus are produced due to imprecise cleavage by y-secretase [5,
6]. The most abundant isomers are AB1-40 (approximately 80-90%) and AB1-42 (approxi-
mately 5-10%). AB1-42 is more hydrophobic and fibrillogenic, and therefore the main compo-
nent of AB plaques in the brain of AD patients [7]. It also aggregates readily into oligomers,
which are considered to be the most toxic form of A [8-10].

In recent years, many substances have been developed targeting Ap production and clear-
ance [11], including peptide-based drugs [12, 13]. In spite of the many advantages of peptide
drugs, for example high specificity and low toxicity, their short half-life time in vivo due to
rapid degradation by proteases, and low bioavailability by oral administration, restrict their
clinical usage. In comparison to naturally occurring L-form peptides, peptides derived from
partial D-amino acid substitutions or D-enantiomeric peptides, which are composed entirely
of D-amino acids, have advantages over L-enantiomers. Because of the stereoisomeric selectivi-
ty of proteolytic enzymes they are less prone to proteolysis, therefore longer half-lives and
higher bioavailability after oral administration are to be expected [14-16]. Furthermore, they
are less or even not immunogenic at all [13].

The fully D-enantiomeric peptide D3, which was identified by mirror-image phage display
[17, 18] for binding to AP (1-42), has been shown to have interesting properties. D3 inhibits
AR fibril formation and eliminates AB-oligomers in vitro. Ex vivo, D3 has been shown to specif-
ically bind to amyloid plaques in transgenic mice [19]. In vivo, D3 was able to reduce plaque
load and inflammation markers in the brains of treated transgenic mice, as well as improve
their cognition even after oral administration [20-23]. Here we investigate the pharmacokinet-
ic properties of D3 in mice.

We present the first comprehensive preclinical pharmacokinetic study of a peptide consist-
ing solely of D-enantiomeric amino acid residues in general and in particular for such a D-pep-
tide developed for the treatment of Alzheimer’s disease.

Materials and Methods
Materials

*H-D3 (rprtr-(4,5->H-Leu)-hthrnr) and its L-form enantiomer *H-(L)-D3 (RPRTR-
(4,5->H-Leu)-HTHRNR) were purchased from Quotient Bioresearch (Radiochemicals) Ltd.
(Cardiff, United Kingdom) with 10-100 Ci/mmol, 1 mCi/ml and purity >95%.

All chemicals were supplied by Fluka Chemie AG (Buchs, Switzerland), Merck (Darmstadt,
Germany), AppliChem (Darmstadt, Germany) and VWR (Darmstadt, Germany) in research
grade. Micro-osmotic pumps (model 1007D) were purchased from Alzet DURECT Corpora-
tion, (Cupertino, CA, USA).

Animals

Male C57Bl/6 mice (Charles River, Sulzfeld Germany) with an average age of 13 weeks and
body weight of 28.5 g were used in this study. For micro-osmotic pump i.p. implantation ex-
periment, 19 months old mice were used with average body weight of 34 g. The mice were
hosted in the animal facility of the Forschungszentrum Juelich under standard housing condi-
tions with free access to food and water for at least 2 weeks before experiment. All animal ex-
periments were approved by the Animal Protection Committee of the local government
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(LANUV (Landesamt fiir Natur, Umwelt und Verbraucherschutz), North-Rhine-Westphalia,
Germany, AZ84-02.04.2011. A359 and AZ84-02.04.2011. A356) according to the Deutsche
Tierschutzgesetz). All sections of this study adhere to the ARRIVE Guidelines for reporting an-
imal research [24]. A completed ARRIVE guidelines checklist was included in Supporting In-
formation (S1 File).

Pharmacokinetic studies

Mice were administered with 100 pl radioactive working solution consisting of 5 pCi *H-D3 in
5 ul with 95 pl buffer (0.1 M phosphate buffer, pH 8) as a single bolus dose either i.v. (tail vein),
Lp. or p.o. (gavaging). In order to achieve the desired total D3 concentration, non-radioactive
D3 was added to a concentration of 1 mg/ml (i.v.) or 3 mg/ml (i.p. and p.o.). Doses were select-
ed from previous tolerability studies and were not causing any adverse effects. Lv. injections
and i.p micro-osmotic pump implantations were performed under anaesthesia with ketamine/
medetomidine per i.p. administration. Antisedan was administered s.c. to reverse the anaesthe-
sia directly after the intervention, which took about 10 min. Sampling times were chosen de-
pending on the route of administration (i.p.: 10, 20, 30, 60, 120, 240, 360, 1440 and 2880 min ;
p.0.: 10, 20, 30, 60, 120, 240, 360, 1080, 1440, 2880 and 4320 min.; i.v.: 3, 5, 10, 15, 30, 60, 240,
1440 and 2880 min.; 3 animals per time point). For i.p. micro-osmotic pump implantation, de-
livery dose of pumps was set to 5 pCi *H-D3 plus 0.3 mg non-radioactive D3 per 24 hours per
mouse. Sampling times were 2, 4 and 6 days after implantation (3 mice per time point).

Upon sampling time, blood was drawn per heart puncture under isoflurane anaesthesia and
heparinized plasma was isolated. A small piece of liver (approx. 0.2 g), the left kidney and the
right brain hemisphere were sampled. To study the gastrointestinal absorption and elimination
by p.o. administration, mice were fasted 18 hours before the experiment and their complete
gastrointestinal tracts were prepared. Small intestine was dissected into 4 equal parts and
marked from oral to aboral as 1 to 4, respectively. Organ samples were weighted and homoge-
nized in homogenizer tubes (Precellys Ceramic Kit 1.4 mm, Precellys 24, Bertin technologies
SAS, Montigny le Bretonneux, France) with 500 pl PBS. 10 ml scintillation cocktail (Ultima
Gold XR, PerkinElmer, Waltham, Massachusetts, USA) was added to 100 pl of each organ ho-
mogenate or plasma (diluted 1:1 with PBS) and mixed well. Disintegrations per unit time
(dpm) were obtained in triplicates with a liquid scintillation counter (Packard Tri-Carb
2100TR Liquid Scintillation Analyser, PerkinElmer, Waltham, MA, USA). Blank values of each
sample were obtained by omitting radioactive substance following the same protocol.

Radioactivity counted in each sample was adjusted (subtraction of the blank value) and was
expressed as percentage injected dose per gram tissue or millilitre plasma (%ID/g or %ID/ml),
or as milligram of total D3 per gram tissue or millilitre plasma (mg/g or mg/ml).

Pharmacokinetic analysis

Pharmacokinetic parameters were calculated with non-compartmental analysis using Phoenix
WinNonlin, version 6.3 (Pharsight Corp., St. Louis, USA). Mean D3 concentrations per time
point were used to calculate the PK parameters (model type: plasma (200-202); calculation
method: linear trapezoidal linear interpolation; dose options: “IV Bolus” for i.v. or “Extravascu-
lar” for i.p. and p.o. administration). The same model setting was used to estimate pharmacoki-
netic parameters of brain. For i.v. administration, plasma concentration at time zero (C0) was
back extrapolated with a log-linear regression of the first two observed plasma concentrations,
while brain CO was set to be zero. For the i.p. and p.o. administrations, all concentrations at
time zero were set to be zero.
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The last three to five observed mean plasma concentrations were used to estimate the first
order rate constant in the terminal elimination phase (Lambda_z) based on the largest adjusted
square of the correlation coefficient (R?) of the log-linear regression lines. The area under the
curve (AUC) from CO extrapolated to infinity (AUCgy i) was calculated as the sum of AUC-
co-1ast+(Clast/Lambda_z), calculated from the last determined concentration derived by Lamb-
da_z, and AUCcy 1. representing the AUC from time point zero to the last observed
concentration (Clast). Parameters that do not require Lambda_z were calculated for brain data:
time of maximal observed concentration (Tmax), maximal observed concentration (Cmax),
maximal observed concentration normalized to dose (Cmax/D), AUCy._1.s: and mean resi-
dence time from the time of dosing to the last time point (MRT g jas). Additional parameters
requiring estimated Lambda_z were calculated for plasma data: Lambda_z, terminal half-life
(HL_Lambda_z), AUC(g.inp terminal volume of distribution (Vz), plasma clearance (Cl),
MRT . iprand volume of distribution at steady state (Vss). Absolute bioavailability of i.p. and
p.o. administration was calculated with AUC ;¢ by: F(bicavailability) = [AUC(non-iv)*Dose
(iv))/[AUC(iv)*Dose(non-iv)] * 100.

To minimize the time dependence of brain-plasma ratio by bolus dosing, brain-plasma ratio
was calculated from the areas under the brain and plasma concentration curves in the terminal
elimination phase starting from 4 hours to infinity (brain_AUC,, ;,¢/plasma_AUCyy, ).

Plasma protein binding

Plasma protein binding was estimated by incubation of D3 with varying concentrations of pro-
tein using TRANSILXt binding kits (Sovicell GmbH, Leipzig, Germany). K, values were deter-
mined by titrating a constant drug concentration against different concentrations of human
serum albumin (HSA) and o -acid glycoprotein (AGP). Experiments were performed as rec-
ommended for the kit. To obtain the desired D3 stock solution of 80 pM, non-radioactively la-
belled D3 was dissolved in PBS and 5% *H-labelled D3 solution was added for detection
purposes. A final concentration of 5 pM D3 was applied in the assay. After incubation and cen-
trifugation 15 pl supernatant were taken and scintillation cocktail was added. This was done in
triplicate. Radioactivity was then quantified using liquid scintillation counting. After measur-
ing the disintegrations per minute (dpm) of the supernatant containing the unbound peptide,
the D3 fraction bound to the titrated protein was calculated and plotted against the protein
concentrations. The curves were fitted to the Michaelis Menten ligand binding equation (Sig-
maPlot 11.0, Systat Software, Inc., San Jose, California, USA) to obtain the Kp. Mean and rela-
tive standard error (%) of multiple measurements are given (AGP n =3, HSAn =2).

For bioavailability determination, the unbound fraction of D3 (f,) was calculated using the
equation below:

2
Cpy —Kp—Cphysiol Coy —Kp—Cpppsiol | ©
2 + /Ky * Cpy + 2

CD3

f, =100 * (1)

For very low D3 concentrations in blood (Cp;), Eq (1) can be simplified by Eq (2), where the
unbound fraction of D3 can be calculated independently of the applied D3 concentration.
Since this is true for our in vivo experiments we used Eq (2) for the total free fraction of D3,
combining the binding of D3 to HSA and AGP. For calculation of the overall unbound fraction
according to Eq (2), physiological concentrations (Cppysior) of 0.65 mM HSA and 0.02 mM
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AGP were assumed.

1

Foror = 100

u.total Cohy:
physiolHSA

L+ KpHSA +

CphysiolAGP (2)
KpAGP

Calibration curves and internal standard

Calibration curves were prepared by adding a corresponding 3H-D3 dilution series with certain
dpm range to plasma or organ homogenates in comparison to those diluted in PBS. The dpm
ranges of each *H-D3 dilution series were set to cover the measured dpm ranges of each sample
(for plasma 400-40000; for brain 100-1200; for liver 3000-15000; for kidney 40000-400000).
Plasma and organ homogenates obtained from C57Bl/6 mice were prepared following the
same procedure as outlined above.

No differences were found comparing the calibration curves of *H-D3 in organ homoge-
nates or plasma to those in PBS. The measured dpm values of the internal standard with
*H-D3 in PBS matched closely the expected ones.

Thin layer chromatography

In order to study the proteolytic stability of peptides in biological extracts, tritium labelled pep-
tides were incubated with liver microsomes (pooled from mouse (CD-1), Sigma-Aldrich),
freshly prepared mouse plasma or extracts of brain, liver and kidney at 37°C for different time
periods (from 0 min to 2 days). 1 pCi (approx. 0.08-0.8 pg) radioactive labelled peptide was
mixed with 1 ul microsomes stock solution, plasma or organ extracts, respectively (in great ex-
cess to peptide). Mixtures containing tritium-labelled peptides were applied onto HPTLC Silica
Gel 60 plates (OMNILAB, Essen, Germany) for thin layer chromatography (TLC) with a mo-
bile solvent (2-Butanol/Pyridine/ Ammonia(28%)/Water(39/34/10/26)). After development, a
phosphor imaging plate for *H-autoradiography (FUJIFILM, Tokyo, Japan) was exposed to the
TLC plates for 3 days. Images were acquired with a BAS reader and AIDA software (Raytest,
Freiburg, Germany). Retardation factor (Rf) of each substance was defined as the ratio of the
migration distance of the centre of a separated spot to the migration distance of the

solvent front.

Results
Proteolytic stability of D3 in comparison to its L-enantiomer

Before meaningful pharmacokinetic studies could be performed with *H-D3, it was essential to
show that the D-peptide is stable under near in vivo conditions. First, we compared the stability
of *H-D3 with its exact enantiomer, *H-(L)-D3 in plasma (Fig 1). *H-(L)-D3 shows significant
degradation already after 60 min incubation in plasma as concluded by the appearance of addi-
tional bands as compared to the mixture at 0 min on the TLC plate after detection by autoradi-
ography. In contrast, ’H-D3 did not show any degradation products even after 2 d incubation
in the same plasma preparation.

More importantly, >H-D3, was neither degraded after 2 h incubation in liver microsomes
nor after 2 days incubation in homogenates of kidney, brain and liver as shown by TLC and de-
tection by autoradiography (Fig 2). Microsomes were checked for proteolytic activity using L-
peptide substrates.

Due to high but unspecific affinity of D3 and (L)-D3 to the TLC plate support material
(glass), artefacts were observed at the starting points of the TLC as well as light smears
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Fig 1. Autoradiogram demonstrating proteolytic stability of *H labelled peptides in plasma. >H-D3 was incubated with plasma for different times at
37°C and developed on TLC plates. For comparison, the exact enantiomer of D3, (L)-D3, was used in this stability assay. ®H-(L)-D3 was incubated with
plasma for 0 and 60 min at 37°C. Please note that free *H-(L)-D3 and free *H-D3 are perfect enantiomers to each other and because the TLC material is not
chiral, both compounds show identical Rf values. Additional bands in the 0 min lanes of °H-(L)-D3 and °H-D3 that arise from binding and co-migration of
3H-D3 and *H-(L)-D3 to plasma components do not necessarily have identical Rf values in the 0 min lanes of ®H-(L)-D3 and *H-D3, because some of the
plasma components are enantiomers themselves. Therefore, any effect of degradation will lead to extra additional bands as compared to the 0 min lane of
the very same compound. Obvious proteolytic degradation can be observed for ®H-(L)-D3 already after 60 min incubation with plasma leading to additionally
appearing bands (black arrows) as compared to the 0 min lane *H-(L)-D3. Additionally appearing bands as compared to 0 min incubation are not observed for
3H-D3 even after 2 days incubation.

doi:10.1371/journal.pone.0128553.9001

originating thereof. To prove that these compounds were not located in the layer of the TLC
matrices, a control experiment was performed by placing a new TLC plate to a freshly devel-
oped plate to transfer only the *H-peptides within matrices, but not those on the glass surface
support (Fig 3). Artefacts could thus be eliminated.

Pharmacokinetics

Time dependent distribution of D3 in organs and plasma after different administration routes
was analysed using tritium labelled D3 (*H-D3) as shown in Fig 4. The corresponding pharma-
cokinetic parameters calculated with non-compartmental analysis based on the absolute
amount of administered D3 are shown in Tables 1 and 2.

After i.v. and i.p. administration, pharmacokinetic curves showed similar patterns with
highest concentration of tritium per gram tissue found in kidney, followed by liver and plasma.
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Fig 2. Autoradiogram demonstrating proteolytic stability of °*H labelled peptides in liver microsomes and organ homogenates. *H-D3 was incubated
with kidney, brain and liver homogenate for 0, 10, 30, 60, 240 min and 1, 2 days at 37°C and developed on TLC plates. For liver microsomes, the incubation
time was 0, 10, 30, 60 and 120 min. Slight difference in Rf values of *H-D3 in liver homogenate might be due to incompletely homogenized liver tissues,
which was not observed after incubation with liver microsomes. (Two autoradiograms of liver homogenate were presented in one image and separated
through a dashedline.) No obvious proteolytic degradation of D3 can be observed in all the organ homogenates with up to two days’ incubation.

doi:10.1371/journal.pone.0128553.9002

However, after oral administration >H-D3 concentrations measured in kidney and liver did not
exceed concentrations in plasma (Fig 4). Plasma Cmax/D after i.v. administration reached
78 pg/ml/mg at Tmax 3 min (the first sampling time point), while after i.p. and p.o. administra-
tion plasma Cmax/D were 47 ug/ml/mg at 10 min and 1.5 pg/ml/mg at 240 min (Table 1). In
brain, the Cmax/D and their corresponding Tmax values for i.v., i.p. and p.o. administration
were 2.8, 2.2 and 1.3 pg/ml/mg at 3, 20 and 240 min, respectively (Table 2). However, after 4
hours concentrations in brain reached similar concentrations irrespectively of the administra-
tion route (Fig 4). Although plasma concentrations after p.o. administration appeared to be
very low in comparison to i.v. and i.p. administration, comparable concentrations of *H-D3
were found in the brain resulting in high brain/plasma ratio after 4 h (Fig 5).

4 hours after a *H-D3 bolus dose, brain/plasma ratio of all administration routes reached a
plateau between 0.7 and 1.0 (Fig 5). To minimize the time dependence of brain/plasma ratio,
the absolute ratios were calculated from the area under the brain and plasma concentration
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Fig 3. Plate-transfer of *H-D3 in TLC matrices. A control experiment was performed by placinga new TLC
plate to a freshly developed plate to transfer only the *H-D3 within matrices. On the mirrorimage of the
transferred plate, the *H signals at the start points as well as the smears were obviously reduced, while the
intensity of separated ®H-D3 did only change slightly. This result suggests that the observed artefacts arise
from unspecific °H-D3 binding to the glass surface.

doi:10.1371journal.pone.0128553.9003

curves from 4 hours to infinity (brain_ AUC, j,¢/plasma_AUC, ;¢ with 1.07 for i.v,, 0.69 for
i.p., and 0.85 for p.o. administration.

After bolus administration, D3 showed relatively long elimination half-lives in plasma of
31.8 h, 41.2 h and 40.7 h after i.v., i.p. and p.o. administration, respectively. Plasma clearance
was 0.12 ml/min after i.v. administration. Apparent volumes of distribution were different
among i.v., i.p. and p.o. administration with 316, 444 and 684 ml, respectively (Table 1).

Absolute bioavailability was high with 92.2% after i.p. administration and 58.3% after p.o.
administration (Table 1). When studying gastrointestinal distribution of D3 after p.o. adminis-
tration (Fig 6), most of the radioactivity was found in the lower intestinal tract after 4 hours,
which suggested that the majority of D3 did not enter the system circulation within 4 hours.
Still, the AUC of D3 in brain after p.o. administration was comparable to those after i.p. and i.
v. administration (Table 2).

We were also interested in answering the question, whether continuous dosing over several
days using an i.p. implanted osmotic pump is showing specific effects in D3 distribution. We found
linearly increasing D3 concentrations in plasma and all tested organs over 6 days (Fig 7). Although
D3 highly accumulated in liver and kidney at day 6, the mice did not show any obvious signs of in-
toxication. The brain/plasma ratio increased with time from 0.53 at day 2 to 0.77 at day 6.

Plasma protein binding of D3

To estimate the free fraction of D3 in plasma in vivo (f, sora1), D3 was incubated with human
serum albumin (HSA) and o, -acid glycoprotein (AGP) in an in vitro assay (Fig 8). The plasma
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Fig 4. Mean pharmacokinetic profiles of *H-D3 in organs and plasma after i.p., p.o. and i.v. administration. *H-D3 (5 uCi) mixed with D3 in a total
concentration of 3.5 mg/kg (i.v.) or 10.5 mg/kg (i.p. and p.o.) was applied per mouse. D3 concentrations are shown as percentage of injected dose per gram

tissue or milliliter plasma (%ID/g or %ID/ml) dependent of time after administration. Mean values from 3 mice are shown.

doi:10.1371/journal.pone.0128553.9004

protein binding assay for AGP resulted in a Kp of 1.8 uyM = 7.9%. Assuming a D3 concentra-
tion in blood of 0.1 uM (Cp;, measured 4 h after i.p. injection) calculation of binding to AGP
according to Eq (1) predicts a free fraction of 8.3%. For HSA, the Ky, was above the detection
limit of the kit (> 1.4 mM) indicating very low affinity of D3 to HSA. Nevertheless, calculation
of the free fraction with an assumed Kp, of 1.4 mM resulted in 68.3% free D3. Taken together,
using Eq (2), the estimated free fraction of D3 in plasma was calculated to be approximately

8%.

Discussion
In the current study we have analysed the distribution of the D-enantiomeric peptide D3 after
single intravenous, intraperitoneal and per oral administration, as well as continuous dosing
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Table 1. Pharmacokinetic parameters for D3 from noncompartmental analysis of plasma.

Parameter Units i.v. (3.5 mg/kg) i.p. (10.5 mg/kg) p.o. (10.5 mg/kg)
Tmax min 3 10 240
Cmax pg/ml .75 14 0.45
Cmax/D ug/mlmg 7r.5 46.7 1.48
AUCco-last min*ug/mi 679 1763 1095
MRT co.last min 547 527 1718
Lambda_z 1/min 0.00036 0.00028 0.00028
HL_Lambda_z min 1907 2471 2439
AUCcqint min*ug/ml 869 2404 1521
MRT ¢o.int min 1658 2104 3430
Vz ml 317 445 684

Cl ml/min 0.115 N.A. N.A.
Vss ml 190 N.A. N.A.
Bioavailability % N.A. 92.2 58.3

N.A.: Parameters not applicable for this administration route. For abbreviations see methods section.

doi:10.1371/journal.pone.0128553.t001

via intraperitoneally implanted osmotic pumps. To the best of our knowledge, this is the first
report of a comprehensive pharmacokinetic study of a peptide consisting solely of D-enantio-
meric amino acid residues in rodents demonstrating excellent proteolytic stability, long plasma
half-life and very high oral bioavailability.

D3 showed high proteolytic resistance exactly as it was shown in vitro previously with other
all-D-peptides [14-16]. Thanks to this stability, metabolites can be neglected and the measured
*H radioactivity represents the concentration of D3 after administration in vivo.

Estimated terminal plasma half-lives of D3 were between 32 and 41 h and were thus much
higher than those reported for L-enantiomeric peptides which are typically only a few minutes
[25]. Four hours after administration, irrespective of the administration routes, the temporal
distribution of D3 in brain closely followed that in plasma resulting in brain/plasma ratios be-
tween 0.7 and 1.0 (Fig 5). While substances with a brain/plasma ratio larger than 0.3 are con-
sidered to have sufficient access to the central nervous system [26], our results suggest that D3
efficiently overcomes the blood-brain barrier.

Interestingly, by p.o. administration of D3, in spite of only a small rate of D3 being absorbed
via the enteric tract, the bioavailability was 58.3% (Table 1), which is relatively high in compari-
son to that of L-peptide drugs, which were described to be less than 1% without delivery en-
hancement [27-30]. This finding can be explained by slow oral absorption of D3 and
particularly long terminal half-life in plasma resulting in high AUC-values after p.o.

Table 2. Pharmacokinetic parameters for D3 from noncompartmental analysis of brain.

Parameter Units i.v. (3.5 mg/kg) i.p. (10.5 mg/kg) p.o. (10.5 mg/kg)
Tmax min 3 20 240

Cmax ug/g 0.283 0.665 0.390

Cmax/D pg/g/mg 2.83 2.22 1.30

AUCcq.jaet min*ug/g 275 643 935

MRTco-tast min 1173 1108 1693

For abbreviations see methods section.

doi:10.1371fournal.pone.0128553.t002
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Fig 5. Temporal distribution of brain/plasma ratio of *H-D3 after different administration routes. Following bolus dose administration, low brain/plasma
ratios were found at the starting time points. After 4 hours, the ratios reached relative high values and varied between 0.7-1.0. Upon i.p. pump implantation
the ratio increased constantly with time.

doi:10.1371/journal.pone.0128553.9005

administration (Table 1). Low concentrations of D3 as found in kidney and liver after p.o. ad-
ministration are desirable because this lowers the risk of possible intoxication of important or-
gans. With absorption enhancers and a more suitable formulation of D3, even higher oral
bioavailabilities seem to be feasible. Due to the observed high stability of D3 against proteolysis
under biological conditions and its hydrophilic properties, elimination via biliary excretion
(without re-absorption) and renal clearance in unchanged form could be expected.

Estimated volumes of distribution were 11.1 (i.v.), 15.6 (i.p.) and 24.0 I/kg (p.0.), respectively
considering the body weight of the mice (28.5 g in average). The total body water in C57Bl/6
mice is approximately 0.6 1/kg [31], suggesting a distribution of D3 beyond the body fluid and
some uptake in peripheral tissues.

Plasma volume of distribution at steady state was also high with 191 ml and 6.69 1/kg con-
sidering the body weight of the mice and the fraction of unbound D3 in plasma was predicted
to be around 8%. High volume of distribution promotes low plasma clearance, which in our
study was approximately between 0.12-0.19 ml/min observed in all routes of administration.

In summary, the current study demonstrates high proteolytic stability for the D-enantio-
meric peptide D3. Furthermore, D3 enters the brain very efficiently and shows high oral bio-
availability. The terminal half-life in mice after p.o. administration was approximately 41 hours
with a brain/plasma ratio between 0.7 and 1.0, and a bioavailability of about 60%.
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Fig 6. Distribution of >H-D3 after p.o. administration in organs and plasma. 20 min after gavaging of 100 pl, 5 uCi®H-D3 with a total D3 concentration of
10.5 mg/kg, most of the radioactivity was located in the middle of small intestine (intestine 2 and 3); 4 hours later, it spread to the lower intestinal tract. Of note
is the high concentration of D3 observed in the appendix. At this time point, D3 could already be detectedin feces. In comparison to the gastrointestinal tract,
the amount of D3 in other organs or plasma after p.o. administration was very low.

doi:10.1371/journal.pone.0128553.9006
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Fig 7. Concentration of *H-D3 in kidney, liver, brain and plasma administered via i.p. implanted osmotic pump. Alzet mini pumps with a delivery rate
0f 0.3 mg D3 (plus 5 pCi *H-D3) per 24 hours were implanted i.p. and organs were sampled after 2 to 6 days. Similar to bolus i.p. administration, more *H-D3
was found in kidney than in liver (A), whereas D3 concentrations in plasma and brain were considerably lower (B). The concentration of D3 was increasing
linearly over time suggesting that the saturation concentration in the respective organs and plasma was not reached by 6 days of continuous dosing.

doi:10.1371/journal.pone.0128553.9007
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Fig 8. The bound D3 (in dpm) over the protein concentration as determined using the TRANSIL*" kits.
Each sample contained 5 uM D3 added to varying concentrations of AGP or HSA. (A) AGP fitted to the
Michaelis Menten equation (red). (B) The binding of D3 to HSA was below the detection limit of the kit (Kp >
1.4 mM).

doi:10.1371fournal.pone.0128553.9008

In our previous studies, D3 already proved to be therapeutically active in reversing cognitive
deficits and amyloid plaque load in vivo. Given its high oral bioavailability, suitably formulated
D3 with multiple dosing might be a promising drug candidate against Alzheimer’s disease.
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ABSTRACT

Purpose 1t has been shown that amyloid p (Af) oligomers
play an important role in the pathology of Alzheimer’s disease
(AD). D3, a peptide consisting solely of D-enantiomeric amino
acid residues, was developed to specifically eliminate AP olig-
omers and is therapeutically active in transgenic AD mice, D-
peptides have several advantages over L-peptides, but little is
known about their pharmacokinetic potential in vivo. Here, we
analysed the pharmacokinetic properties of RD2, a rationally
designed and potent D3 derivative.

Methods The pharmacokinetic analysis was performed using
*H-rD2 after administration via several routes in mice. The
time dependent amount of radiolabelled RD2 was measured in
plasma and several organ homogenates by liquid scintillation
counting. Furthermore, binding to plasma proteins was
estimated.

Results RD2 penetrates into the brain, where it is thought to
implement its therapeutic function. All administration routes
result in a maximal brain concentration per dose (G,,,.../D) of
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0.06 (pug/g)/(mg/kg) with brain/plasma ratios ranging be-
tween 0.7 and 1.0. RD2 shows a small elimination constant
and a long terminal half-life in plasma of more than 2 days. Tt
also exhibits high bioavailability after i.p., s.c. or p.o.
administration.

Conclusions These excellent pharmacokinetic properties
confirm that RD2 is a very promising drug candidate for AD.

KEY WORDS Alzheimer's disease - D-enantiomer -

peptide - pharmacokinetics - preclinical

ABBREVIATIONS
%ID Relative injected dose
AD Alzheimer's disease

AGP ay-acid glycoprotein

AUC Area under the concentration-time curve
AUMC  Area under the moment curve
AR Amyloid p

& Concentration

Cl Clearance

D Dose

dpm Disintegrations per minute

F Bioavailability

Ty Unbound fraction

HSA Human serum albumin

ip. Intraperitoneal

iV, Intravenous

inf Infinity

MAT Mean absorption time

MRT Mean residence time

ni.v. Non-intravenous

p.o. per os, oral delivery

r Correlation coeflicient

s.C. Subcutaneous

tin Terminal half-life

TLC Thin layer chromatography
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Ve Distribution volume in steady state
V, Terminal distribution volume

A Terminal elimination rate constant
INTRODUCTION

Alzheimer’s disease (AD) is a progressive neurodegenerative
disorder and the most common form of dementia. It currently
aflects about 24 million people worldwide, but to date, no
curative treatment exists (1,2).

The pathology of Alzheimer’s disease is mainly
characterised by extracellular amyloid plaques and in-
tracellular neurofibrillary tangles. Research suggests that
amyloid p (AP} aggregation plays a major role in the
development of AD (3,4), while AP oligomers are
thought to be the most toxic species (5-7). Therefore,
various strategies to develop AD therapeutics address
AP, trying to reduce its formation, inhibit aggregation
to fibrils or enhance its clearance (3,8). Several studies
on potential therapeutics considered peptides, e.g. de-
signed to prevent P-sheet conformation (3,9). However,
peptide drugs show several disadvantages since they can
be immunogenic, instable due to degradation by prote-
ases and often show rapid clearance (10). Additionally,
they generally have a very low oral hioavailahility and
short i viwe half-lives (11).

D-peptides, which are entirely composed of D-amino
acids, are more protease resistant than L- peptides, due
to the stercoisomeric selectivity of most proteolytic en-
zymes (12,13), As a result, system elimination is slower
and they remain stable in the body for longer periods of
time than L-peptides, thereby providing more time to be
therapeutically active i zivo (14,15). This was for in-
stance shown for all D-enantiomeric peptides in rat plas-
ma and Rhesus monkey cerebrospinal fluid (16,17). In
addition it has been shown that they are not immuno-
genic or at least significantly less than L-peptides (15].

Previously, a D-peptide, called D3, has been identified by
mirror image phage display for binding to AP (18,19). It has
been shown that it is able to improve both pathology and
cognition of AD transgenic mice e.g. after 4 weeks of i.p.
treatment or after 8 weeks of oral delivery (20-24;.

RD2 is a derivative of D3 consisting of a rationally
repositioned sequence, resulting in improved binding to Af
oligomers (25) which are currently widely believed to be the
most toxic AP species (26,27).

Here, we determined and compared the pharmacokinetic
properties of RD2 in mice after intraperitoneal, subcutancous,
oral and intravenous delivery. This is the first systematic pre-
clinical pharmacokinetic study of a D-enantiomeric peptide to
such an extent.

METHODS
Peptides

RD2 (H-ptlhthnrrrrr-NHo, all amino acid residues are D-en-
antiomers, 1.6 kDa) was purchased from Cambridge Peptides
Ltd. (Birmingham, United Kingdom). The Lewis structure of
RD2 can be found in Fig. 1.

Radioactively labelled peptides were purchased from Quo-
tent Bioresearch (Radiochemicals) Lid. (Cardiff, United
Kingdom) containing 1 mCi/ml and were supplied as solution
in waterzethanol (1:1). RD2 (H-pt-[4,5-*H-nD-Leu]-hthnrrrr-
NHy) was supplied with > 95% purity, containing 124 Ci/
mmol. Radioactively labelled 1-peptide (H-RPRTR-[4,5-"T1-
Leu]-HTHRNR-NH,), 103 Ci/mmol was used as control for
stability assessment.

Animals

C57BL/6 mice (Charles River Laboratories, Sulzfeld, Ger-
many) were housed in groups of up to four mice in standard
mouse individually ventilated cages with standard chip aspen
bedding, a nestlet was provided as cage enrichment. Water as
well as food were available ad fibitum. Housing rooms were
maintained on a 12712 h light—dark cycle (7 am. — 7 p.m.),
with a temperature of 22°C and approx. 54% humidity. All
animal experiments were carried out in conformance with the
German Protection of Animals Act (TierSchG §§ 7-9) and
with permit of an Animal Protection Committee (AZ84-
02.04.2011.A336).

Proteolytic Stability

To assess the stability of RD2 in different organs, thin layer
chromatography (TLC) was applied using the *H-radioactive-
ly labelled RD2. As positive control an L-peptide was includ-
ed. Blood and organs were sampled from C57BL/6 mice
(25 g body weight). The animal was anaesthetised with
isoflurane (Actavis Deutschland GmbH & Co. KG,
Langenfeld, Germany) and blood was taken by cardiac punc-
ture with a heparin containing needle before the mouse was
sacrificed by cervical dislocation. Blood was spun down at 4°C.
and 1200 g for 15 min and plasma was taken, A small piece of
liver (approx. 0.2 g), the left kidney and the right brain hemi-
sphere were taken. All organ weights were measured and
homogenised with 300 pl PBS per 0.2 g organ weight. After-
wards, organ homogenates were centrifuged at 4°C and
1200 g for 10 to 15 min and supernatant was taken off. 5 pl
racioactively labelled peptide (5 pCi) were then added to 1 pl
mouse plasma or organ homogenate supernatant. Afier dif-
ferent incubation times the reaction was stopped by adding
4 ul mobile solvent (2-butanol/ pyridine /ammonia (28%)/ wa-
ter, 39/34/10/26 ml respectively) to each sample which was
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Fig. | Lewis structure and single
letter amino acid code of the b-
enantiomeric peptide RD2
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then stored at - 20°C: until further use. Samples were then
dotted on the TLC membrane (HPTLC Silica 60 gel plates,
Merck, Darmstadt, Germany) and placed into the solvent.

Upon drying, start- and endpoint were marked with spots of

H-labelled peptide. For "H detection plates were then placed
on phosphor imaging plates (Fujifilm, Tokyo, Japan) for 3 days
and afterwards detected using a BAS reader with AIDA soft-
ware (Raytest Gmbl, Freiburg, Germany).

Pharmacokinetic Studies

Pharmacokinetic properties of “H-radioactively labelled RD2
in male C57BL/6 mice were studied using different adminis-
tration routes. The applied amount contained 10 mg/kg for
subcutaneous (s.c.) and intraperitoneal (1.p.) injection as well as
oral gavage (p.o.) and 3.3 mg/kg for intravenous (i.v.)
injection.

To achieve sufliciently high total concentrations of RD2, a
combination of *H-labelled “hot™ RD2 and non-radioactive
“cold” RD2 was used, as detailed below. The working solu-
tion was prepared in phosphate buffer (0.1 M, pH 8.0). To
achieve the appropriate dose each mouse received *H-labelled
RD2 together with non-radioactive “cold” RD2, resulting in a
total dose of 10 mg/kg (i.p., p.o., s.c.) or 3.3 mg/kg (i.v.) RD2
per mouse. Lv. injection was given into the tail vain under
anaesthesia. Animals were sacrificed after different incubation
times as detailed in Table I, for each time point three mice
were used. Just before sampling time, the animal was
anaesthetised with isoflurane and blood was taken by cardiac
puncture with a heparin containing needle before the mouse
was sacrificed by cervical dislocation. Blood was spun down at
4°C and 1200 g for 15 min and plasma was taken. A small
piece of liver, the left kidney and the right brain hemisphere
were taken at all time points. Additionally, at the late time
points of 7 and 28 days, the spleen and the inguinal lymph
nodes were harvested (spleen all administration routes, lymph
nodes 1.p. and L.v. only). 24 h after i.v. and 1.p. administration
urine and faeces were taken freshly (urine n=2 (i.p.) n=4 (Lv.),
faeces n=>5). All weights were measured and organs were
homogenised with 500 pl PBS. After mixing with 10 ml scin-
tillation cocktail (Ultima Gold XR, PerkinElmer, Waltham,

@ Springer

MA. USA) *H-radioactivity was then measured in triplicate
with a liquid scintillation analyser beta radiation counter
(PerkinElmer, Waltham, MA, USA) in form of disintegrations
per minute (dpm). The same procedure was performed on
three animals without RD2 application, thereby creating
blank reference values for each organ that were subtracted
trom all dpm values.

From the activity of the working solution subtracted
with blank values and the organ weight the relative
injected dose (%ID/g or %ID/ml) and total amount of
RD?2 (mg/g or mg/ml) per gram organ or millilitre plas-
ma were calculated. All calculations of pharmacokinetic
parameters were based on the total RD2 concentration.
For calculation of pharmacokinetic parameters of the
brain the radioactivity resulting from residual blood was
subtracted assuming a plasma fraction of 1.5% in brain.
The relative injected dose was only used for presentation
purposes of the time dependent distribution in organs
and plasma and displayed as mean and standard error
of the mean where numbers are given.

Calculation of Pharmacokinetic Parameters

A non-compartmental analysis of pharmacokinetic parame-
ters was performed. The area under the curve (AUC) as well
as the area under the moment curve (AUMC) for the total
RD2 concentrations was caleulated (SigmaPlot 11.0, Systat
Software, Inc., San José, CA, USA). The mean residence time
(MRT) was calculated according to MRT = AUMC/AUC.
The RD2 concentration at time zero was assumed to be zero
for all applications except for plasma after i.v. delivery where
it was back extrapolated from the first two observed concen-
trations in the semi-logarithmic time-concentration plot
(SigmaPlot). The terminal elimination rate constant (A,) was
obtained by logarithmic extrapolation based on the last ob-
served concentrations starting from 2 days post administration
(the correlation coefficient (%) was between 0,92 and 1.0 for all
extrapolations). Parameters containing the suffix “0-28" were
calculated from the measured data points while “0-inf” de-
notes values reaching into infinity being caleulated based on
A,. The AUC and AUMC reaching into infinity were
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Table | Pharmacokinetic Experi-
ments were Performed According Administration method Time points RD2 dose
to this Scheme
iv. 3min, 5min, 10 min, 15 min, 30 min, | h,4h,1d,2d,7d,28d 3.3 mgkg
i.p. 10min, 20 min, 30 min, | h,2h,4h,é6h,1d,2d,7d, 28d 10 mg/kg
&0 10 min, 20 min, 30 min, | h,2h,4h,6h, 1d,2d,7d 28d 10 mg/kg
po. 30min, | h,2h4h 6h8h I8h 1d2d3d7d28d 10 mg/kg

Assessed durations post administration and concentrations of RD2 per route of administration are given. For each time

point three mice were used

calculated by AUC_;,/=AUCp o5+ Cog/A, and AUMCq_
= AUMOC og+ (Cog*tog)/h,+ Cog/M,”. The bioavailability
(F) was calculated on the basis of the respective AUC accord-
ing to F=100%(D;, ¥AUC,,; . )/(Dy 1. ¥AUG ) with niv.
denoting the respective extravascular administration route.
Parameters describing the terminal elimination phase were
calculated based on A,: the terminal half-life (t,,,=In2/4,)
and clearance (Cl;, =2,*V,), the terminal distribution vol-
ume (V,=D/(A,*AUC;, (for niv. Cl and V, were calculated
including the bioavailability: Cl,, ;. =A,*V,/F and V,=(D*
F)/(0,*AUCG;,)) was calculated as well as the distribution vol-
ume in steady state (V,=({D*AUMC)/ AUGQ).

The overall brain/plasma ratio was determined using the
respective AUC o5 whereas the brain/plasma ratio over time
was calculated from the individual values of each time point,
both with subtracted radioactivity from residual blood, assum-
ing a plasma fraction of 1.5% in brain (28).

Plasma Protein Binding

Plasma protein binding was estimated by incubation of
RD2 with varying concentrations of protein using
TRANSIL™" binding kits (Sovicell GmbH, Leipzig, Ger-
many). K, values were determined by titrating a constant
drug concentration against different concentrations of hu-
man serum albumin (HSA) and a,-acid glycoprotein
(AGP). Experiments were performed as recommended
for the kit. To obtain the desired RD2 stock solution of
80 pM., non-radioactively RD2 was dissolved in PBS and
5% “H-labelled RD2 solution was added for detection
purposes. A final concentration of 5 pM RD2 was applied
in the assay. After incubation and centrifugation 15 pl
supernatant were taken and scintillation cocktail was
added for detection using liquid scintillation counting.
This was done in triplicate. After measuring the disinte-
grations per minute (dpm) of the supernatant containing
the unbound RD2, the fraction bound to the titrated pro-
tein was calculated and plotted against the protein con-
centrations. The curves were fitted to the Michaelis
Menten ligand binding equation (SigmaPlot} to obtain a
Kp. Mean and relative standard error (%) of multiple
measurements are given where applicable (AGP n=2).

For determination of the unbound fraction of RD2 (f)
Eq. (1) was used:

Cror =K = Cops Cror=Kp—Cppin'\*
RD2 21‘) iy I+\/KJ;*CR;))+( RI. 21‘) Py d)

= |(0*
o Crin

(1)

For very low RD2 concentrations in blood (Cgrps). Eq. (1)
can be simplified by Eq. (2), where the unbound fraction of
RD2 can be calculated independenty of the applied RD2
concentration, Since this is true for our in vwe experiments
we used Eq. (2) for the total free fraction of RD2, combining
the binding of RD2 to HSA and AGP. For calculation of the
unbound fraction according to Eq. (2], physiological concen-
trations (Cppyel) of 0.65 mM HSA and 0.02 mM AGP were
assumed.

|
[

o = 100% ; :
S o iz Cipsiol AGP @

Kp rsa Epace

RESULTS
Proteolytic Stability of RD2

To confirm stability of *H-labelled RD2 in mouse plasma, thin
layer chromatography (TLC) was performed after incubation
of "H-RD2 with plasma for up to 1 day and detected via
autoradiography. This experiment was essential to consider
potential metabolites in later pharmacokinetic analyses.
TLC results showed that RD2 remained stable in mouse plas-
ma (Fig. 2 for at least 24 h while a comparable L-peptide was
proteolytically degraded within 2 h as is deduced from the
appearance of additional bands at that time (marked by ar-
rows) in comparison to those present at 0 h, Similarly, the
pattern of RD2 after incubation with organ homogenates
did not change over time, indicating that no proteolytic deg-
radation took place (Fig. 2). Of note, the peptides bind to
different components of the plasma and organ samples
resulting in different patterns and intensities for each peptide.
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Fig.2 Autoradiography of thin layer chromatogram demonstrating proteolytic stability of *H-labelled RD2 in mouse plasma, brain, kidney and liver. *H-RD2 was
incubated at 37°C with mouse plasma for different durations and developed on TLC plates. For comparison, a very similar 1-peptide was also incubated with
mouse plasma. Multiple bands in the 0 h lanes arise from binding and co-nrigration of the *H-peptides with plasma and tissue components. Therefore, any effect of
degradation will lead to extra additional bands as compared to the 0 h lane of the very same compound. Obvious proteolytic degradation can be observed for the
?H-1-peptide already after 2 h of incubation with plasma leacing to additicnally appearing bands (black arrows) as compared to the O h lane. Additionally appearing
bands as compared to 0 h incubation are not observed for *H-RD2 even after 24 h of incubation in plasma and tissue homogenates.

However, since the overall composition did not change with
time, it can be concluded that RD2 was not subject to proteo-
Iytic degradation. The L-peptide showed appearance of addi-
tional bands after 2 h incubation, while the pattern of RD2
remained unchanged. Therefore, metabolites were consid-
ered negligible and the measured radioactivity was used to
back calculate the total RD2 concentration.

Pharmacokinetic Properties

Pharmacokinetic analyses were performed using *H-la-
belled RD2 after i.v., i.p., s.c. or oral administration in
mice. Graphs showing the relative injected dose per or-
gan weight over time of the different administration
routes can be found in Fig. 3.

Significant amounts of *H-RD? were found in the
analysed organs after i.v., i.p. or s.c. injection with
highest conecentrations present in kidney, followed by liv-
er and plasma (Fig. 3). Oral administration resulted in
very low *H-RD2 levels in liver, kidney and plasma. In-
terestingly, in brain *H-RD2 was found in amounts sim-
ilar to the other administration routes. Exposure to all
analysed organs was quite stable for a couple of days and
declined gradually until 28 days after injection where it
was still detectable in very low amounts,

Additionally, H-RD?2 amounts in urine and faeces
were evaluated 24 h post L.p. and iv. injection, showing
only low doses in faeces (0.2840.05 (i.p.) and 0.35%
0.02°4ID/g (i.v.), n=5). The amount of "H-RD2 in urine
was higher, following i.p. administration it reached 2.3+
0.09%ID/ml and 4.3£0.07%ID/ml upon iv. adminis-
tration (i.p. n=2; i.v. n=4). Furthermore, at 7 and
28 days post injection the presence of *H-RD?2 in spleen
and lymph nodes was determined, showing only low con-
centrations at 7 days (0.4 — 0.6+0.11%ID/g) decreasing

@ Springer

with time (0.01 — 0.2£0.02%ID/g, except spleen i.v. 0.6
+0.02%ID/g). Remarkably, upon oral application nearly
no "H-RD2 was found in the spleen at 7 days post in-
jection (0.04£0.004%ID/g).

Plasma Pharmacokinetic Parameters

A summary of all pharmacokinetic parameters in mouse plas-
ma can be found in Table II, parameters were determined
based on the back-calculated total RD2 concentration from
measured radioactivity.

In contrast to the other administration routes, i.v. injection
was performed with 3.3 mg/kg body weight. Results show low
rate of terminal plasma clearance with CI/F=1.68 ml/
(kg*min) and a relatively long terminal half-life (t, ;o) of 59 h.
Since the extrapolated part of the area under the curve (AUC)
is small (<1%) the AUCy_9g and AUC;,pare very similar with
AUC 5= 1.97 mg/mP*min.

Upon extravascular administration, absorption happened
rapidly, as ty,.. was between 0.5 and 1 h, with oral adminis-
tration showing the slowest absorption. The maximal ob-
served concentration relative to the dose (C,,,./D) was highest
for i.v. administration (3.04 (ug/ml)/(mg/kg)), lower after i.p.
and s.c. injection {0.79 and 0.98 (ug/ml)/(mg/kg)) and lowest
following oral administration (0.09 (ug/ml)/(mg/kg)). The
drug exposure in plasma, caleulated as AUC ;. showed the
highest values after s.c. injection (5.42 mg/ml*min) and simi-
lar values upon i.p. and p.o. administration (4.57 and
4.54 mg/ml*min). The mean residence time (MRT), howev-
er, appeared to be comparable between all administration
routes. The terminal half-life was about 60 h and independent
of the administration route. The bioavailability (F) was similar
for i.p. and p.o. administration (approx. 76%) and even higher
upon s.c. injection (91%).
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Fig. 3 Time dependent
distribution of *H-RD2 in mouse
organs and plasma after different
administration routes. *H-RD2 was
administered together with non-
radicactive RD2 wia different routes
at 10 mg/kg or 3.3 mg/g (i.v.). The
concentration of *H-RD2 as
expressed in relative injected dose
per gram organ (%ID/g) or millltre
plasma (%610/ml) is shown for
plasma (a), brain (b}, liver (c) and
kidney (d) over time after different
administration routes (p.o. dashed
line, open square; s.c. triangle; 1.p.
dashed line, closed square; i.v. open
circle). Graphs show the mean of
three mice per time point.

Pharmacokinetic Parameters of RD2 in the Brain

Table III shows a summary of parameters calculated for the
brain as this is expected to be the therapeutically relevant
organ. The present study was performed in healthy C57BL/
6 mice. The resulting pharmacokinetic parameters may be

Table Il Determined Pharmaco-
kinetic Parameters in Mouse Plasma
for Different Administration Routes,
based on Measured *H-RD2

@ o po. +sc =ip. <iv

20

04— pio: y

y 15 M] ‘7‘°o_°J

10 0.0 é ‘
% 0 min 400 min
)
[+
o
=)
x

different in transgenic AD mouse models. Measured “H-

RD2 radicactivity was used to extrapolate the total RD2 con-

centration in brain.

Brain/plasma ratios increased over time for i.v., 1.p. and
s.c. injection (Fig. 4), whereas for oral administration it
remained relatively stable, all delivery routes almost reaching

Parameter Units iv. i.p. [ o} p.o.
Daose (D) mg/kg B3 10 10 10
o min 3 30 30 60
CrnadD (ug/miimeg/ke) 3.04 0.79 098 0.09
AUG 25 mg/ml*min 1.95 4.54 539 451
AUMGC, 25 min“mg/m 9908 22,154 26,169 23,355
MRT5 28 h 848 814 80.9 86.3
. min~' 0.00020 0.00019 000019 0.00020
tiz h 59 62 60 58
AUCq mg/mliFmin 1.97 4.57 542 454
AUMCq i m\ny*mgfm\ 10,794 23,676 27514 24,748
MR T A 914 86.4 84.6 90.8
v, kg 8.57 8.95 8.77 8.46
CIF mi{min*kg) 1.68 219 1.84 2.20
Ve kg 9.20

Fiieios % 769 91.4 765
% AUC extrapolated % 1.0 0.7 0.5 0.7

For comparison of absolute values, note that i.v. was administered at lower dose than extravascular administration. Clear
fields are not applicable for this respective administration route. For abbreviations please refer to the abbreviation and

methods sections
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Table Il Calculated Pharmacoki-

netic Parameters in Mouse Brains Parameter Units v p. s p.o.

for Different Administration Routes,

based on Measured *H-RD2 Dese (D) mg/kg 33 100 10.0 10.0
fe min 3 30 20 60
CradD (Lgle)ime/kg) 0.06 0.06 0.06 0.06
Allciss mg/gFmin |48 337 451 449
AUMC; 29 min“*mg/g 11,408 22,656 31,419 27,039
MRTo 26 h 128.4 1.9 6.1 1003
A min~' 0.00019 0.00019 0.00012 0.00016
- h 60 6l 94 73
Fauc2a % 752 100.6 100.1
Brain/plasma ratio AUC, ;5 08 Q.7 0.8 1.0

Clear fields are not applicable for this respective administration route. For abbreviations please refer to the abbreviation

and methods sections

1 at 2 days post administration. Overall, a good penetration of
the brain was reached with AUC-based brain/plasma ratios
reaching 0.8 (Lv. and s.c.) and even 1.0 (p.o.). Interestingly,
Clax/ D in brain was similar for all administration routes (0.06
(ng/ml)/(mg/kg)). The AUCy o5 was high for s.c. and p.o.
administration (4.5 mg/g*min) but lower following i.p. injec-
tion (3.4 mg/g*min). After i.v. injection the AUC o5 was
found to be 1.5 mg/g*min but was performed using a lower
dose of RD2. The terminal half-life of *H-RD2 in brain was
very comparable to that in plasma, i.e. 61 h (L.v. andip., 73 h
(p.o.) and 94 h (s.c.). The bicavailability in the brain was cal-
culated to be 75% for 1.p. injection and 100% for s.c. and oral
administration.

Plasma Protein Binding

For estimation of the @ vivo free fraction of RD2 in blood (f;,,
totalls AN 1 vitro assay was used, incubating RD2 with human
serum albumin (TISA) and o;-acid glycoprotein (AGP) (Fig. 5).
For AGP this assay resulted in a Ky, of .77 uM £9.97% (r° =

99.4%). The fraction unbound to AGP (f,) was estimated

¢ p.0. *+ sC. ®ip. ©iw

o
(4]

sy
o
T

o
2.

Brain/plasma ratio

T T T
© © ©
Time
Fig. 4 Time dependent development of the brain/plasma ratio for different
administration routes, corrected for residual blood in the brain.
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using Eq. (1) under assumption of a RD2 blood concentration
of 0.23 uM (Crpp, measured 4 h after p.o. administration).
This predicts a free fraction of 12.3%. For HSA, the Ky, was
above the detection limit of the kit (=1.4 mM) indicating a very
low affinity for HSA and leaving AGP as the main binding
partner. Nevertheless, calculation of the RD2 fraction un-
bound to HSA with an assumed Kj, of 1.4 mM results in
68.3% free RD2. Taken together, using Eq. (2), the estimated
free fraction of RD2 in plasma was calculated to be approxi-
mately 11.5%.

DISCUSSION

In the present study we have analysed the pharmacokinetic
properties of the D-peptide RD2, an improved derivative of
D3, which has previously been shown to be therapeutically
active i vivo (20,22),

It has previously been shown iz vizo for rat plasma and
rhesus monkey CSF that D-peptides are proteolytically more
stable than their [-forms (16,17). Here, we also demonstrated
that RD2 remains intact in mouse plasma and organ homog-
enates for at least 24 h. Thus, we considered metabolites neg-
ligible and used the measured %H-radioacrivity to caleulate the
RD2 concentrations iz vivo. Nevertheless, it needs to be clearly
stated that all obtained pharmacokinetic values are based on
the assumption that the measured radioactivity represents the
non-metabolised RD2. Although we have shown that RD2 is
stable for at least 24 h in plasma and tissue homogenates, we
cannot exclude for later time points partial conversion of RD2
into metabolites that may or may not have reduced therapeu-
tic activities. However, because we did not see any RD2 me-
tabolism at 24 h, there was no reason to expect significant
metabolism at 48 h or even 7 days. Furthermore, incubation
in organ homogenates or plasma beyond 24 h appeared not to
be meaningful because after longer incubation times enzymes

68| Seite



Pharmacokinetics of the AP targeting D-peptide RD2

Bound RD2 (dpm

0 5

10 15 20 25 30 35
[AGP] (uM)

335
b
. 8.0x10°%
g 6.0%10%
8 a0x10¢
g a0e10+
B 20x10%
=
° -
o 0 ee® o @ .
0 50 100 150
[HSA] (uM)

Fig. 5 Plasma protein binding of RD2. Bound *H-RD2 (in dpm) dependent on AGP (a) and HSA (b) concentration (dots). For binding of RD2 to AGP the fit
according to the Michaelis Menten binding equation (line) is shown, indicating an almost perfect fit ( =99.4%, a). Binding of RD2 to HSA was below the

detection limit of the applied kit (K 2 1.4 mM).

in those biological samples will have digested themselves lead-
ing to artefacts.

In the present study non-compartmental analysis was per-
formed because a simplistic analysis of the data at hand is
possible without making assumptions regarding the number
of compartments as is necessary for other analyses such as
compartmental or physiologically based models. We quant-
fied RD2 in plasma and brain by measuring the radioactivity
and assumed based on the 24 h stability data in plasma and
organ homogenates that the measured radioactivity parallels
RD2 concentration. Any minor metabolite would influence a
more complex model, e.g. a minimal physiologically based
model, to produce inaccurate data. However, non-
compartmental analysis assumes linear kinetics and may
therefore not be the optimal model for pharmacokinetic anal-
ysis of RD2. This may result in over- or under-estimation of
certain values. Nevertheless, non-compartmental analysis is
often used to give an indication of the pharmacokinetic prop-
erties of a candidate. Therefore, the more simple non-
compartmental analysis was used to avoid additional over-
interpretation of our data towards the pharmacokinetic prop-
erties of RD2.

Summarised, the pharmacokinetic results yielded a low
terminal plasma clearance (C1/F=1.68 ml/(min*kg)) of RD2
resulting in long terminal half-lives of about 60 h upon all
assessed administration routes. Since L-peptides are typically
cleared from the blood relatively fast after administration,
often within minutes, this long half-life represents a major
advantage of RD2 since it provides more time to reach the
target tissue and to be therapeutically active (10,29). The plas-
ma bioavailability was exceptionally high following extravas-
cular administration, with 77% upon intraperitoneal and oral
administration and 91% after subcutaneous injection. In com-
parison to other peptide drugs especially the bioavailability
upon oral application is very high (11,30).

It is noteworthy that irrespective of the administration
route similar concentrations of RD2 reached the brain where
it is thought to be therapeutically active. Irrespective of the
administration route an overall brain/plasma ratio of 1 was

reached. This indicates sufficient transport of RD2 into the
target organ.

RD2 levels found in urine at 24 h post injection agree with
the relatively high values obtained at the 24 h time point in the
kidney. In general, values are higher upon i.v. injection than
those obtained following i.p. administration. Hence, even
1 day after dosing the kidney still seems to be a major excre-
tion route, illustrated also by the high RD2 concentrations
observed in the kidney for at least 2 days. Additionally, excre-
tion of RD2 also appears to take place via faeces although
rather low doses of RD2 are measured at 24 h post iv. or
i.p. administration, indicating that this excretion pathway is
not the dominating one for these administration routes. Fur-
thermore, measurements of RD2 in spleen and inguinal
lymph nodes indicate that after 28 days post administration
only very low amounts of RD2 remain in the lymphatic
systern.

Prediction of plasma protein binding based on binding to
HSA and AGP suggested a plasma free fraction of about 12%,
which is also a very favourable property of RD2 as potential
AD drug candidate. It has been reported that only the minor-
ity of the examined drugs developed for the central nervous
system exhibit free plasma fractions above 10% (31).

Here, we compare RD2 distribution after different admin-
istration routes as well as the predicted plasma protein bind-
ing. In this pharmacokinetic study we were able to demon-
strate high stability, long plasma half-life of several days and
favourable oral and subcutaneous bioavailability of this all D-
enantiomeric peptide in mice.

CONCLUSION

Taken together, the current study demonstrates favourable
pharmacokinetic properties of the D-enantiomeric peptide
RD2. Based on the long terminal half-life, high oral hioavail-
ability and drug exposure to the brain it can be concluded,
that D-peptides in general may be very well suited as drug
candidates. Particularly, providing therapeutic efficiency
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in vivo, RD2 may be a very promising candidate for the treat-
ment of Alzheimer’s disease.
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Peptides are more and more considered for the development of drug candidates. However, they frequently ex-
hibit severe disadvantages such as instability and unfavourable pharmacokinetic properties. Many peptides are
rapidly cleared from the organism and oral bioavailabilities as well as in vivo half-lives often remain low. In con-
trast, some peptides consisting solely of b-enantiomeric amino acid residues were shown to combine promising
therapeutic properties with high proteolytic stability and enhanced pharmacokinetic parameters. Recently, we
have shown that D3 and RD2 have highly advantageous pharmacokinetic properties. Especially D3 has already

Keywords:
Ph}.;rmacokinetics proven promising properties suitable for treatment of Alzheimer's disease. Here, we analyse the pharmacokinetic
Alzheimer's disease profiles of D3D3 and RD2D3, which are head-to-tail tandem p-peptides built of D3 and its derivative RD2. Both
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motifs, even in short peptides, for the design of further therapeutic p-peptides.
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Despite remarkable efforts to develop curative and disease modify-
ing treatments against Alzheimer's disease (AD), thus far only symp-
tomatic treatment is available (Nygaard, 2013). Among other
substance classes, peptides are being investigated as promising drug
candidates (Sun et al., 2012). Currently, however, most peptides have
shown severe disadvantages due to their immunogenicity and instabil-
ity as well as unfavourable pharmacokinetic properties such as rapid
clearance, low oral bioavailability and short in vivo half-lives (Pauletti
etal,, 1997; Sato et al,, 2006).

To overcome those disadvantages, p-enantiomeric peptides are
being developed. They combine high protease resistance due to stereo-
isomeric selectivity of mammalian proteolytic enzymes with low, if any,
immunogenicity, leading to slower system elimination and thereby pro-
viding more time for therapeutic activity (Dintzis et al., 1993; van
Regenmortel and Muller, 1998).
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Fig. 1. Lewis structure and single letter amino acid code of D3D3 (top) and RD2D3 (bottom). Both peptides are p-enantiomeric peptides (3.2 kDa).

Using mirror image phage display against p-amyloid (A[3) mono- Groen et al., 2008). Additionally, a number of derivatives have also
mers as target (Schumacher et al., 1996; Wiesehan and Willbold, been designed. Among those, RD2 has shown enhanced properties
2003), we have previously identified the p-peptide D3 which has been in vitro and in silico, while containing the same p-amino acid residues
shown to improve pathology and cognition in transgenic AD mice in a rationally reordered sequence (Olubiyi et al., 2014). Studies
(Funke et al., 2010; van Groen et al., 2012; van Groen et al,, 2013; van assessing pharmacokinetic properties of both D3 (Jiang et al., 2015)

L-peptide control D3D3 RD2D3
Solvent
e $ % % & #|front
YV ‘
g "';:U-uv'v "."
7] ::
o L
S g
= a
::é!I! NP PP PP
K e & s e elE e e e B e
oS &N o N O N A NTO ST NA N
e e S~ N~ S~ N~
~ - - - i
Solvent
front
o _ 1:";
wn "1= Y7y g
© » "
n -E
" . Start line
—‘—.—H. - —o——4
c £ c £ £ & = £ £ £ £
o = ~ © - ~ % o - o 3

Fig. 2. Autoradiography of thin layer chromatogram, showing proteolytic stability of *H-D3D3 and *H-RD2D3 in mouse plasma and liver microsomes in comparison to an L-peptide control.
The peptides were incubated with plasma or microsomes at 37 °C for the given amount of time and applied to thin layer chromatography plates. Proteolytic degradation is apparent from
time dependent appearance of additional bands, as was obvious for the L-peptide control (arrows). In contrast, D3D3 and RD2D3 remained stable for 4 h in liver microsomes and plasma for
up to 24 h of incubation.
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Fig. 3. Autoradiography of thin layer chromatogram, showing proteolytic stability of *H-D3D3 and *H-RD2D3 in mouse organ homogenates. The peptides were incubated with brain, liver
and kidney homogenates at 37 °C for the given amount of time and applied to thin layer chromatography plates. No proteolytic degradation is apparent for both peptides for up to 24 h of

incubation.

and RD2 (Leithold et al,, 2015) have demonstrated auspicious charac-
teristics such as long half-lives and high oral bioavailability.

Here, we determined the pharmacokinetic properties of D3D3 and
RD2D3, which can be thought of as head-to-tail tandem homo- and
heteropeptides made of D3 and RD2. The rationale behind the design
of the tandem peptides is that multivalent p-peptides can be expected
to target their multivalent target molecules, here A oligomers, with in-
creased efficiency. Recently, this was shown to be true for D3D3 in vitro
and in vivo (Brener et al., 2015).

2. Methods
2.1. Peptides

D3D3 (H-rprtrihthrorrprtrihthrnr-NH,, 3.2 kDa) and RD2D3 (H-
ptihthnrrrrerprtrththrnr-NH,, 3.2 kDa) were  purchased  from
peptides&elephants GmbH (Potsdam, Germany). All peptides consist
solely of p-enantiomeric amino acids. The Lewis structures of both pep-
tides can be found in Fig. 1.

The tritium-labelled peptides *H-D3D3 (H-rprtrihthrnrrpreclhthroe-
NH,, 110 Ci/mmol) and *H-RD2D3 (H-ptihthnrrererprtrlhthrnre-NH,,
73 Ci/mmol) were purchased from Quotient Bioresearch (Radiochemi-
cals) Ltd. (Cardiff, United Kingdom) to contain 1 mCi/ml respectively
37 MBqg/ml and were supplied as solution in water and ethanol (1:1).
The radioactively labelled L-enantiomer of D3 (H-RPRTRLHTHRNR-
NH,, 103 Ci/mmol, Quotient Bioresearch), was used as control peptide
for stability assessment.

2.2. Proteolytic stability

Proteolytic stability of *H-D3D3 and *H-RD2D3 in mouse organ ho-
mogenates was assessed as described previously (Leithold et al.,
2015). Additionally, 2 ul of a *H-L-peptide were incubated with 1 pl
mouse plasma as control.

Furthermore, proteolytic stability of all peptides against degradation
by microsomes was analysed using microsomes from mouse and
human liver (pooled from CD-1 mice; pooled from male human liver;
protein content approx. 20 mg/ml, Sigma-Aldrich). 6 pl *H-peptide
were added to 4 ul pre-warmed microsome solution and incubated at
37 °C. After different incubation times the reaction was stopped by ad-
dition of 6 pl mabile solvent (2-butanol/pyridine/ammonia (28%)/
water, 39/34/10/26 ml respectively) and samples were stored at —
20 °Cuntil further use. For detection, thin layer chromatography and au-
toradiography were performed as described before (Leithold et al.,
2015).

2.3. Pharmacokinetic studies

Pharmacokinetic analysis of the *H-peptides was assessed as previ-
ously described, with the exceptions explained below (Leithold et al,,
2015). For pharmacokinetic analysis different doses and time points of
organ harvesting were chosen per route of administration: i.v. injection
3.3 mg/kg, 3 min, 5 min, 10 min, 15 min, 30 min, 1 h,4h, 18 h,1d,2d;
i.p. administration 10 mg/kg, 10 min, 20 min, 30 min, 1 h,2h,4 h,6 h,
1 d, 2 d. For each time point three mice were administered with the re-
spective dose. The terminal elimination rate constant (\,) was obtained
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Fig. 4. Time-dependent distribution of *H-D3D3 and *H-RD2D3 in mouse plasma, brain, liver and kidney after i.v. and i.p. administration. Radioactively labelled D3D3 or RD2D3 was
administered together with non-labelled peptide at total concentrations of 10 mg/kg (i.p.) or 3.3 mg/kg (i.v.). The concentration of D3D3 and RD2D3 is shown as percent of the
injected dose per millilitre plasma (%ID/ml) or gram organ (%ID/g). Graphs show the means of three mice per time point.

by logarithmic extrapolation of the last five to six observed concentra-
tions based on the highest correlation coefficient obtained (r* = 0.99
for all calculations).

2.4. Plasma protein binding

The plasma protein binding assay was performed twice per peptide
as described previously (Leithold et al., 2015).
2.5. Animals

C57BL/6 mice were used for plasma extraction and pharmacokinetic
studies. All animal experiments were carried out in conformance with

the German Protection of Animals Act (TierSchG §§ 7-9) and with per-
mit from an Animal Protection Committee (AZ84-02.04.2011.A356).

3. Results
3.1. Proteolytic stability

It was shown previously that both D3 and RD2 are proteolytically
stable in organ homogenates and plasma (Jiang et al., 2015; Leithold
et al,, 2015). To confirm the proteolytic stability for both tandem pep-
tides, H-D3D3 and *H-RD2D3 were incubated with mouse plasma
(Fig. 2) and organ homogenates (Fig. 3) for up to 24 h and analysed
by thin layer chromatography (TLC). It is noteworthy that under TLC
conditions the peptides bound differently to plasma and organ constit-
uents, thereby exhibiting different patterns and intensities on the TLC
plate as detected by autoradiography. Results show that overall compo-
sition of both D3D3 and RD2D3 did not change over time, but remained
stable for at least 24 h. In contrast, the L-peptide used for control was
proteolytically degraded within 2 h as visible by the time dependent ap-
pearance of additional bands (Fig. 2).
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Table 1

Pharmacokinetic parameters determined from mouse plasma for i.v. and i.p. administra-
tion. Clear fields are not applicable for the respective administration route. For abbrevia-
tions please refer to the abbreviations section.

Parameter Units D3D3 RD2D3

iwv. ip. iv. ip.
Dose (D} mg/kg 33 10 33 10
Ernax min 3 60 3 60
Crnax/D (pg/ml}/(mg/kg)  0.54 0.16 058 0.47
AUCy jase mg/ml " min 0.18 0.61 032 1.82
AUMCq. 050 min? * mg/ml 131 424 229 1001
MRT. 115t h 19 116 19 100
A2 min~' 0.0155 00075 00137 0.0050
tiz h 0.7 1.5 038 23
AUCq.int mg/ml * min 018 0.62 032 1.87
AUMCouins min? * mg/ml 137 461 240 1225
MRTo.inf h 123 123 123 109
v, I/kg 1.15 237 0.74 1.99
ClF ml/(min * kg) 179 16.1 10.2 54
Vi I/kg 132 75
Fauciiast % 110 187
% AUC extrapolated % 1.1 1.9 12 23

Moreover, neither p-peptide was degraded after 4 h incubation with
liver microsomes, in contrast to the L-peptide (Fig. 2). Confirmation of
proteolytic stability of D3D3 and RD2D3 was important to ensure that
measured radioactivity in the pharmacokinetic studies correlated with
“H-D3D3 and *H-RD2D3 total concentrations.

3.2. Pharmacokinetic properties

To assess pharmacokinetic parameters *H-labelled D3D3 and RD2D3
were used for i.p. and i.v. administration in mice. Following the radioac-
tive label, both peptides were successfully quantitated in all analysed
organs and upon all administration routes. Fig. 4 shows the relative
injected dose per millilitre plasma or gram brain, liver and kidney
over the time course of two days as well as the brain/plasma ratio.

Remarkably, for RD2D3 intraperitoneal rather than intravenous ad-
ministration resulted in higher values in all organs, whereas this was
the opposite for D3D3 where i.v. resulted in higher amounts present
in all assessed organs. Higher concentration of D3D3 and RD2D3 in
the liver as compared to the kidney suggests the liver as the major path-
way for excretion for both peptides. It is noteworthy that after 2 days
post administration both peptides were still present in all organs and
especially high in liver and kidney. RD2D3 reached higher levels than
D3D3 in the brain as well as in liver and kidney (Fig. 4), which is most
prominent following i.p. administration.

3.2.1. Plasma pharmacokinetic parameters

Plasma pharmacokinetic parameters were calculated based on baclk
calculated peptide concentrations from measured radioactivity in plas-
ma and are summarised in Table 1. The maximally observed concentra-
tion relative to the Dose (C,.x/D) was similar for i.v. injection (D3D3
0.54 and RD2D3 0.58 (pg/ml)/(mg/kg)) but differed upon i.p. adminis-
tration between 0.16 (pg/ml)/(mg/kg) for D3D3 and 0.47 (pg/ml)/
(mg/kg) for RD2D3. For both p-peptides the areas under the curve
AUCq 135 and AUCo. i do not differ much, which is due to the very low
extrapolated part of the AUCq i (< 3%). RD2D3 showed higher plasma
AUCq_iyr for both administration routes (i.v. 0.32 mg/ml * min and
i.p. 1.87 mg/ml * min) as compared to D3D3 (i.v. 0.18 mg/ml * min
and i.p. 0.62 mg/ml * min). The mean retention time (MRTg_j,r) was
around 11 and 12 h and similar for all administration routes and both
peptides. The rate of i.v. terminal plasma clearance was higher for
D3D3 with CI/F = 17.9 ml/(min * kg) than for RD2D3 with CI/F =
10.2 ml/(min * kg). Additionally, upon i.p. administration the clearance
was found to be lower than after i.v. administration for both peptides.
This results in longer half-lives (t;,) for RD2D3 (iv. 0.8 h and
i.p. 2.3 h) compared to D3D3 (i.v. 0.7 h and i.p. 1.5 h). Furthermore,

the bioavailability (F) upon i.p. administration of RD2D3 was very
high with about 190%, while D3D3 reached 110%.

3.2.2. Brain pharmacokinetic parameters

Since the brain is thought to be the therapeutically relevant target
argan, pharmacokinetic parameters were also calculated for the brain
(Table 2). Both peptides showed an increasing brain/plasma ratio over
time, reaching 1 after about 6 to 12 h (Fig. 5), which resulted in an over-
all brain/plasma ratio based on the AUCq.ja5 of 0.6 (i.v.) and 0.3 (i.p.) for
D3D3 and 0.6 (i.v.) and 0.5 (i.p.) for RD2D3. The time-dependent The
brain exposure (AUCy_j.5;) was higher for RD2D3 than for D3D3, espe-
cially upon ip. administration (RD2D3 iv. 0.19 and i.p. 0.88 mg/
g *min and D3D3 i.v. 0.12 and i.p. 0.20 mg/g * min). The Cp,./D was
0.02 (pg/g)/(mg/kg) for iv. administration. L.p. injection lead to a Crax/
D of 0.01 for D3D3 and was higher for RD2D3 with 0.11 (ug/g)/
(mg/kg). The MRT was calculated to be about one day for both peptides
and administration routes. Furthermore, the bioavailability of the i.p.
administration was low for D3D3 with 55% and very high for RD2D3
with 157%.

3.3. Plasma protein binding

In vivo plasma protein binding was estimated by in vitro incubation
of *H-labelled D3D3 and RD2D3 with human serum albumin (HSA)
and «;-acid glycoprotein (AGP) (Fig. 6). For AGP the binding curves of
both peptides reached saturation even at the lowest AGP concentration.
This indicates strong binding affinities to AGP. Results yielded for
RD2D3 a Kp of 0.04 uM = 18% and for D3D3 a Kp, of 0.03 uM + 18%. Bind-
ing to HSA did not reach saturation and could therefore not be deter-
mined reliably, with Kp values being in the hundreds micromolar
range. It could be deduced that both peptides showed much higher af-
finity to AGP than to HSA and plasma protein binding therefore is main-
ly determined by AGP binding. The expected free fraction in plasma was
calculated disregarding HSA binding and under the assumption of pep-
tide concentrations in plasma of Cgpzps = 0.027 pM and Cpzps =
0.013 M (concentrations 24 h after administration). Results showed a
fraction unbound (f;,) for RD2D3 of 0.20% and for D3D3 of 0.16%.

3.4. Proteolytic stability in human samples

To confirm that the peptides are not only stable in mouse tissue, pro-
teolytic stability was additionally assessed and *H-D3D3 and *H-RD2D3
and the *H-L-peptide control were incubated with human liver micro-
somes and analysed by TLC (Fig. 7). Results show that overall composi-
tion of both D3D3 and RD2D3 remained stable for at least 24 h both in
human microsomes. In contrast, the L-peptide used for control was
quickly proteolytically degraded.

Table 2

Brain pharmacokinetic parameters determined for i.v. and i.p. administration. Clear fields
are not applicable for the respective administration route, For abbreviations please refer to
the abbreviations section,

Parameter Units D3D3 RD2D3

iv. i.p. iv. ip.
Dose (D) mg/kg 33 10 33 10
tiiix min 3 2880 30 0
Crnax/D (pg/g)/(mg/kg) 002 001 002 011
AUCqase mg/g * min 0.12 0.20 019 088
AUMCg1as min? * mg/g 189 315 269 1264
MRTo.jast h 26.8 26.5 242 238
Fauc-tast % 55 157
Brain/plasma ratio AUCq. e 0.6 03 0.6 0.5
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Fig. 5. Time-dependent development of *H-D3D3 and *H-RD2D3 brain/plasma ratio after i.v. and i.p. administration. Graphs show the means of three mice per time point, corrected for

residual blood in the brain.

4. Discussion

Here, we have assessed the pharmacokinetic properties of two p-
peptides which are head-to-tail tandem derivatives of the previously
described peptides D3 and its derivative RD2. D3 has been selected by
mirror image phage display for binding against A{3(1-42) and both D3
and RD2 have demonstrated therapeutic potential in vitro and in vivo
(Bartnik et al., 2010; Funke et al., 2010; Olubiyi et al,, 2014; van Groen
et al., 2008). Furthermore, D3 and RD2 exhibited excellent pharmacoki-
netic properties as has been shown previously (Jiang et al., 2015;
Leithold et al,, 2015). In a next step, tandem peptides were created in
order to enhance the affinity to AR (Brener et al., 2015). Thereafter,
pharmacokinetic assessment was performed to determine their ability
to reach the target organ brain.

For both D3 and RD2 it could previously be shown that they remain
stable in mouse organ homogenates and plasma (Jiang et al., 2015;
Leithold et al., 2015). Here, we demonstrated that the homo- and
heteropeptides D3D3 and RD2D3 are likewise proteolytically stable for
at least 24 h in mouse plasma, organ homogenates and liver micro-
somes, We used the measured *H-radioactivity of the administered
peptides in the pharmacokinetic study to calculate the peptide concen-
trations. This assumes that the non-metabolised peptides are

represented by the measured radioactivity which is then used to obtain
the pharmacokinetic parameters. Although we have shown that the
peptides are stable in mouse plasma for 24 h we cannot exclude partial
metabolism at later time points which might or might not influence
their therapeutic effectivity. Incubation in plasma and organ homoge-
nates beyond 24 h and microsomes beyond 4 h appeared not to be
meaningful since enzyme activities in biological samples cannot be ex-
pected to last for long incubation times at 37 °C, Furthermore, due to
the complete lack of metabolism of RD2D3 and D3D3 after 24 h incuba-
tion with organ homogenates as well as after incubation with micro-
somes there was no reason to expect significant metabolism at 48 h.
Nevertheless, for pharmacokinetic assessment we performed a non-
compartmental analysis since this is a simplistic analysis without the
need for assumptions regarding the number of compartments. Any
minor metabolite would influence more complex pharmacokinetic
models and would lead to inaccurate data. The authors are aware that
non-compartmental analysis may not be the optimal model for the
pharmacokinetic analysis. It assumes linear kinetics and may therefore
result in over- or under-estimation of certain parameters. However, it
is often used as an initial indication of the pharmacokinetic properties
of a substance and avoids additional over-interpretation of the data at
hand. The present study was performed in healthy C57BL/6 mice. The
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Fig. 6. Plasma protein binding of *H-D3D3 and *H-RD2D3. Graphs display the determined amount of p-peptide bound (in dpm) to a;-acid glycoprotein {AGP) or human serum albumin
(HSA) at different concentrations. Binding affinity to AGP was roughly estimated based on the Michaelis Menten binding equation (dotted lines). Dissociation constants for binding to HSA
could be estimated to be in the hundreds M range as the saturation was not reached even above 100 uM.
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Fig. 7. Autoradiography of thin layer chromatogram, showing proteolytic stability of *H-D3D3 and *H-RD2D3 in human liver microsomes. The peptides were incubated with human liver
microsomes at 37 °C for the given amount of time and applied to thin layer chromatography plates. No proteolytic degradation is apparent for both peptides for up to 24 h of incubation
whereas the i-peptide control is degraded rapidly as indicated by the appearance of additional bands (arrows).

resulting pharmacokinetic parameters may be different in transgenic
AD mouse models. Existing preliminary pharmacokinetic data for D3,
however, does not suggest any significant difference in pharmacokinet-
ic properties between wild type mice and transgenic AD mice.

To summarise, the pharmacokinetic analysis showed that RD2D3
has a lower clearance than D3D3, resulting in higher drug exposure in
plasma and brain as well as a high bioavailability after i.p. administra-
tion. Both peptides have higher AUC values upon i.p. administration
compared to i.v. administration. However, both D3D3 and RD2D3
have relatively high elimination rate constants and therefore short
half-lives of only few hours that are in the same range as other peptides
assessed as potential drugs (Pollaro and Heinis, 2010). Furthermore,
D3D3 and RD2D3 have a low predicted free fraction in plasma and
may therefore only be available for therapeutic action in the target
organ in small amounts. However, it was shown that high plasma pro-
tein binding does not necessarily impede drug efficacy, and newly ap-
proved drugs often show high plasma protein binding (Liu et al.,
2014; Smith et al,, 2010; Zhang et al., 2012), This is also the case for
the available drugs indicated for the central nervous system,
Kratochwil et al. (2002) found no general preference for high or low
HSA binding.

The i.p. plasma drug exposure especially of RD2D3 is considerably
higher than upon iv. administration. This could possibly be explained
by the higher rate of clearance observed for iv. administration.
Entero-hepatic recirculation or renal reabsorption can lead to a
prolonged presence of the peptide in the organism (Bendayan, 1996;
Roberts et al., 2002). This is underlined by the results showing no appar-
ent decrease of the peptide concentration in liver and kidney after
2 days (Fig. 4). For RD2D3 the concentration in both organs is higher
than for D3D3, indicating that this effect is more pronounced for
RD2D3, explaining the much higher bioavailability of RD2D3 than
D3D3. The bioavailability upon oral administration for the tandem pep-
tides remains to be analysed, however, both monovalent peptides D3
and RD2 were shown to exhibit promising pharmacokinetic properties
for oral application (Jiang et al., 2015; Leithold et al., 2015).

It was shown that D3 itself has a half-life in plasma of 32 h for i.v. and
=40 h upon i.p. or oral administration (Jiang et al., 2015). Remarkably,
RD2 showed a plasma half-life of about 60 h for all assessed administra-
tion routes (Leithold et al., 2015). In contrast, both tandem peptides
have remarlably short half-lives of only few hours. This is also reflected
in the clearance, with D3D3 exhibiting the highest rate, followed by
RD2D3, D3 and RD2 having the slowest clearance. Interestingly, the
MRT in both plasma and brain was higher for the tandem peptides
than for D3 for both i.p. and i.v. administration, while RD2 had much
higher MRT values for all administration routes. RD2 also showed the
highest brain/plasma ratio when calculated using the AUCq_j.s; of all
peptides. Since also the drug exposure in plasma, as calculated by

plasma AUCg i, is highest in RD2 and D3, it is concluded that the larger
size of the tandem peptides results in less favourable pharmacokinetic
parameters. Furthermore, resorption from the peritoneum into the
blood seems to be least effective for the tandem peptides. Plasma levels
of D3D3 are very low, higher for RD2D3 followed by D3, while RD2 is re-
sorbed very efficiently. Similarly, peptide levels in the brain are highest
for RD2, followed by D3 and the tandem peptides with RD2D3
exhibiting higher levels than D3D3. Considering the brain/plasma ratios
which do not differ much, the low brain levels of the tandem peptides
may result primarily from their insufficient resorption rather than
from an inferior ability to enter the brain.

Additionally, we were able to show that D3D3 and RD2D3 are pro-
teolytically stable in human liver microsomes for at least 24 h. The sta-
bility in human tissue is important knowledge for the further
development of these p-peptides into clinical application.

5. Conclusions

Taken together, the tandem peptides exhibit less favourable phar-
macokinetic properties than the single peptides. Resorption of D3D3
and RD2D3 is less effective, resulting in lower brain concentrations as
compared to the single peptides D3 and RD2. This disadvantage of the
tandem peptides could possibly be outweighed by higher efficiency of
the tandem compounds as was indicated by recent data for D3D3
(Brener et al., 2015). Furthermore, it is concluded that the sequence
order of the p-enantiomeric amino acid residues has a considerable im-
pact on pharmacokinetic properties of the peptide. Peptides harbouring
the amino acid residue sequence of RD2 were found to exhibit enhanced
pharmacokinetic properties than those harbouring the D3 sequence.
This can be seen both in RD2 alone when compared to D3 and similarly
within RD2D3 in comparison to D3D3.
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The application of small peptides targeting amyloid beta (Af3) is one of many drug development strategies for the
treatment of Alzheimer’s disease (AD). We have previously identified several peptides consisting solely of D-
enantiomeric amino acid residues obtained from mirror-image phage display selection, which bind to Aj3 in dif-
ferent assembly states and eliminate toxic AP aggregates. Some of these D-peptides show both diagnostic and
therapeutic potential in vitro and in vivo. Here we have analysed the similarity of the arginine-rich D-peptide
D3 to the arginine-rich motif {ARM) of the human immunodeficiency virus type 1 transactivator of transcription
(HIV-Tat) protein, and examined its in vivo blood-brain barrier (BBB) permeability using wild type mice and
transgenic mouse models of Alzheimer's disease. We are able to demonstrate that D3 rapidly enters the brain
where it can be found associated with amyloid plaques suggesting a direct penetration of BBB.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Currently, two molecular weight categories classify drugs into con-
ventional “small molecule” drugs (<500 Da) and “biologics” which are
generally referred to as protein-based drugs (>5000 Da) [ 1]. Small mol-
ecules are often associated with favorable oral bioavailability and their
production is considered scalable and economical. During drug discov-
ery, they can be rationally designed, for example, altering the structure
to optimize physiochemical properties for enhanced brain delivery [2,
3. Frequently, however, small molecules show low target selectivity,
which may ultimately result in side effects. Protein-based drugs, for ex-
ample antibodies, possess high selectivity, mainly because their large
size allows formation of specific and high affinity binding sites for
their target molecules. Usually they have poor oral bioavailability due
to low membrane permeability and proteolytic instability [4]. Small
peptide based molecules consisting of 5 to 50 amino acid residues

* Corresponding author at: Forschungszentrum Jiilich, Institute of Complex Systems,
Structural Biochemistry, 52428 Jiilich, Germany.
¢ Corresponding author,
E-mail addresses: D Willbold@fz-juelich.de (D. Willbold), AWilluweit@fz-juelich.de
(A. Willuweit).

http://dx.doi.org/10.1016/j.bbamem.2016.07.002
0005-2736/© 2016 Elsevier B.V. All rights reserved.

may fill the molecular weight gap and combine the advantages of
small molecules and protein based drugs.

Well-known examples of peptide-based drugs with high medical
and economic impact are the peptide hormones insulin and glucagon.
Diseases like diabetes, cancer, inflammation and cardiovascular dis-
eases, are strong drivers for the development of peptide based drugs
|5]. Peptide drugs have the potential for high substrate specificity and
affinity. Their degradation usually doesn't lead to toxic metabolites,
They are smaller than proteins and thus can be obtained synthetically
by well-established and cost-efficient methods [6]. A drawback of pep-
tide drugs is their relatively low bioavailability due to degradation and
the resulting short half-lives. Several approaches have been developed
to enhance the bioavailability of peptide based drug candidates. The ap-
plication of D-enantiomeric amino acids is an effective way to enhance
the resistance to degradation, because most proteolytic enzymes have
substrate specificity for L-peptide bonds. This even allows the oral
administration of D-enantiomeric peptides [7,8]. Furthermore, D-
peptides are less, if at all, immunogenic [9].

The application of peptide based drugs for the treatment of central
nervous system (CNS) diseases is hindered by the blood-brain barrier
(BBB) [10,11]. Blood capillaries at the BBB have specialized structures
and are characterized by the i) absence of fenestrae, ii) the presence of
tight intercellular junctions, iii) low pinocytotic activity, and iv) high
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levels of efflux transporters at their luminal endothelial surface. This ef-
ficiently limits the penetration potential of 95% of all known drugs into
the brain [12]. In the absence of active transport mechanisms, the ability
of peptides to permeate through membranes usually decreases with in-
creasing mass and hydrophilicity. Studies have shown that most drugs
with molecular weights above 500 Da already show poor brain penetra-
tion potential and compounds with molecular weights above 1000 Da
are usually widely excluded from the passive transmembrane transport
system [13,14]. In spite of poor BBB permeability in general, some
peptides can be transported into the brain via specific transporters
expressed in brain endothelium under physiological or pathological
conditions [15,16]. Furthermore, several BBB penetration mechanisms
such as receptor-mediated, adsorptive-mediated or carrier-mediated
mechanism are intensively studied [17]. Properties such as the presence
of basic clusters have been found to trigger the uptake of compounds
into the cell by an as yet unresolved mechanism. A well-known example
is the human immunodeficiency virus type 1 (HIV-1) transactivator of
transcription (Tat) [18-20]. The HIV-1 Tat is a regulatory protein with
86 to 101 amino acids depending on the subtype. It is produced in the
very early stages of viral infection and greatly enhances the transcrip-
tional rates which result in high viral gene expression. It also mediates
viral spreading in disease progression [21]. The basic region of HIV-1
Tat protein involved in RNA binding is rich in arginines and lysines,
and thus belongs to the family of arginine-rich motif (ARM) RNA bind-
ing proteins [22]. Such ARMs have been identified first in lentiviral Tat
proteins, e.g. from HIV and equine infectious anaemia virus (EIAV),
and later in a variety of nucleic acid binding proteins. Functional and
structural details have been described for Tat proteins [23-26]. Current-
Iy there are several hypotheses about the potential mechanism for HIV-
1 Tat uptake; these all incorporate the fact that HIV-1 Tat binds
negatively-charged targets such as heparane sulfate/glycosamino-
glycans, sialic acid and phospholipids, and traverses the plasma-
membranes passively. Furthermore, recent in vitro experiments
based on artificial membrane systems suggest the formation of
plasma-membrane pores [18-20,27]. The exact mechanism of ARM
transduction is still unknown, but the relative abundance of argi-
nines is suggested to play a decisive role [28,29], Although lysine
presents the same positive net charge as arginine, the substitution
of arginines with lysines decreases the transduction efficiency [30,
31]. Studies show that arginine-rich peptides, which demonstrate
membrane permeation, lack secondary structure, and D-
enantiomeric arginine as well as guanidine peptoids werk equiva-
lently [28,31,32], which demonstrate that the guanidinium groups
are the critical structural component responsible for the transduc-
tion [28,30,33]. Such mechanisms may be beneficial for peptide
design.

We have identified several D-peptides by mirror-image phage dis-
play [34] for binding to AP [35,36]. They show promising abilities, e.g.
elimination of Ap> oligomers and inhibition of A{ fibril formation
in vitro [37], and fluorescently labelled D-peptides bind to amyloid
plaques in transgenic mice after direct brain infusion. [38]. One of
those p-peptides, D3, was able to reduce plaque load and inflammation
markers in the brains of aged APP/PS1 double transgenic mice and
improved cognition even after oral administration [39-42]. Recently,
the first comprehensive preclinical pharmacokinetic study of D3 was
reported [7] and its BBB permeability was evaluated in an in vitro cell
culture model [43].

D3 (rprtrihthrnr) is an arginine-rich peptide containing five argi-
nines out of twelve amino acid residues and shares sequence homology
to ARM of HIV-1 Tat (HXB2) [44] (Fig. 1). HXB2 is a recombinant inbred
strain derived from a cross of SHR/Olalpcv with BN-Lx/Cub (HXB) of the
first HIV-1 isolate, regarding as a standard reference strain [45,46]. The
ARM mediates HIV-1 Tat's activity to overcome plasma membranes.
Given the amino acid sequence similarity of D3 to the ARM of HIV-1
Tat, the ability of D3 to penetrate the BBB may be based on the same
mechanism.

HIV-1 (HXB2) Tat 53-64:
D3 1-12:

RORRRAHQNSQT
rprtrlhthrnr

* * * *

Fig. 1. Alignment of D3 with human immunodeficiency virus type 1 (HIV-1), strain HXB2,
transactivator (Tat) protein. D3 shows sequence similarity to the arginine-rich motif
(ARM) of a recombinant inbred strain (HXB2) of HIV-1 Tat protein.

To test this hypothesis, we have studied the in vivo localization of D3
in the CNS and its potential to pass the BBB as well as to bind amyloid
plaques in vivo and in vitre in mouse brain sections.

Qur results suggest that the BBB penetration of D3 may indeed have
the same mechanism as HIV-1 Tat. This may offer a strategy to design
and select peptide-based drugs and suggests that D3 and its derivatives
are promising candidates for the future treatment of Alzheimer's
disease.

2. Materials and methods
2.1. Peptides and other chemicals

3H-D3 (rprtr-(4,5-*H-Leu)-hthrnr) was purchased from Quotient
Bioresearch (Radiochemicals) Ltd. (Cardiff, United Kingdom) with
10-100 Ci/mmol, 1 mCi/ml and purity >95%, D3 (rprtrihthrnr),
FAM-D3 (H-rprtrihthrnr-Lys(5(6)-carboxyfluorescein)-NH2) and
FAM-LP (LRMMLQIKRIPR-Lys(5(6)-carboxyfluorescein)-NH2) was
purchased from JPT peptide Technologies GmbH (Berlin, Germany).
Molecular weight of D3 is 1599, while FAM-D3 is 2086; The FAM tag-
ging through 5-FAM lysine introduced one negative charge to D3
from a carboxylic acid at 5-FAM molecule. Thioflavine S was from
Sigma-Aldrich (Munich, Germany). All other chemicals were sup-
plied by Fluka Chemie AG (Buchs, Switzerland), Merck (Darmstadt,
Germany), AppliChem (Darmstadt, Germany) and VWR (Darmstadt,
Germany) in research grade.

2.2, Animals

To study the distribution of *H-D3, male C57BI/6 mice (Charles River,
Sulzfeld Germany) with an average body weight of 33.4 g were used.
The mice were hosted in our animal facility under standard housing
conditions for at least 2 weeks before experiment. All animal experi-
ments were approved by the Animal Protection Committee of the
local government (LANUV, North-Rhine-Westphalia, Germany, AZ84-
02.04.2011. A359 and AZ84-02.04.2011. A356) according to the German
Protection of Animals Act.).

For the experiment of FAM-D3 oral administration, seven male four-
month old APP and PS1 double transgenic mice (APPswe/PS1AE9) were
used in the present study. It has been shown that animals from this line
exhibit numerous plaques and cerebral amyloid angiopathy within the
brain, especially within cortex and hippocampus but also in other
brain areas including the cerebellum [47-49]. The APPswe/PS1AE9
mice were acquired from JAX at the age of six weels and housed in 4/
cage in a controlled environment (temperature 22 °C, humidity 50-
60%, and light from 07:00-19:00) until the treatments; food and water
were available ad libitum. The experiment was conducted in accordance
with the local Institutional Animal Care and Use Committee ([ACUC)
guidelines. All animal studies comply with the ARRIVE guidelines [50].
A completed ARRIVE guidelines checklist was included in S1 ARRIVE
Checklist.

2.3, °H-D3 distribution in brain, plasma and CSF

3H-D3 was mixed with non-radioactive D3 in a 0.1 M phosphate
buffer (pH 8) to a total D3 concentration of 3 mg/ml with a specific ra-
dioactivity of 16.7 pCi per mg D3. 5 uCi D3 (100 pl) were administered as
a single bolus intraperitoneally. Doses were selected according to
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tolerability studies and did not cause adverse reactions. The total D3
concentration was calculated through 3H radioactivity assuming
radioactive/non-radioactive ratio of the working solution stays the
same during bio-distribution. Sampling times were 30, 60, 240 and
1440 min after administration (3 mice per time point). The administra-
tion method and the sampling time were selected based on our previous
pharmacokinetic study [7]. Mice were anaesthetized with ketamine/
medetomidine 10 min before samples were collected. Cerebrospinal
fluid (CSF) was collected with a glass capillary tube (Round Boro
Capillaries, CM Scientific, New Jersey, USA) from the cisterna magna as
described by Liu and Duff [51], About 8 to 9 pl CSF was obtained from
each mouse. Blood was drawn by heart puncture and heparinized to iso-
late blood plasma. The right brain hemisphere was isolated directly after
euthanasia through cervical dislocation.

The brain hemisphere was weighed and homogenized in homoge-
nizer tubes (Precellys Ceramic Kit 1.4 mm, Precellys 24, Bertin technol-
ogies SAS, Montigny le Bretonneux, France) with 500 pl PBS. 10 ml
scintillation cocktail (Ultima Gold XR, PerkinElmer, Waltham, Massa-
chusetts, USA) was added to 100 pl of brain homogenate or plasma
(diluted 1:1 with PBS) and mixed well. Disintegrations per unit time
(dpm) were obtained in triplicates with a liquid scintillation counter
(Packard Tri-Carb 2100TR Liquid Scintillation Analyser, PerkinElmer,
Waltham, MA, USA). CSF was mixed directly with 10 ml scintillation
cocltail,

Radioactivity was quantified in each sample as the percentage of
injected dose (ID) per weight unit for brain tissue (%ID/g), or dose per
volume unit for plasma/CSF samples (%ID/ml). Analogously, for cold
material the concentration was expressed as weight unit of total D3
per weight unit of brain tissue (pg/g), or as weight unit per volume
unit for plasma/CSF samples (pig/ml). Ratios were calculated from the
values of brain, CSF and plasma, respectively. Mean values with stan-
dard error (SEM) of three mice were presented.

24, In vitro autoradiography (*H) with mouse brain sections

Brain from a homozygous 18.5 months old APP/PS1 (ARTE 10) trans-
genic mouse is a generous gift from Andre Manook (Nuklearmedizinische
Klinik und Poliklinik, Klinikum rechts der Isar, Technische Universitdt
Miinchen, Munich, Germany). Homozygous ARTE10 mice of this age ex-
hibit extensive plaque load and to a lesser extent cerebral amyloid
angiopathy especially in cortex and hippocampus, but also in other
areas except the cerebellum [42,52]. The brain was fixed in 4% formalde-
hyde (Carl Roth, Karlsruhe, Germany) in PBS for one week at room tem-
perature then transferred into 30% sucrose in PBS for 2 days at 4 °C. A
series of 30 um free floating cryosections were cut sagittal and post-
fixed in 4% paraformaldehyde for 30 min at room temperature. After
washing and 10 min permeabilization with 1% Triton X-100 in Tris-
buffered saline (TBS), sections were transferred into a staining dish
containing *H-D3 solution in 1% Triton-TBS (2.5 k-becquerel (kBq) per
section) and incubated for 3 days at room temperature, After washing
in TBS and a rapid washing step in H,0, sections were mounted on glass
slides and dried at 37 °C for 2 h, then exposed against a phosphor-
imaging plate for *H-autoradiography (FUJIFILM, Tokyo, Japan) in an au-
toradiography cassette for 7 days. The imaging plate was scanned with
a phosphor film imager (Fujifilm BAS-5000, FUJIFILM Life Science,
Japan) and images were acquired with BAS reader and AIDA software
(Raytest, Freiburg, Germany).

2.5. Thioflavine S staining

Sections from in vitro autoradiography were immersion-fixed in 4%
paraformaldehyde for 20 min, and then equilibrated in water twice for
2 min. After incubation in freshly filtrated 1% (w/v in water) Thioflavine
S for 30 min at RT in a dark chamber, sections were washed twice for
2 min in 44H-0, and differentiated in two changes of 80% ethanol for 5
and 1 min, respectively. After washing three times in water (2 min per

iteration), sections were covered with a glass slide and Aqua Poly/
Mount (Polysciences, Warrington, US). Images were acquired with a
Lumar V12 SteREO microscope (Zeiss, Oberkochen, Germany) with
AxioCamMR3 camera (Zeiss, Oberkochen, Germany) and processed
with AxioVs40 software (Release 4.5 SP1) and Image] (1.48 s).

2.6. Oral administration of D3 and FAM-D3

We chose oral administration for this long term experiments as it is
favorable for animals. In order to achieve the desired total D3 concentra-
tion, non-labelled D3 (90%) was added to FAM-D3 (10%) with a final
concentration of 0.25 mg/ml Seven four-month old APPswe/PS1AE9
transgenic mice were treated for eight weeks with FAM-D3 and D3 in
the drinking water. On average, the mouse drank ca. 2 to 3 ml water
per day. The stability of D3 in water containing mouse saliva was veri-
fied using reversed phase HPLC analysis. Briefly, D3 was dissolved in
double-distilled water, drinking water and drinking water containing
0.05% (v/v) mouse saliva to a final concentration of 27 pM. Freshly pre-
pared solution and solution incubated for 24 h at 37 °C were analysed
through reversed phase HPLC with a C18 column (Phenomenex,
Aschaffenburg, Germany) and compared. No obvious degradation was
observed. Eight weeks after the start of treatment, the mice were
sacrificed for histopathological analysis (see below).

2.7. Immunochistochemistry and immunofluorescence

Brain sections from the transgenic mouse orally administered with
FAM-D3 were treated with a monoclonal mouse anti-Ap(4-10) (WO0-
2) antibody (EMD Millipore). The sections were incubated overnight
in a solution of TBS; then the sections were treated for 30 min in a heat-
ed (85 °C) sodium citrate solution (0.05 M, pH 6.0) and allowed to cool
down. Afterwards, the series of sections were transferred into TBS-T
(TBS with 0.5% Triton X-100) containing the primary antibody (mouse
anti-A[3(4-10), USA) for 24 h at 20 °C in a dark room. The sections
were washed three times in TBS-T and transferred into a solution con-
taining the secondary antibody (biotinylated goat anti mouse; Sigma)
for 2 h, Again, the sections were washed three times with TBS-T and
transferred to a solution containing ExtrAvidin for 2 h. Then the sections
were incubated for approximately 3 min with Ni-enhanced diamino-
benzidine (DAB) (12.5 mg DAB in 25 ml 0.1 M phosphate buffer,
pH 7.4, 30 1l Hy05 (30%), with 1 ml of a 15% ammonium Ni-sulfate solu-
tion added). The stained sections were mounted on gelatinized slides
and coverslipped.

Cerebral blood vessels were visualized with GLUT-1 antiboedy (rabbit
anti-GLUT-1 antibody EMD Millipore). The staining was performed ex-
actly as described for AP, with the exception that no pretreatment was
performed and a fluorescent secondary antibody ( goat anti rabbit, Jacl-
son ImmunoResearch) was applied. The stained sections were mounted
on gelatinized slides and coverslipped.

2.8. Thin layer chromatography

Untreated wildtype mouse brain was homogenized with the same
method as described above. After centrifuge at 20,000 = g for 15 min
at 4 °C to clarify the homogenate, extract of mouse brain was obtained
from supernatant. FAM labelled peptide was incubated with the brain
extract at 37 °C for different time periods (from 0 to 2 days). 2 ug FAM
labelled peptide was mixed with 1 pl brain extract (in excess to peptide
|53,54]). Mixtures containing FAM-labelled peptides were applied onto
a HPTLC cellulose plate (OMNILAB, Essen, Germany) for thin layer chro-
matography (TLC) with mobile solvent (2-butanocl/pyridine/acetic acid/
water (30/20/6/24)). Images were acquired using the ChemDoc MP im-
aging system (Bio-RAD, Munich, Germany) under the fluorescein chan-
nel. The retardation factor (Ry) of each substance was defined as the
ratio of the migration distance of the centre of a separated spot to the
migration distance of the solvent front.
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3. Results

3.1. Temporal distribution of *H-D3 in brain, plasma and CSF after intraper-
itoneal administration

To study the temporal and spatial distribution of D3 in vivo, we have
analysed the concentrations of radioactively labelled D3 in brain, plas-
ma and CSF. The time-concentration profiles of *H-D3 in whole brain,
plasma and CSF after ip. administration are shown in Fig. 2. Brain/
plasma, CSF/plasma and brain/CSF ratios are shown in Fig, 3.

As expected, the highest concentration of D3 was measured in plas-
ma shortly after administration with 8.4 pg/ml after 4 h and subse-
quently decreased to 0.53 pg/ml, whereas the concentration of D3 in
brain and CSF started at about 0.6 pg/ml and decreased only slightly
(Fig. 2). The brain/plasma ratio reached 0.8 to 0.9 after 4 h. D3 concen-
tration in CSF remained slightly higher in comparison to that in the
brain at all four time points, resulting in a relatively constant brain/
CSF ratio of about 0.8 (Fig. 3).

3.2. Binding of *H-D3 on Ap3 plaques by in vitro autoradiography

In order to study the influence of *H-D3 within cerebral blood ves-
sels on the total radicactivity detected in the whole brain, brain slices
of a transgenic APP/PS1 (ARTE 10) mouse were incubated with *H-D3
and subsequently developed by in vitro autoradiography (Fig. 4A). Addi-
tionally, the same slices were stained with Thioflavine S to stain beta-
sheet rich structure elements (Fig. 4B), which is regarded as a robust
and easy method for Aj> plaque quantification in this mouse model
[55]. Co-localization of *H-D3 and Thioflavine S is an indicator of the
specific binding of D3 to the amyloid plaques (Fig. 4C). Furthermore,
the use of 1% Thioflavine S causes the strong non-specific staining of
blood vessels [56], which also visualizes cerebral blood vessels on the
section (Fig. 4D).

The APP/PS1 (ARTE 10) mouse model used is characterized by the
lack of Ap> plaques in the cerebellum [55], which is in agreement with
the Thioflavine S stain, as well as the autoradiography with *H-D3 in
this study, No *H-D3 labelled structures of blood vessels in either the ce-
rebrum or cerebellum could be observed in the autoradiogram, even
though some of the vessels were clearly stained by Thioflavine S
(Fig. 4D). This shows that *H-D3 bound specifically to Af plaques in
the parenchyma and any specific binding of *H-D3 to cerebral blood
vessels was negligible.
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Fig. 2. Temporal distribution of *H-D3 in brain, plasma and cerebrospinal fluid [CSF) after
ip. administration in C57B1/6 mice, *H-D3 (5 uCi) mixed with non-radioactive D3 to a total
amount of 0.3 mg D3 was applied as single bolus per mouse. The concentration of D3 is
shown as the mean value + SEM (n = 3) at each time point. Units are given in pg/g
(left Y-axis) or ¥ID/g (percentage of injected dose per gram tissue, right Y-axis) for
brain, pg/1 or %ID/ml { percentage of injected dose per milliliter) for CSF and plasma. *H-
D3 concentration in brain and CSF were quite stable (about 0.6 pg/ml), whereas plasma
concentration dropped rapidly initially until it reached similar levels to those in brain
and CSF 4 h post injection (from 8.4 pg/ml to 0.53 pg/ml).
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Fig. 3. Temporal development of *H-D3 concentration ratios after ip. administration in
C57BI/6 mice. lllustrated are the brain/plasma, cerebrospinal fluid (CSF)/plasma, and
brain/CSF ratios as the mean value £ SEM (n = 3) at different time points post
injection. Following bolus dose administration, low brain/plasma and CSF/plasma ratios
were found at the starting time points {(about 0.1}, whereas the brain/CSF ratio was high
with about 0.9. After 4 h, all the ratios reached relative stable values.

3.3. Oral administration of FAM-D3

As demonstrated recently in a pharmacokinetic study, oral adminis-
tration yielded similar D3 concentrations after 4 h in the brain as ip. and
i.v. administrations did | 7]. Here we used fluorescently labelled D3 for
the purpose of direct visualization. After eight weeks of oral administra-
tion of 5(6)-carboxyfluorescein labelled D3 (FAM-D3) in an APPswe/
PS1AE9 transgenic mouse, fluorescence was observed associated with
AP plaques in brain parenchyma (Fig. 5A). Colocalization of FAM-D3
fluorescence with Aj> aggregates was validated by immunochistochemis-
try using anti-Ap antibody (WO0-2) based staining on adjacent sections
(Fig. 5B and C). Cerebral blood vessels were visualized using an anti-
glucose transporter GLUT-1 antibody (Fig. 5D). No specific binding of
FAM-D3 on cerebral blood vessels was observed (Fig. 5E). An anti-
GLUT-1 positive structure was found in the middle of an AP deposition,
suggesting this plaque was formed around the blood vessel (Fig. 5D and
E, white arrows).

3.4. Proteolytic stability of FAM-D3 in comparison to FAM labelled [-
enantiomeric peptide

In order to support the interpretation that FAM fluorescence corre-
lates with binding of intact FAM-D3, an ex vivo stability test was per-
formed with brain homogenate. The proteolytic stability of D3 peptide
within its amino acid sequence has been reported earlier [7]. In this
study, the stability of D3 bound to FAM via an L-Lys linker was tested ad-
ditionally. As a control, a 12-mer peptide consisting of L-enantiomeric
amino acid residues (LP) coupled to FAM was used. FAM-D3 and FAM-
LP were incubated with brain homogenate at 37 °C and applied to thin
layer chromatography (TLC) (Fig. 6). Under the same experimental
conditions, Rf values of FAM-D3 and FAM-LP were different due to
their different amino acid sequences. Most of the FAM-LP was degraded
in brain homogenate after 2 h, whereas FAM-D3 was resistant to prote-
olysis within the same time frame.

4. Discussion

The all-D-enantiomeric peptide D3 contains five arginines out of
twelve amino acid residues. Three arginines at the N-terminus and
two at C-terminus are separated by single spacing amino acids, respec-
tively. This arginine arrangement in peptide backbone may increase its
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Fig. 4. In vitro autoradiography of *H-D3 on mouse brain cross-sections. (A) Autoradiogram of an APP/PS1 (ARTE 10) transgenic mouse brain section (sagittal) incubated with *H-D3. A
stronger 3 {-signal correlates to a higher blackening of the image. {B) Thioflavine S staining for amyloid of section A performed after autoradiography. (C) Merged image based on the
fluorescence signal after Thioflavine S staining (green) and autoradiography (converted to red). Yellow indicates colocalization of Thioflavine § and *H-D3. (D) Merged image with
higher magnification. White arrow points to a blood vessel in cerebellum which is not positive for *H-D3. Other small spots that only showed Thioflavine S positive stain but were not
stained by *H-D3 could be either plaques that were only weakly stained by *H-D3 or small cerebral blood vessels.

cellular uptake as studies have shown that increase of the distance be-
tween arginine residues enhances the uptake of ARMs [57,58]. The ar-
rangement of arginines at the C-terminus may contribute to the
overall similarity of D3 to ARM of HIV-1 Tat, which may lead to the abil-
ity to penetrate plasma membranes and the BBB. In order to elucidate
this observation, further in vivo experiments using tritium labelled
(*H-D3) and fluorescently labelled (FAM-D3) peptide were carried out.

The systemic administration of *H-D3 (i.p.) led to similar concentra-
tions of radioactivity in CSF, plasma and whole brain after 4 h. As *H-D3
has been shown to be proteolytically stable, D3 concentrations can be
calculated from measured radioactivity and its metabolites can be
neglected [7]. Also, temporal distribution of *H-D3 in the plasma and
brain fitted well with recently reported pharmacokinetic data [7]. The
fast appearance and constant presence of D3 in the brain suggests direct
penetration into brain parenchyma via the blood brain barrier. It must
be noted that, as radioactivity from CSF remained in the ventricles or
from the blood in the cerebrovasculature, this may have contributed
to the radioactivity detected in the whole brain to some extent. But be-
cause the CSF space was destroyed during preparation of the brain
hemispheres, the amount of remaining CSF in the brain hemisphere
was considered negligible. Since we could not detect specific binding

of *H-D3 to cerebral blood vessels in in vitro autoradiography, it is un-
likely that radioactivity bound to the vessel walls contributed signifi-
cantly to the amount detected in the whole brain. Furthermore, the
cerebral blood volume decreases dramatically in the absence of any car-
diac activity once the mouse is euthanized [ 59]. Derivation of theoretical
concentration in intact brain assuming well preserved cerebral blood
and CSF volume was also performed. When maximal blood and CSF
compartments (using measured plasma and CSF concentrations) were
excluded, there was still about half of the concentration left in the
brain. Thus, the *H-D3 concentration detected in the brain likely repre-
sents its real concentration in the brain parenchyma and the vascular
fraction is negligible.

The amount of *H-D3 measured up to 4 h post-administration in the
brain is 0.14% to 0.21% of the total administered dose, which is clearly
above the known bias concentration of 0,10% for BBB permeating agents
|GO]. Clinically applied CNS drugs consisting of L-polypeptides with prov-
en BBB penetration potential, like Colistin, have CSF/serum ratios in the
range of 0.051 to 0.057, or 0.16 [61]. In contrast, the CSF/plasma ratio of
D3 started at 0.1 and reached 1.2 after 4 h post-administration, suggesting
distribution in brain parenchyma. Even if drug entry into the CSF alone is
not a proper measure of BBB permeability [62], CSF concentrations of

Fig. 5. Colocalization of FAM-D3 and Af% in APPswe/PS1AE9 transgenic mouse brain sections after eight weeks' oral administration of FAM-D3. (A and B) Fluorescence images detecting
FAM-D3 in cortex with low-magnification (A) and high-magnification (B), respectively. (C) High-magnification of photomicrograph showing adjacent section of B stained with anti-
AP antibody (WO0-2). (D) Microvasculature stained with anti-GLUT-1 antibody on the same section of B. (E) Merged image of B and D. White arrows highlight anti-GLUT-1 positive

structure in the center of A aggregate.

85| Seite



2722 N. Jiang et al. / Biochimica et Biophysica Acta 1858 (2016) 2717-2724

FAM-D3 FAM-LP

Solvent
front

Start
line

0hr 2 hrs

Fig. 6. Comparison of the proteolytic stability of FAM-D3 in comparison to a FAM labelled
L-peptide (LP) of similar molecular weight as D3. FAM-D3 and FAM-LP were incubated in
brain homogenate at 37 °C for 0 and 2 h and developed on TLC plate. Degradation of FAM-
LP but not FAM-D3 is indicated by formation of additional bands and change in intensity
and retardation factor (Rf) value (white arrows).

drugs are still considered as discriminating factors of drugs and their bio-
availabilities in the CNS, especially for hydrophilic or large molecular
weight compounds [63,64].

BBB permeability of D3 was demonstrated and further confirmed by
oral administration of FAM labelled D3 in a transgenic AD mouse model.
AP plaques in the brain were visualized under fluorescent light indicat-
ing FAM-D3 entered the brain parenchyma and bound to Ap plaques.
Together with the proteolytic stability test, results showed that D3
was orally active. D3 is selected to specifically bind to A3(1-42) [7],
which is the major component of parenchymal A, whereas the major
Ap species in cerebral amyloid angiopathy (CAA) is AB(1-40) (howev-
er, upon aging, more and more A{31-42 can be found in CAA) [65,66]. No
specific binding of FAM-D3 on cerebral blood vessels was found, which
is in accordance with our observations during the study when incubat-
ing *H-D3 with mouse brain sections. We also detected blood vessels in
close proximity to AP plaques (Fig. 5E), supporting the hypothesis that
every plaque seems to be associated with a vessel [67,68].

In our study, BBB penetration of D3 was quantified by measuring its
brain concentration after ip. administration (using *H-D3) and visual-
ized through its binding to A3 plaques inside the brain (using FAM-D3
and *H-D3). However, all those methods have their restrictions and
thus needed to be validated by each other: D3 concentration in brain
was calculated from radioactivity of tritium labelled D3, assuming that
3H-D3 is proteolytically stable as shown previously [7]. Also, we showed
that D3 did not bind to the CNS vasculature, which otherwise would
have lead us to misinterpreted brain levels (Fig. 4). In addition, labelling
with a bulky, hydrophobic 5-FAM lysine molecule adding one extra neg-
ative charge to D3 could have an influence on its BBB penetration and
AP binding. Thus combination of experiments in Figs. 2 and 4 demon-
strated that *H-D3, which preserves the original physical and chemical
properties of D3 to the fullest extent, could pass the BBB and bind AP
plaques.

Re-analysis and interpretation of the data reported previously [7]
and in combination with Figs. 2 and 3, suggests that high concentrations
of D3 in plasma do not directly translate into similarly high D3 concen-
trations either in brain or in CSF. After i.p. administration the plasma
concentration of D3 rises rapidly to reach its maximum before dropping
away within the first hours. In contrast, brain concentrations do not fol-
low the same pattern but rise until certain and very stable levels are
reached. Similar brain levels could previously be found after i.v. and
even after p.o. administration despite huge differences by the order of
several magnitudes in the initial plasma levels after i.v.,, i.p. and p.o. ad-
ministration. Those obviously constant brain levels may suggest that

the responsible transport mechanism from plasma into the CNS is kinet-
ically limited and that elevating the plasma concentration dose not di-
rectly lead to a proportional increase of brain concentration. This is in
perfect agreement with a previous report on the permeability of D3 in
anin vitro BBB model [43]. On a co-culture of rat brain microvascular en-
dothelial cells and rat astrocytes in a transwell filter system, D3 passed
through the in vitro BBB model and showed a partially saturated
apical-to-basolateral (blood to brain) transport pattern, whereas anoth-
er D-peptide (gshyrhispaqv) used as a control containing only one argi-
nine did not pass the in vitro BBB model, This pattern was further
investigated and it was suggested that D3 might be transported via
adsorptive-mediated transcytosis [43,69].

Arginine-rich HIV-Tat-like peptides were suggested to bind
negatively-charged cell membrane embedded molecules such as hepa-
ran sulfate and sialinic acid [70-72]. If the cell membrane-permeating
property of Tat is independent of cell surface receptor proteins, it is like-
Iy that this process is rather dependent on the overall charge density,
than on the presence of any specific sequence or secondary structure
elements. Thus, the configuration of peptides (chirality) should not be
relevant for cell membrane penetration. In the study of Tiinnemann
et al.,, D-enantiomeric arginine-rich peptides showed improved ability
to cross the cell membrane as compared to their L-enantiomers, which
was explained as a result of difference in proteolytic stability [73].
The observed BBB permeability of D3 in the hereby presented
in vivo study is in agreement with this concept. Tinnemann et al.
also investigated the cell penetration ability of oligo-arginines
(with 5 to 12 arginine residues) coupled directly to fluorescein or
5,6-carboxytetramethylrhodamine (TAMRA). Their results show
that the transduction ability of arginines increase with the number
of consecutive residues and the best performance associated with
a tolerable toxicity is achieved with 9 and 10 arginines [73]. Other
studies reported that not only linear peptides but also branched-
chain peptides show efficient transduction with an optimum num-
ber of approximately 8 arginines [74,75]. In this study, D3 achieved
the in vivo BBB permeability through 5 arginine residues almost
equally distributed over the whole molecule, which suggests a cat-
ion (guanidinium) dependent and sequence/structure related elec-
trostatic interaction of D3. This special feature not only enables
protease-resistant D3 to interact with Af3, but also has advantage
over the strategy to add extra arginine-rich peptides to achieve
BBB permeability, as more arginine residues are usually accompa-
nied with increased toxicity and production costs [73,76].

Another study showed that arginine-rich peptides are able to direct-
Iy penetrate the plasma membrane independent of endocytosis [77].
The formation of nonselective pores was also excluded, because simul-
taneously added fluorophores were not taken up together with the
arginine-rich peptides. BBB penetration of D3 might follow a similar
mechanism as HIV-Tat assuming the limited transport pattern men-
tioned above, In fact, no complex transport mechanism is necessary to
explain the distribution pattern of D3 in the body. It could be described
as a rapid absorption phase from peritoneal cavity into systemic circula-
tion followed by slower passive entry into intracellular compartments
of brain and other organs, after which the proteolytically stable D3
remains equilibrated throughout the body. Remarkably, our results
showed a relatively constant brain/CSF ratio over all time points,
which also indicated a distribution equilibrium of D3 between brain
and CSF. The most straight forward explanation would be that this equi-
librium, as well as differences in brain/plasma and CSF/plasma ratios
may simply reflect reduced distribution to non-aqueous compartments
in brain that do not exist in CSF. In addition, this constant brain/CSF ratio
might also provide a possibility to monitor D3 concentrations in brain,
because CSF sampling can be performed several times or even continu-
ously in living animals.

Taken together, our results strongly suggest that D3 penetrates the
blood brain barrier and specifically binds to AP plaques after systemic
administration. Being orally active, D3 might be a promising drug
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candidate for therapeutic intervention in Alzheimer's disease. Addition-
ally, being a middle-sized peptide of synthetic origin, D3 allows easy
chemical modifications e.g. radiolabelling for early diagnosis of the
disease.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamem.2016.07.002.
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Abstract

Increasing evidence indicates that soluble amyloid-beta (AB) oligomers induce neurotoxicity
including oxidative stress, synaptic dysfunction and axonal transport deficits in Alzheimer’s
disease (AD). Using a mirror-image phage display screen against AB (1-42), we have
identified several peptides consisting solely of D-enantiomeric amino acid residues that
prevent fibril formation and eliminate AP oligomers in vitro. These D-peptides have already
proven therapeutic efficacy in vivo with reduction of amyloid plaque load and inflammation
in brain, and reversing cognitive deficits in transgenic mouse models. In our recent studies,
the D-peptide D3 showed blood-brain barrier permeability and specific binding to AP
plagues after systemic administration in transgenic AD mice, as well as high oral availability.
But little is known about the distribution within the brain. This study demonstrates the
distribution and especially the axonal transport pattern of fluorescently labelled D3 and its
derivative D3D3 after intra-hippocampal injection into brains of AD transgenic and wild type
mice. Results show that in comparison to other standard retrograde tracers, the
fluorescently labelled D3 and D3D3 demonstrate a significantly enhanced retrograde
transport in the perforant pathway in AD transgenic mice. We suggest that this may reflect a
co-transport of the fluorescently labelled D3 and D3D3 with AB species in the axons of the
perforant pathway underlying AD pathology.
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Introduction

Alzheimer's disease (AD) is the most common cause of dementia (estimated 60 to 80% of all
cases) [1]. Its neuropathological changes are predominantly found in the limbic and
association cortices, as well as in certain subcortical nuclei that project to them [2, 3]. The
AD pathology expands hierarchically during disease progression, which, at least partially
follows neuronal pathways anterogradely from affected to unaffected regions, resulting in
corresponding clinical signs and symptoms of cognitive and behavioural changes [4-7]. The
extracellular senile plaque is mainly composed of aggregated amyloid beta-protein (AB) and
is together with neurofibrillary tangles and neurodegeneration as one important hallmark of
AD. It was described that AB can also be found in many intracellular sites of neurons, such as
ER, Golgi complexes, mitochondria, endosomes, lysosomes, multivesicular bodies (MVB),
and in cytosol [8]. Increasing evidences suggest the accumulation of intraneuronal AB, which
ends up as extracellular deposition, directly causes neurotoxicity and initiates AD pathology
[8-10]. Studies indicate that the hippocampal formation is mostly implicated in the early
stage of AD [11, 12], and the perforant pathway, projecting from the entorhinal cortex to the
dentate gyrus, hippocampus proper and subiculum, is considered as one of the first and
most affected neuronal fibre pathways in AD [13-15]. In those regions, axonal dysfunction
and degeneration can be observed before detectable deposition of tau and AB [16, 17]. The
alteration of cytoskeleton, which disturbs axonal transport, is suggested to be the cause of
AD [18]. Impairment of the endocytic pathway which is associated with amyloidogenesis is
also among the earliest neuropathological changes of AD and may lead to neuronal
dysfunction and cell death [19]. In spite of many investigations, as listed above, there is
currently no reliable diagnosis of the disease in its early stages [20, 21].

Recent studies have identified that soluble AB oligomers are the key neurotoxic species
causing oxidative stress, synaptic dysfunction and axonal transport deficits in AD [22-28].
Using a mirror-image phage display screen against AB (1-42) [29, 30], we have identified
several peptides consisting solely of D-enantiomeric amino acid residues as potential new
drug candidates for the treatment of AD. These D-peptides are able to prevent fibril
formation and to eliminate neurotoxic AB oligomers in vitro, as well as to reduce amyloid
plagues and inflammation in the brain, and to reverse cognitive deficits in vivo [31-35]. Our
recent research showed that, one of those D-peptides, D3, demonstrated high oral
availability and long plasma half-life in a preclinical pharmacokinetic study [36], as well as
blood-brain barrier permeability. But little is known about their distribution, and the
transport pattern within the brain. In this study, fluorescently labelled D-peptides D3 and its
derivative D3D3, as well as FITC as a control substance were injected into the hippocampus
of two AD mouse models and their transport patterns were characterized by tracking
fluorescence. Besides binding to AB deposits in vivo, the fluorescently labelled D3 and D3D3
also demonstrated special axonal transport features in AD transgenic mice.
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Materials and methods

Materials

FAM-D3 (H-rprtrlhthrnr-Lys(5(6)-carboxyfluorescein)-NH2), FITC-D3D3 (rprtrihthrnrrprtrihth
rnr-Lys(fluorescein isothiocyanate)-NH2) and FITC were purchased from JPT peptide
Technologies GmbH (Berlin, Germany). All other chemicals were supplied by Fluka Chemie
AG (Buchs, Switzerland), Merck (Darmstadt, Germany), AppliChem (Darmstadt, Germany)
and VWR (Darmstadt, Germany) in research grade.

Animals

The male APPSwe/PSEN1AE9 (APP Swedish mutation/PSEN1 lacking exon 9), male Tg-SwDI
(human APP gene containing the Swedish, Dutch and lowa mutations), and wild type
C57BL/6 mice were purchased from Jackson Laboratories. The mice were housed in 4/cage
until the treatments (at the age around 9 months) in a controlled environment (temperature
22 °C, humidity 50-60%, light from 06:00-18:00), food and water were available ad libitum.
This experiment was conducted according with the local Institutional Animal Care and Use
Committee (IACUC) guidelines.

Intra-hippocampal injection

The mice were separated into different groups according to injected substances, incubation
time and mouse models. For studying differences among substances and of temporal
influence, FAM-D3 and FITC were injected into the right hippocampus of transgenic
APPSwe/PSEN1AE9 mice for 3 and 48 hours’ incubation, respectively. For studying
differences between two D-peptides, FAM-D3 and FITC-D3D3 were injected into the right
hippocampus of Tg-SwDI mice for 48 hours’ incubation, respectively. Wild type mice were
used for controls with corresponding treatments.

The mice were anesthetized with ketamine/xylazine (100/10 mg/kg) and placed in a
stereotaxic head frame. The microinjections were performed with a 2-pl Hamilton syringe.
All the substances were dissolved in phosphate buffer (pH 8.0) to a concentration of 10 pg/ul.
Notice that FITC was injected as a suspension solution, due to its low solubility in phosphate
buffer. Following coordinates based on Paxinos and Franklin's the Mouse Brain in Stereotaxic
Coordinates were used for intra-hippocampal injection: anterior-posterior (AP) 1.9 mm,
medial-lateral (ML) 1.3 mm and dorsal-ventral (DV) 1.8 mm; for intra-ventricular injection:
AP 0.8 mm, ML 1.0 mm and DV 2.5 mm. 1 pl of each substance was injected in a controlled
speed about 0.1 pl/min. Then the needle was kept in the brain for 5 min before slow
withdrawal. The skin was then sutured, and the mice were subcutaneously injected with 1
ml 0.9 % saline solution and placed on a warm water blanket in order to hydrate and sustain
body temperature. Each mouse was housed individually after surgery and allowed to recover
with water and food ad libitum.
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Preparation of mouse brain samples

Mice were anesthetized with ketamine/xylazine and then transcardially perfused with ice-
cold 0.9 % saline for 5 min followed by 4% paraformaldehyde in 0.1 M sodium phosphate
buffer for 7 min. The brains were harvested and stored in the fixative (4% buffered (pH 7.4)
paraformaldehyde solution to which 0.5% picric acid had been added) for 24 hours;
thereafter they were transferred to a 30% sucrose solution at 4 °C for two days. Six series of
coronal sections (35 um) were cut on a freezing microtome. The first series of sections were
mounted on gelatine-coated slides immediately, dried and coverslipped for microscopic
image analysis using a Nikon Eclipse E600 microscope with camera under fluorescein
channel. One half of the second series were used for immunostaining.

Immunostaining

Brain sections were immunohistochemically stained for AB (monoclonal mouse anti-human
AB4-10 (WO0-2), EMD Millipore). In short, the sections were rinsed overnight in a solution of
Tris buffered saline (TBS); then the sections were treated for 30 min in a heated (85 °C)
sodium citrate solution (0.05 M, pH 6.0). Following cooling and rinsing, the series of sections
were transferred to a solution containing the primary antibody. This solution consists of TBS
with 0.5% Triton X-100 added (TBS-T). Following incubation with primary antibody for 24
hours on a shaker table at room temperature (20 °C) in the dark, the sections were three
times rinsed in TBS-T and transferred to the solution containing the secondary antibody
(biotinylated goat anti-mouse; Sigma, 1:400) for 2 hours. The sections were rinsed three
times with TBS-T and transferred to a solution containing ExtrAvidin for 2 hours; then the
sections were incubated for approximately 3 min with Ni-enhanced diaminobenzidine (DAB)
(12.5 mg DAB in 25 ml 0.1 M phosphate buffer, pH 7.4, 30 ul H,0, (30%), with 1 ml of a 15%
ammonium Ni-sulfate solution added). The stained sections were mounted on gelatinized
slides and coverslipped.

Activated microglia were detected with rabbit polyclonal antibody to ionized calcium binding
adaptor molecule-1 (Iba-1; Wako, 1:2500), activated astrocytes were detected using rabbit
polyclonal antibody to glial fibrillary acidic protein (GFAP; Sigma, 1:1000), separately. The
staining procedure was similar as described above, except there was no pretreatment and a
red fluorescent secondary antibody (goat anti rabbit, Jackson ImmunoResearch) was added
for visualization. The stained sections were mounted on gelatinized slides and coverslipped.
Images were acquired and processed with cellSens Standard (Olympus) and Imagel (1.48 s).
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Results

FAM-D3 labelled AB plaques in both ipsi- and contralateral sides already 3 hours after intra-
hippocampal injection into the transgenic mouse brain. As illustrated in Fig. 1, plaque-
labelling was verified by anti-AB antibody (WO0-2), activated astrocytes (GFAP) and microglia
(Iba-1) staining, on the transgenic mouse brains injected with FAM-D3.

WO0-2 GFAP Iba-1

*. s |I
FITC
channel
. Composed
image
v,

Fig. 1. Immunostaining with anti-Ap antibody (W0-2), against activated astrocytes (GFAP) and
microglia (Iba-1) on transgenic (APPSwe/PSEN1AE9) mouse brain sections 3 hours after intra-
hippocampal injection of FAM-D3. Images in the first row show respective antibody staining (W0-2
was visualized with immunohistochemistry (DAB) in black-brown; GFAP and Iba-1 were visualized
with immunofluorescence in red, respectively). The second row shows the same sections in FITC
channel visualizing FAM-D3. The last row shows composed images of the above two channels. The
image of WO0-2 stain was converted to red colour before channel combination. Red arrows
demonstrate FAM-fluorescence stains AP plaques in the corresponding sections. Scale bar: 20 um.

Except for the plaque labelling, the distribution pattern of FAM-D3 post-injection was similar
between wild type and transgenic mice. As shown in Fig. 2, local diffusion and a wide spread
(anterior and posterior) of FAM-D3 within the hippocampus was found at the injection site 3
hours post-injection. Distribution of FAM-D3 in the corpus callosum was also observed, but
its spread was limited (i.e., only a short distance). Ipsilateral to the injection, the granule and
pyramidal cell layers of the dentate gyrus and hippocampus were intensively labelled with
fluorescence. 48 hours post-injection, the local concentration of fluorescence on the
injection side became lower due to further dispersion and/or clearance. On the ipsilateral
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side, mossy fibres and hilar cells showed fluorescence; on the contralateral side, more FAM-
D3 was observed in the pyramidal cells of CA areas, especially in CA3. On the contrary, FITC,
which was injected as control, did not show neither fluorescence in the pyramidal nor in
granule cells on the ipsilateral side, nor transport to the contralateral CA3 area (Fig. 3).

contralateral ipsilateral

3 hours

48 hours

48 hours

Fig. 2. Distribution of FAM-D3 in the transgenic mouse brain following intra-hippocampal injection.
Illustrated are coronal sections showing right and left hippocampi of APPSwe/PSEN1AE9 transgenic
mice after different incubation time post-injection with FAM-D3. FAM-D3 labelled plaques are shown
with red arrows. Spread of FAM-D3 to the contralateral side via corpus callosum is indicated with
yellow arrows. White arrow shows the fluorescently labelled pyramidal neurons (predominantly in
CA3 area) found on the contralateral side. Higher magnification images show fluorescently labelled
pyramidal neurons in CA3 (bottom left) and infrapyramidal mossy fibre (IP-MF) in stratum lucidum
(bottom right). Scale bars of upper four images: 200 um, of bottom two images: 50 um.
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Contralateral Ipsilateral

Fig. 3. Distribution of FAM-D3 and FITC in the contralateral hippocampus of wild type mouse brain.
Illustrated are coronal sections of mouse brains after 48 hours intra-hippocampal injection of FAM-
D3 (upper) and FITC (lower) respectively. CA1 and CA3 areas are indicated in yellow, respectively.
Scale bar: 200 pm.

Besides the above stated observations, FAM-D3 also showed another unique property. In
wild type mice, retrograde axonal transport of FAM-D3 to the temporal association and
entorhinal areas was observed. But the fluorescence in those areas was generally weak.
Whereas highly intensive fluorescence of FAM-D3 in layer Il cells (small number of layer I
cells were also involved) in entorhinal cortex was observed in both of the transgenic mouse
lines expressing human AB (Fig. 4). In order to check whether this finding is due to D3
molecule alone or due to the FAM-labelling, control group with FITC injection was examed.
There were no labelled neurons in the entorhinal cortex.
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ipsilateral

contralateral

APPSwe/PSEN1AE9 Tg-SwDI WT

Fig. 4. Retrograde axonal transport of FAM-D3 in wild type and two AD transgenic mouse models
48 hours post intra-hippocampal injection. Images in upper row show FAM-D3 distribution in the
ipsilateral entorhinal cortex, lower row show its distribution in the contralateral entorhinal cortex of
transgenic APPSwe/PSEN1AE9 mouse (left), transgenic Tg-SwDI mouse (middle) and wild type mouse
(right) brain, respectively. EC: entorhinal cortex, HPF: hippocampal formation. Scale bars: 100 um.

Interestingly, co-localization of W0-2 antibody and FAM-D3 was found on the AB plaques as
mentioned above, whereas no obvious W0-2 positive staining was observed in the layer Il
(and 1) cells of entorhinal cortex, as well as in the pyramidal cells of CA areas and granule
cells in dentate gyrus, where highly intensive fluorescence of FAM-D3 was found (Fig. 5).
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FITC-channel WO-2 staining Composed image

Fig. 5. Anti-AB (W0-2) antibody staining on sections from transgenic brain injected with FAM-D3.
Upper row shows the entorhinal cortex (EC) of Tg-SwDI transgenic mouse brain 48 hours post-
injection. Lower row shows the dentate gyrus (DG) of APPSwe/PSEN1AE9 transgenic mouse brain 3
hours post-injection. A co-localization of FAM-D3 and WO0-2 antibody was found on AB plaques but
not on the neurons with highly intensive fluorescence. Red arrows show A deposits in both
transgenic mouse models. Scale bar in upper row: 100 um; lower row: 20 um.

To investigate, whether the observed properties of FAM-D3 correlate with the affinity of D3
to AB species, we investigated the properties of FITC labelled D3D3, a linear tandem version
of D3 [37]. On the first sight, no obvious difference was found between fluorescently
labelled D3 and D3D3, as they both showed high accumulation in cellular layers of dentate
gyrus and hippocampus in the ipsilateral side; a commissural transport to the contralateral
side, especially to the pyramidal cells in CA3; labelling plaques on both sides of brain; specific
retrograde axonal transport from hippocampal formation to layer Il cells in entorhinal cortex
(Fig. 6). However, FITC-D3D3 seemed to label fibre tracks more intensively than FAM-D3 did
and it seemed to be transported faster within axons. Under higher magnification,
fluorescence was found evenly distributed in distal axons, but heterogeneously distributed
in the proximal axons and somata (Fig. 7).
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Fig. 6. Tracking of FITC-D3D3 following intra-hippocampal injection in a transgenic Tg-SwDI mouse
48 hours post-injection. lllustrated are characteristic labelling features of FITC-D3D3: (A) a global
view of a coronal section at the midline showing hippocampi, (B) labelled neurofibres in corpus
callosum or alveus, (C) labelled granule cells in dentate gyrus were shown with yellow arrow and
amyloid deposits with red arrow, (D) retrograde transport to layer Il pyramidal cells in entorhinal

cortex.

100 |Seite



Alveus

Fig. 7. Fluorescently labelled neurons (soma) and axons under high magnification with FITC-D3D3
injected in Tg-SwDI transgenic mouse brain. Left: Granule cells in dentate gyrus, right: axons in
alveus. Yellow arrows highlight a neuron with its axon. Red arrow shows heterogeneous distribution
of fluorescence in the soma of a neuron on the same section. Scale bar: 50 um.
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Discussion

Two different D-peptides were tested in this study, D3 and its tandem derivative D3D3. The
rationale for the design of D3D3 was that the multivalent D-peptide can be expected to bind
the multivalent AB target assembly with increased avidity and thus with increased binding
affinity. Two main factors are suggested to be involved in the distribution of the
fluorescently labelled D3 and D3D3: extracellular diffusion and intracellular transport (axonal
transport). As we could show in this study, extracellular diffusion of the fluorescently
labelled D3 and D3D3 after intra-hippocampal injection was limited within the hippocampal
formation on the ipsilateral side by the naturally existing boundary around it. Axonal
transport within white matter tracks might provide rapid and long distance spreading of the
fluorescently labelled D3 and D3D3 to the whole brain. Both of the fluorescently labelled D3
and D3D3 showed transport within the major commissural fibres, the corpus callosum and
were able to label AB plaques all around the brain (Fig. 1 and 2). Here D3D3 showed a more
intensive labelling of axons and seemed to be transported in axons faster and more
efficiently than D3 (Fig. 7). Besides that, the other observed properties of D3 and D3D3 were
comparable.

The fluorescently labelled D3 and D3D3 were found 48 hours post-injection in the
contralateral pyramidal cells of CA3 area of both transgenic and wild type mice, which
suggests that they were transported retrogradely by neurons (Fig. 2 and 3). Remarkably,
both fluorescently labelled D3 and D3D3 showed intensive labelling of layer Il (and 1ll) cells in
entorhinal cortex in both transgenic mouse models (APPSwe/PSEN1AE9 and Tg-SwDlI), but
significantly less intensive in wild type mice (Fig. 4). Based on these results, we postulate
that the retrograde transport of D3 and D3D3 from hippocampal formation to entorhinal
cortices of both brain hemispheres following two pathways: 1) through retrograde
trisynaptic pathway, namely CA1 (Schaffer collaterals)=>CA3 (Mossy fibres)->dentate gyrus
(perforant pathway)—>layer Il cells of the ipsilateral entorhinal cortex; 2) CA1 of injection site
(retrogradely transported through commissural fibres)=>CA3 of contralateral side and finally
to the layer Il cells of the contralateral entorhinal cortex through the retrograde perforant
pathway. The latter pathway might explain why D3 and D3D3 were found mostly at the CA3
area of the contralateral side. This retrograde transport through commissural fibres was not
dependent on the presence of human AB or AD pathology, because it was observed in both
transgenic and wild type mice. Thus the conclusion might be drawn, that D3 and D3D3
showed significantly enhanced retrograde transport in the perforant pathway in AD
transgenic mice in comparison to that in wild type mice. Whereas there was obvious co-
localization of the fluorescently labelled D3 and D3D3 with AB plaques, the strongly
fluorescence labelled layer Il pyramidal cells in the entorhinal cortex were not stained by the
anti-AB antibody W02 (Fig. 5). One explanation is that D3 and D3D3 are taken up by these
cells independent of AB. The other explanation is that D3 and D3D3 are taken up with AB
species followed by a retrograde transport to neuronal cell bodies for further processing, as
some studies reported that AP located in autophagosomes or endosomes is transported
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retrogradely towards the neuronal cell body where lysosomes are most concentrated, and is
there subsequently degraded by lysosomes there [38, 39]. The latter explanation would be in
accordance with the observation that the retrograde transport is less efficient in wild type
mice, possibly because they express only endogenous levels of AB.

Accumulating studies describe the intracellular AB and AB oligomers as the early neurotoxic
species in AD pathology [40-42], as well as their effects on axonal transport [43, 44].
Different therapeutic strategies against those AB species are developed [45-47]. Besides the
therapeutic effectiveness of our D-peptides mentioned above, this study shows enhanced
retrograde transport of D3 and D3D3 in AD transgenic mouse models. As the perforant
pathway is considered to be the first and most affected during disease progression, the
fluorescently labelled D3 and D3D3 will be useful to investigate the neuropathological
changes in this pathway in early AD.
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Alzheimer's disease (AD) is a progressive neurodegenerative disorder with devastating effects. Currently, therapeutic
options are limited to symptomatic treatment. For more than a decade, research focused on immunotherapy for the causal
treatment of AD. However, clinical trials with active immunization using Af} encountered severe complications, for example
meningoencephalitis. Consequently, attention focused on passive immunization using antibodies. As an alternative to large
immunoglobulins (IgGs), A binding single-chain variable fragments (scFvs) were used for diagnostic and therapeutic
research approaches. scFvs can be expressed in E. coli and may provide improved pharmacokinetic properties like increased
blood-brain barrier permeability or reduced side-effects in vivo. In this study, we constructed an scFv from an A binding
IgG, designated 1C16, which binds the N-terminal region of A (AB(1-8)). scFv-IC16 was expressed in E. coli, purified and
characterized with respect to its interaction with different Ap species and its influence on AR fibril formation. We were able
to show that scFv-IC16 strongly influenced the aggregation behavior of A} and could be applied as an A detection probe
for plaque staining in the brains of transgenic AD model mice. The results indicate potential for therapy and diagnosis of
AD
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Introduction

Alzheimer’s disease (AD) is a devastating, progressive, neuro-

degenerative disorder, which affects more than 35 million people
world-wide [1]. Currently, AD treatment is restricted to palliative
care due to the lack of disease arresting or modifying therapies [2].
Several lines of evidence have indicated that the amyloid-B-
peptide (AP) plays a pivotal role in the pathology of AD. AP is
produced throughout life as a 38 to 43 residue peptide derived
from the amyloid precursor protein (APP) after cleavage by two
distinet proteases, called - and y-secretase [3,4,5]. The function
of AP needs to be clarified, but recent studies

suggest
neuroprotective effects of monomeric AP (for review, see ref
[6]). Senile plaques in the brain of the patient, one of the typical
histopathological hallmarks of AD, consist mainly of AP(1-42).
They are thought to play a crucial role in the pathology of AD,
and according to the original amyloid cascade hypothe AB
deposited in plaques has been thought to be responsible for
neuronal dysfunction [7,8]. However, AP can adopt a variety of
neurotoxic conformers (for review, see ref. [9]), and more recent

studies indicate that diffusible AP oligomers are the major toxic
s during disease development and progression [10,11,12,13].
Consequently, agents that interfere with AP oligomerization or

spe
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increase AP clearance from the brain a

>xpected to be valuable
for application in therapy or prevention of AD.
immunotherapeutic approaches, ie. direct admiistration of AB

Passive

antibodies peripherally, were shown to be effective in transgenic
mouse models of AD [14,15,16,17]. A variety of humanized
monoclonal antibodies are currently investigated in clinical trials
(for review, see ref. [18]). However, two phase III clinical trials
with antibodies were discontinued as they failed to improve
cognitive functions in the treated patients [19].

Additionally, AB binding ligands can be valuable for the
investigation of the plaque load by # vive imaging methods.
Currently, only a few amyloid PET ligands have been applied in
clinical studies (for review, see ref. [20,21]). Numerous efforts are
devoted to develop new, target-specific imaging agents for the
detection of amyloid plaques @ vivo. To be suitable, such
substances should exhibit highly specific binding to AP aggregates,
very selective labeling and effici

ient brain penetration.

Targeting AP using scFvs have been shown to be a suitable
alternative to IgGs [22]. ScFvs are genetically engineered
constructs composed of the variable regions of the heavy-(Vy)
erld light (jhll‘ln (\’YL) d()mllil]s [)f a r(‘is})(‘ﬁ(:ti‘r(f ZlHt‘l])()fl)-’, (:()Hn(f(it(f(l
by a flexible linker to prevent dissociation. They usually retain the
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specific and monovalent antigenic binding affinity of the parent
IgG, but can exhibit improved pharmacokinetic properties like
increased blood-brain barrier permeability [23]. Because of their
small size, they can be recombinantly expressed in living systems,
offering advantages for protein expression in microbial hosts and
purification with high yield [24], as well as for gene therapeutic
approaches that could avoid repeated infusions of expensive
antibodies like performed in passive immunotherapy. Due to the
lack of the constant domain (F¢) in scFvs, F¢ induced cellular
responses, microhemorrhages and inflammatory processes are
prevented [25]. These advantages prompted the generation of
several AB-binding sclvs that interact with AP, influence AP
aggregation and partially reduce AP cytotoxicity m cell culture
[26,27,28]. Recently, adeno-associated virus (AAV)-mediated
intramuscular expression of a gene encoding for a scFv against
the N-terminal part of AP, isolated from a human scFv library
[29], was demonstrated to be effective in removing AP from the
brain of AD transgenic mice without inducing hemorrhages or

inflammation. Additionally, the cognitive performance of treated
mice was improved in comparison with control mice [30].
Furthermore, another sckFv binding to the C-terminus of AP,
constructed using an antibody that was generated by immunizing
mice with AP(30-42), has been shown to reduce congiophilic
angiopathy as well as plaque burden in APP transgenic mice after
direct chronic intranasal treatment [31].

We have constructed a scFv derived from an AP binding
monoclonal antibody IC16, designated scFv-1C16. ScFv-1C16 was
expressed in F. colt, purified and characterized with respect to its
interaction with different AB species and its influence on AP
fibrilization. Additionally, scFv-IC16 was used to stain and
characterize plaques in brain slices of transgenic AD model mice
by immunohistochemistry. scFv-IG16 was conclusively found to be
a remarkable antibody fragment for the investigation of molecular
pathological mechanisms, therapy or diagnosis of AD.

Materials and Methods

Molecular Modeling

The structure of IC16 in complex with AB(1-8) was generated
with Modeller [32] using the crystal structure of the AP(1-8)-bound
antibody PFA1 as template (pdb code 2IPU; [33]). The model was
completed using Sybyl7.3 (Tripos Inc., St. Louis, MO, USA) by
addition of AB-residue D1, which was not resolved in the PFA-AB
crystal structure, followed by 100 steps of conjugate gradient
energy minimization. The quality of the resulting model was
checked using WhatCheck [34] and intermolecular contacts were
analyzed with LigPlot [35].

Materials

All chemicals were supplied by AppliChem GmbH (Darmstadt,
Germany), Merck (Darmstadt, Germany), Sigma Aldrich (St.
Louis, MO, USA), and Roth (Karlsruhe, Germany) in rescarch
grade. All peptides were purchased as reversed phase high
performance liquid chromatography purified products (purity >
95%). Synthetic human AP(1-42) was purchased from Bachem
(Bubendorf, Switzerland). N-terminally biotinylated AB(1-42) was
purchased from Anaspec (Fremont, CA, USA). AP peptides AB(1-
8)-GSGSC, AP(2-8)-GSGSC, AP(3-8)-GSGSC, and AP(8-15)-
GSGSC were purchased from JPT (Berlin, Germany).

Construction of an IC16 Single-chain Variable Fragment
(scFv-IC16) Expression Plasmid

The monoclonal IgG2a antibody IC116 recognizes AP(1-8) and
has been described earlier [36]. Briefly, an IC16 hybridoma was

PLOS ONE | www.plosone.org

Antibody Fragment for Studies on Alzheimer’s

generated by standard fusion procedure of myeloma cells with
splenocytes from a PrP knockout mouse [37] immunized with
KLH AB(1-16). A scFv was constructed with mRNA purified from
1C16 hybridoma used for PCR amplification with primers specific
for variable regions of the heavy (V) and light chain (Vi): Vg
forward: 5- AAAACCATGGCGCAGGTTACTCTGAAA-
GAGTC-3"; Vg reverse: 5 TTTTGCCGGCCAG TGGATA-
GACCGATGGGGCTGTTGTTTTGGT-3"; Vi, forward: 5
AAAAGGATCCGATGTTTTGATGACCCAAACT-3";Vy,  re-
verse:  5-  AAAAGCGGCCGCGGATACAGTTGGTGCAG-
CATC-3". PCR products were digested with NgoMIV (V) or
BamHI (V1) and ligated to a oligonucleotide coding for a (Gly,Ser)s
linker domain [38]. The resulting 800 bp product was eluted from
agarose gel and amplified with Vg forward and Vi, reverse primer.
The amplificate was digested with Neol and Eagl and ligated into
pET22b (Merck, Darmstadt, Germany), allowing periplasmic
expression of the IC16-scFv fused to a Hisg- and Myc-tag. The
complete amino acid sequence of scFv-IC16 is as follows:
MKYLLPTAAAGLLLLAAQPAMAMAQVTLKESGP-
GILQPSQTLSLTCSFSGFSLSTSGMGV.
SWIRQPSGKGLEWLAHIFWDDD-
KNYNPSLKSRLTVSKDTSRNQVFLKITSVDTSDTATYY.
CARSPHLRGYDVDFDYWGQGTTLTVSSAKTTAPSVY-
PLAGGGGSGGGGSGGGGSDVLMTQ.
TPLSLPVSLGDOASISCRSSQSLVHSNGNTYLH-
WYLOKPGOSPKVLIYKVSNRFSGVPDR.
FSGSGSGTDFTILKISRVEAEDLGVYFCSQSTHVPLTE-
GAGTKLELKRADAAPTVSAAEEQ.
KLISEEDLEEEEEEGTLEHHHHHH.

Generation of AB(1-16)-GB1-NHS-Sepharose for
Purification of scFv-IC16

For expression of AP(1-16)-GB1 (AB-GB1), human AP(1-16)
was ligated into the Nel site of pET22b-GB1 [39]. AB-GB1 was
expressed at 37°C: in BL21(DE3) Rosetta (Merck, Darmstadt,
Germany) grown to mid-logarithmic phase i 2YT-medium.
Expression was induced by the addition of IPTG to a final
concentration of 1 mM, and cells were then grown for a further
4 h. After harvesting cells by centrifugation, they were lysed in
50 mM Tris-HCI (pH 8.0), 5 mM EDTA, 1% Triton X-100,
2 mM phenylmethanesulfonyl fluoride (PMSF), 20 mM MgCls,
200 U DNasel and 0,25 mg/ml lysozyme. The cleared lysate was
first dialyzed to 20 mM Tris-HCI (pH 8.0) and 1 mM EDTA and
the first purification step was then performed via Q-Sepharose
(GE Healthcare, Little Chalfont, UK). The column was washed
with dialysis buffer and bound AB-GB1 was eluted with 20 mM
Tris-HCI (pH 8.0), 1 mM EDTA and 75 mM NaCl. In a final
purification step, AB-GBI1 was separated from minor impurities
using IgG-Sepharose (GE Healthcare). After washing with 20 mM
Tris-HCI (pH 8.0}, 150 mM NaCl and | mM EDTA, AB-GBI
was eluted with 50 mM glycine pH 2.5 and immediately
neutralized by adding Tris-HCI (pH 8.0) to a final concentration
on 100 mM. After dialysis against PBS the protein was coupled to
NHS-Sepharose (GE Healtheare, Little Chalfont, UK) according

to the manufacturer’s recommendations.

Expression and Purification of scFv-IC16

Escherichia coli strain BL21(DE3)pRARE2 was used as an
expression host. Bacterla were grown to high density
(OD600=1.6) at 37°C, and cooled on ice for 1 h before induction
with IPTG at a final concentration of 0.1 mM. Cells were further
incubated for 24 h at 18°C, and subsequently harvested by
centrifuging for 30 min at room temperature at 5000xg. Cells

were lysed in 20 mM Tris-HC1 pH 8.0, 0.4 mM EDTA, 5 mM
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imidazole, 500 mM NaCl, 20 mM MgCl,, 10 mM CaCl,,
Protease Inhibitor Cocktail Tablet Complete EDTA free (Roche,
Grenzach-Wyhlen, Germany), 1 mg/ml lysozyme and 500 U
DNase. The lysate was cleared by centrifugation at 20 000 xg, and
the soluble protein in the supernatant was purified via Ni-NTA
chromatography (Ni-NTA Agarose, AppliChem GmbH, Darm-
stadt, Germany). After loading the sample onto the Ni-NTA
Agarose, the column (3 ml) was washed with 10 column volumes
(CV) 20 mM Tris-HCl pH 8.0, 5 mM imidazole, 500 mM NaCl
and 1% TX-100, followed by a second wash with 10 CV 20 mM
Tris-HCI pH 8.0, 5 mM imidazole, 500 mM NaCl. Bound scFv-
1C16 was eluted by four CV elution buffer (20 mM Tris-HCI
pH 8.0, 300 mM imidazole, and 300 mM NaCl). A second
purification step using affinity chromatography was performed,
because the purity of the eluted protein was lower than 50%. The
previously generated AB1-16-GB1 NHS sepharose was used for
a subsequent purification step. After loading scFv-IC16 (in elution
buffer), the column was washed with 10 CV TBS (137 mM NaCl,
2.7 mM KCl, 2.5 mM Tris-HCL, pH 7.4). The protein was eluted
with 50 mM glycine, pH 2.5 and immediately neutralized with
a final concentration of 100 mM Tris-HCI1, pH 8.0. ScFv-1C16
was dialyzed against PBS (137 mM NaCl, 2.7 mM KCl, 1.8 mM
KH,PO, 10 mM Na;HPO,, pH 7.4) and stored at —20°C until

further usage.

Binding Constant Determination Using Surface Plasmon
Resonance (SPR)

Binding kinetics were determined by SPR using a Biacore ™ X
(GE Healthcare, UK). Synthetic AP peptides were dissolved in
10 mM NaAc, pH 4.0. The CMS5 sensor chip surface (GE
Healthcare, UK) was activated using N-ethyl-N'-3 (diethylamino-
propyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS)
chemistry followed by 2-(2-pyridinyldithio)ethaneamine hydro-
chloride (PDEA), in order to introduce a reactive thiol group. AR
was coupled via the C-terminal cysteine to the chip at a flow rate
of 5 Wl/min, and the remaining active groups were blocked by
injecting cysteine. The immobilization procedure was performed
according to manufacturer’s recommendation. All kinetic analyses
were performed at a flow rate of 20 pul/min in PBS. Varying
concentrations of scFv-IC16 (10 to 5000 nM) and IC16 (10 to
1000 nM) were ijected. Association was observed for 180 s
whereas the dissociation was observed for 120 to 360 s. When
required, the surface was regenerated by injecting 20 pl 50 mM
glycine, pH 11.0. The data evaluation was performed using
Biaevaluation Software 4.1.1. ScFv-1C16 data were fitted accord-
mg to the Langmuir 1:1 binding model, whereas IC16 data were
fitted according to the bivalent binding model. Standard errors of
equilibrium  dissociation constants (Kp) were calculated using
standard errors of the corresponding association and dissociation
rate constants [40].

Thioflavin T (ThT) Assays

7.5 UM AP(1-42) (stock solution of 190 uM in DMSO, freshly
prepared before usage) were incubated with 10 uM Th'T in PBS in
absence or presence of different concentrations of scFv-1C16 (1.5,
3.75 and 7.5 pM) at room temperature for 24 h. In addition, scFv-
IC16 (7.5 pM) without AB(1-42) was tested under the same
conditions as the negative control. For all samples a reference
value, generated with PBS and ThT only, was subtracted. Each
sample had a volume of 50 pl and was incubated and measured in
a 384 well plate (Greiner 384 Well polypropylene Greiner Bio-
One GmbH, Frickenhausen, Germany). The plate was covered by
an adhesive film preventing evaporation of the sample buffer.
Fluorescence recordings were performed every 30 min for 22 h
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{excitation wavelength 440 nm, emission wavelength 490 nm,
Polarstar Optima, BMG, Ortenberg, Germany). The experiments
were performed five-fold, and the average of the obtained values
as well as the standard deviation was calculated.

Seedless-preparation of Ap1-42

I mg of AP(1-42) or N-terminally/C-terminally biotinylated
AP(1-42) was dissolved in 1 ml 1,1,1,3,3,3-hexafluorosiopropanol
(HFIP) and incubated overnight at room temperature. Afterwards,
AP(1-42) was mixed in the favored ratio with N-terminally/C-
terminally biotinylated AP(1-42) and aliquoted. HFIP was
evaporated using a SpeedVac (Concentrator 5301, Eppendorf,
Germany) at room temperature for 30 min. To evaporate
remaining HFIP, the sample was incubated overnight at room
temperature with an open lid.

Preparation of AP(1-42) Monomers, Oligomers and Fibrils

The preparation of AP(I1-42) monomers and oligomers was
carried out by size exclusion chromatography (SEC) as already
described by Johansson et al [41] with minor modifications.
250 ng of AP peptide was dissolved in 130 pl SEC buffer (50 mM
NaPi, pH 7.4; 150 mM NaCl; 0.6% Tween-20) and briefly
centrifuged (1 min, 16 100xg, room temperature) to remove
msoluble fibrillar material. 100 pl of the supernatant was applied
on a Superdex75 10/300 column (GE Healthcare, UK) connected
to an Akta purifier system (GE Healthcare, UK). The sample was
cluted at a flow rate of 0.6 ml per min at room temperature and
detected at wavelengths of 214, 250 and 278 nm. Fractions of
200 pl were collected. For the preparation of AP fibrils, 125 pig of
APB(1-42) peptide was dissolved in 200 pl PBS and icubated for
24h (300xg, 37°C). Samples were centrifuged (16 100xg,
20 min, room temperature) and the supernatant containing
soluble AP species was discarded. Insoluble fibrils were resus-
pended in 200 pl SEC buffer. The concentration of the AB
preparations was determined using the Micro BCA Protein Assay
Kit (Thermo Scientific, Waltham, MA, USA). Before performing
the standard protocol recommended by the manufacturer, 80 pl
6 M urea was mixed with 80 ul monomer- and oligomer
preparation, respectively. As the concentraton of the fibril
preparation was usually high, 80 ul 6 M Urea was mixed with
40 ul SEC buffer and 40 pl fibril fraction. The samples were
incubated at 60°C for 30 min. Afterwards they were mixed with
BCA reagent at a ratio of one to one and again incubated at 60°C.
for 20 to 30 min. Bovine serum albumin (BSA) at concentrations
of 10, 20 and 40 g per ml was used as a standard. The samples
were measured at a wavelength of 570 nm with a Polarstar
Optima plate reader (BMG, Ortenberg, Germany).

Enzyme-linked Immunosorbent Assay (ELISA) Analysis of
scFv-1C16 Binding to AB-monomers, -oligomers and -
fibrils

An ELISA was applied to characterize the binding affinity of
scFv-IC16 to different AP conformers. After concentration de-
termination of the AP(1-42) monomer, oligomer and fibril
preparations, each conformer was diluted in immobilization buffer
(0.1 M NaHCOg;, pH 9.3) to a concentration of 5 Ug/ml, and
coated on Nunc immobilizer streptavidin F96 clear plates
(250 ng/well) (Nunc, Thermo Scientific, Waltham, MA, USA).
Alternatively, A monomers were prepared scedless in the same
concentration by dissolving 50 [lg N-terminally biotinylated AB(1-
42) in 1 ml immobilization buffer and diluting it further to 5 pg/
ml. N- or C-terminally biotinylated AP(1-10) peptides were
dissolved in immobilization buffer to a final concentration of
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1.2 pg/ml (60 ng/well). 50 pl of these AP solutions were in-
cubated in the well for 1 h. Each well was washed with 100 pl
immobilization buffer and the plate was stored at 4°C overnight in
100 pl immobilization bufler per well. Unspecific binding sites
were blocked with 50 pl blocking buffer (PBS, 1% BSA) at room
temperature for 1 h. After removal of the blocking buffer,
a solution of either scFv-IC16 (12 and 23 nM in PBS-T (0.1%
Tween-20) and 0.1% BSA respectively), 1C16 (0.67 nM PBS-T
and 0.1% BSA) or mAB-6E10 (0.67 nM PBS-T and 0.1% BSA)
was added to each conformer and incubated for 1 h. Sub-
sequently, each well was washed with PBS-T (three times, 100 ul)
and incubated with Penta-His antibody (Qiagen, Hilden, Ger-
many, dilution 1:500, in 2 ml TBS-T) for
temperature. This was followed by another three washing steps
with PBS-T and detection of the antibodies with HRP-conjugated
anti-mouse IgG (Thermo Scientific, Waltham, MA, USA, dilution
1:10000, in 2 ml TBS-T). 3,3,5,5-tetramethylbenzidine (Sigma
Aldrich, St. Louis, MO, USA) was used as the substrate for the
HRP. The reaction was terminated by adding sulfuric acid to
a final concentration of 1 M. The absorbance was recorded at

I h at room

450 nm on Polarstar Optima plate reader (BMG, Ortenberg,
Germany).

Immunoprecipitation of Cell Culture Derived AP

Purified scFv-IC16 was dialyzed against PBS and coupled to
NHS-Sepharose (GE, Buckinghamshire, UK) according to the
manufacturers recommendations. Conditioned medium (CM) was
prepared from confluent wild type CHO cells or 7PA2 cells
cultured in DMEM (Life Technologies, UK) in presence or
absence of FCS. AP was immune-precipitated from cleared CM
with scFv-IC16-NHS-Sepharose overnight at 4°C. After washing
with PBS, captured proteins were separated by 10-20% tricine
peptide PAGE (Biorad, Hercules, CA) and transferred onto
a 0.2 pm nitrocellulose membrane at 400 mA for 2 h. The filter
was boiled for 5 min in PBS [42] and blocked overnight at 4°C
with 5% fat-free milk in PBS containing 0.05% Tween 20 (PBS-
T). After washing in PBS-T, the membrane was probed with 1:200
diluted monoclonal 4G8 (Signet, Dedhem, MA). Bound antibody
was detected with horseradish peroxidase conjugated goat ant-
mouse Ig (at 1:25000) (Thermo Scientfic, Bonn, Germany).
Subsequently, the Amersham ECL Western Blotting Detection
Reagent (GE, Buckinghamshire, UK) was applied for visualiza-
tion.

Ex vivo Staining of Plaques in Mouse Brain Slices

Deep frozen horizontal brain cryosections (20 um  thickness)
from 9 or 12 months old Tg2576 mice and the respective wildtype
control were dried in ambient air for 15 min, and then fixed in ice-
cold 4% (w/v) paraformaldehyde for 20 min. Incubation with
70% formic acid for 5 min was performed to enhance immuno-
reactivity. Sections were permeabilized with 1% Triton X-100 in
TBS for 10 min, followed by blocking with Mouse on mouse
(M.O.M.) Basic Kit (Vector Laboratories) in TBS-Triton (1%, v/v)
for 30 min. Primary antibodies were diluted in 1% BSA/TBS-
Triton (working concentration of ScFv: 400 nM, 6E10:33 nM, 1-
11-3 (Covance, USA) in 1:200 dilution) and probed on the sections
for 1 h, incubating at room temperature. For double staining of
scl'v-IC16 and 1-11-3, the respective antibodies were mixed
directly in 1% BSA/TBS-Triton bufer. Subsequently, the slices
were incubated overnight at 8°C. in a humid chamber. For His-
tagged scFv, sections were incubated with anti Penta-His Mouse
antibody (Qiagen) 1:10 diluted in 1% BSA/TBST for 2 h at room
temperature. A secondary antibody (Goat anti Mouse Alexa 488,

Invitrogen), diluted 1:300 in 1% BSA/TBST, was incubated for 2
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hours at room temperature. For double staining, two secondary
antibodies (goat anti mouse-Alexa488 and goat anti rabbit-Alexa-
568 were mixed directly (working concentration of goat ant
rabbit-Alexa568:1.300). After 1 min of incubation with 0.5 pg/ml
DAPI, the sections were coverslip-mounted with Aqua Poly/Mont
(Polysciences Inc, Worrington, PA, USA). Sections were examined
under a fluorescence microscope (Leica LMD6000 (Leica, Solms,
Germany). Excitation Range: UV; blue; green. Excitation Filter:
Bp 420/30; Bp 495/15; Bp 570/20) with camera (Leica DFC 310
FX). Images were processed with LAS software (Leica Application
Suite, V.4.0.0) and Image] (1.45 s).

Results

Expression of scFv-IC16 in E. coli and Purification via Ni-
NTA and Ap-affinity Chromatography

To characterize scFv-1C16, the protein was produced in E. cofi
and purified via Ni-NTA and Ap-affinity chromatography.
Expression was performed using the BL21DE3 pRARE2 stram.
ScFv expression often results in formation of inclusion bodies
[43,44]. Therefore, we have developed a protocol for slow
expression, leading to an increase of correctly folded and soluble
protein. Cells were shocked on ice for 1 h after reaching the
stationary phase (ODgpp=1.6) in order to slow down the
metabolism. Protein expression was induced with a final IPTG
concentration of 0.1 mM. Under these conditions more than 10%
of the expressed protein was soluble. Attempts to purify the
remaining unsoluble protein after denaturation were successful
and yielded pure protein after Ni-NTA affinity chromatography.
However, refolding attempts remained unsuccessful. Purification
of natively folded protein was performed using Ni-NTA affinity
chromatography, followed by AP affinity chromatography using
AP(1-16)-GB1 NHS Sepharose. IC16 was originally raised against
AP(1-16). Therefore, the fusion protein contains the binding
epitope of scFv-IC16. In addition, this step ensured that only
active and correctly folded scFv was purified and thus used for
further studies. The complete procedure resulted in 0.420.1 mg of
pure protein as judged by SDS-PAGE (Fig. 1) and UV/Vis

spectrometry, derived from 1 L cell culture.

Characterization of the Binding Site of scFv-IC16 at AP(1-
16) - Homology Modeling and Surface Plasmon
Resonance Measurements

The amino acid sequence of the constructed scFv-IC16 was
compared to antibody fragments that were already described in
the literature. The IgG2a monoclonal ant-Af protofibril anti-
bodies PFAl and PFA2 were derived from mice challenged with
a stabilized protofibril form of AP(1-40). The derived Fab
fragments exhibit binding to AR monomers in the nM range,
but the binding to aggregated A forms is significantly impaired in
comparison to the full IgG molecules. Structural characterization
of the Fabs in complex with the AP(1-8) peptide as well as binding
studies revealed a significant influence of N-terminal Af trunca-
tions on binding [33]. Our alignments exhibited sequence
identities of 82% and 94% for the Vi and Vi, regions of scFv-
IC16 and the Fab fragment PFAL, respectively (Fig. 2, [33]). In
addition, the complementary determining regions (CDR), which
are hypervariable and mainly determine the binding properties of
an antibody [45], showed high similarity of scFv-IC16 to PFAl
(see also Tables 1 and 2). Therefore, we assume that the binding of
scFv-IC16 is similar to AP as shown for PFAL and AB(1-8) by X-
ray crystallography. To understand the binding of scFv-IC16 to
AP and the differences to the binding of PFAl to AP in more
detail, the structure of scFv-IC16 in complex with AP(1-8) was
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Figure 1. SDS-PAGE analysis of the purification of scFv-IC16 via
Ni-NTA and Af1-16 GB1 NHS sepharose affinity chromatogra-
phy. 1 ul of the lysate and 15 pl of the purified fractions were applied
to 16% polyacrylamide gels [56]. Lane 1: cell lysate, lane 2: eluate after
affinity chromatography via Ni NTA-Agarose, lane 3: eluate after Ap1-
16-GB1-NHS-Sepharose affinity chromatography. Target protein is more
than 99% pure after final purification step.
doi:10.1371/journal.pone.0059820.g001

modeled using the crystal structure of the AB(1-8)-PFA1 complex
[33] as a template. As expected from the high degree of sequence
similarity, both antibodies form similar contacts with AP(1-8)
(Fig. 3). Differences are only detected for sequence positions 100
and 108 of the heavy chain, as well as 98 of the light chain. Of
these three sites, only residue 108 forms significant interactions
with AB(1-8). In PFA1, D108(H) forms a salt-bridge with H6 of
AP, while V108(H) of IC16 forms nonpolar interactions with H6
(Fig. 3).

A
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Our next aim was to confirm the prediction of the modeling.
Coonsequently, the equilibrium constants (Kp) of scFv-IC16 to
various N-terminal AB fragments were determined using SPR. For
comparison, we also performed the measurements with the
monoclonal parent antibody IC16 (Fig. 4 and 5, Table 3). The
monoclonal antibody was expected to exhibit more structural
stability caused by the constant domains. Additdonally, an avidity
effect may influence the binding constants of IC16 to the different
AP peptides. Measurements on both AP(1-8) and AB(8-15) were
used to confirm the localization of the linear binding epitope at the
N-terminal. No interaction of 1C16 and scFv-IC16 with AB(8-15)
was observed. For AP(1-8) the injection curves showed a fast
association rate of IC16 and a very slow dissociation rate. This
result is reflected in the low Ky of 51 nM (Table 3, bivalent fit).
Clomparison of the binding curves of IC16 and scFv-IC16 revealed
that the association rates of scFv-1C16 and IC16 to AP(1-8) were
comparable, whereas the dissociation rate of scFv-IC16 was one
order of magnitude higher than the corresponding IC16
dissociation rate. These results are reflected in the Kp for scFv-
IC16 (Kp of 0.55 uM, Table 3, Langmuir 1:1 binding model),
demonstrating a loss of affinity of the scFv in comparison to the
monoclonal antibody, which may be due to the lost avidity of the
sckv as compared to the monoclonal antibody.

A comparison of the affinities of both IC16 and scFv-IC16 for
N-terminally truncated AB-peptides (Table 3) showed that the
highest affinities were observed for AB(2-8). Deletion of A2 leading
to AB(3-8) resulted in significant reduction of aflinity for scFv-1C16
(Table 3). Truncation of the two N-terminal residues and
modification of E3 into pyroE3 led to an extensive loss of affinity
and no binding could be detected for scFv-IC16.

Influence of scFv-IC16 on AP(1-42) Fibrilization

To characterize the mfluence of scFv-IC16 on AP(1-42)
fibrilizaton, ThioflavinT (ThT) assays were carried out. ThT is
a benzothiazole dye, which exhibits a shift and increase in
quantum yield while binding to B-sheet rich fibrils [46]. During
the fibrilization process of AB, an increase of ThT fluorescence
can be observed until a saturation level is reached. Whereas the

60
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IC16 DVLMTQTPLSLPVSLGDQASISCR
PFAl DVLMTQTPLSLPVSLGDQASISCRSSQSIVHSNGNTYLEWYLQKPGQSPKLLIYK

Figure 2. Sequence alignment of the V,; (a) and V| (b) region of IC16 and PFA1. Residues belonging to the CDRs are marked in red.
Labeling was done according to the sequence of the heavy and light chain used for the scFv-IC16 construct, each starting with residue 1. Residues
that interact with AB(1-8) are marked in bold and those residues that form hydrogen bonds or salt-bridges with AB(1-8) are additionally underlined.
D1 of the IC16 light chain is marked in bold and blue, because it forms repulsive interactions with D1 of Af.

doi:10.1371/journal.pone.0059820.g002
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Figure 3. Interaction of monomeric AB(1-8) with the antibodies PFA1 (left) and 1C16 (right). Residues of Af3(1-8) are shown in stick
presentation and colored according to the atom type (residue D1 of AP is not resolved in the PFA1 complex). For clarity, only D1, A2, R5, H6, and S8 of
AP(1-8) are labeled. Key interacting residues of the antibodies are shown in ball-and-stick presentation and are labeled (chain identifier in
parenthesis). Polar attractive interactions formed by these residues are depicted in green line. A repulsive interaction between D1(L) and D1 of AB(1-

8) is indicated by a blue double-headed arrow.
doi:10.1371/journal.pone.0059820.g003

AP sample showed a strong increase in ThT fluorescence after
10 h, ThT assays with AP and scFv-IC16 vyielded a scFv-1C16
dose-dependent lower ThT signal (Fig. 6A), indicating a strong
influence of scFv-IC16 on AP fibril formation. With the ratio of
1:1 for AP(1-42) and scFv-1C16 the fibrilization of AP(1-42) was
completely inhibited. At the ratios of 2:1 and 35:1, scFv-IC16
reduced the ThT fluorescence significantly. The sample that
contained only scFv-IC16 was used as a negative control and
did not show ThT fluorescence after 10 h.

ELISA Analysis of the Binding Activities of scFv-IC16 to Af
Monomers, Oligomers and Fibrils

The monoclonal antibody IC16 was raised against AB(1-16),
and binding activity of scFv-IC16 to N-terminal AR fragments
was confirmed using SPR. Nonetheless, we intended to analyze
the binding activities of scFv-IC16 to different AP conformers in
order to detect potential binding preferences. To perform
ELISA studies, AB monomers, oligomers and fibrils were
prepared and equal molar amounts with respect to monomeric
AP were immobilized in wells of a 96 well plate. The
commercially available monoclonal antibody 6E10 is known to
bind to all AP conformers with similar affinities as it recognizes

Table 1. Comparison of the CDR sequences of the heavy
chains of different antibody fragments.

human AP(3-10) epitope, which is freely accessible i Ap
monomers as well as in oligomers and fibrils [47]. It is
frequently used as a standard in ELISA experiments [48,49,50]
and was used here as a control to compare the immobilized
amounts of AP monomers, oligomers and fibrils. The different
AP conformers were incubated with scFv-IC16. Subsequently,
bound scFv-IC16 was detected using an anti-His antibody that
was then detected by an HRP conjugated secondary antibody.
Fig. 6B depicts the relative quantification of the binding of scFv-
1C16 and 6E10 to different AP conformers. The 6E10 control
demonstrated the presence of similar amounts of AP monomers,
oligomers and fibrils with respect to monomeric AP in the wells
of the microtiterplate. Furthermore, scFv-IC16 showed a prefer-
ential binding to AP fibrils. The highest relative fluorescence
was detected for fibril binding; the relative fluorescence for
oligomer binding was weaker (p=0.0014, N-bio oligomers to N-
bio fibrils). Signals for monomer binding were not detected if
AP monomers were immobilized onto the streptavidin functio-
nalized surface of the well via an N-terminal biotin tag,
indicating interference of the N-terminal biotin tag with the
binding of scFv-IC16 to 100% N-terminally biotinylated
monomers. AB monomers or AP(1-10) fragments that were
immobhilized via a C-terminal biotin tag were bound by scFv-

Table 2. Comparison of the CDR sequences of the light
chains of antibody fragments.

Name CDR1 CDR2 CDR3 Name CDR1 CDR2 CDR3
scFv-IC16 GFSLSTSGMGY HIFWDDDKNYNPSLKSR RSPHLRGYDVDFDY scFv-IC16  RSSQSLVHSNGNTYLH YKVSNRFS SQSTHVPLT
PFA1 GFSLSTSGMG ~ IWWDDDR VRRAHTTVLGDWFAY PFA1 QSIVHSNGNTY KVS FQGSHVPLTS
PFA2 GFSLRTSGMG ~ IWWDDDK VRRAHNVVLGDWFAY PFA2 QSIVHSNGNTY KVS FQGSHVPLTS

doi:10.1371/journal.pone.0059820.t001
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Table 3. Rate constants and dissociation constants of the
interactions of scFv-IC16 and IC16 with N-terminal AP
fragments.

Analyte Ligand Kkon (M7 s)  kogt (s) Ko (M)

scFv-IC16 AB(1-8)  3.10:0.02x10* 1.72+0.005x10 > 553+4x10 °
AB(2-8)  6.8470.03x10* 7.65+0.03x107%  112+06x107°
AB(3-8) 836:0.5x10° 43.9+03x10 >  525+03x10 °
AB(pE3-8) nd.
AB(8-15) nd.

IC16 AP(1-8)  35+0.02x10" 18+002x10%  51+05x10"°
AB(2-8)  4.8520.01x10% 1.54:0.006x10 > 32%0.1x10 *
AP(3-8)  4.1770.006x10°343+0007x10 % 82+02x10 °
AP(PE3-8) 4.21:0.008x10%6320.05x10 > 1.5+0.001x10 °
AP(8-15) n.d.

Data were fitted globally. scFv-IC16 data were fitted according to the Langmuir
1:1 binding model, whereas IC16 data were fitted using a bivalent fit. The
association rate constants (k.n), the dissociation rate constants (k.¢) and the
equilibrium dissociation constants (Kp) are given below. Both, scFv-IC16 and
1C16, did not show any detectable binding towards AB(8-15). However, they
showed binding to all N-terminal peptides, except scFv-IC16 did not bind to
AB(pE3-8). The lowest Kp value was observed for the interaction of scFv-1C16
and IC16 to AB(2-8).

doi:10.1371/journal.pone.0059820.t003

IC16 very similar to AP oligomers in the ELISA experiment,
which can be shown by similar absorption values (p=10.038, C-
bio monomers to N-bio oligomers; p=0.19, C-bio ABI-10 to
N-bio oligomers).

To confirm that scFv-IC16 also binds AP that was naturally
secreted by 7PA2 cells, scFv-IC16 was coupled to NHS-
Sepharose and incubated with culture medium derived from
wildtype CHO cells or 7PA2 cells. 7PA2 cells secrete high
amounts of monomeric and lower oligomeric AP species.
stabilizes the
monomeric form of AP, whereas oligomeric AP accumulates

Previously it was demonstrated that serum
in the absence of serum [51]. As demonstrated in Fig. 6C, scFv-
IC16 efficiently precipitated monomeric AB from 7PA2-CM
containing FCS as well as lower oligomeric AP species from
CM of 7PA2 cells cultured without FCS. Thus, scFv-IC16

displays the same binding specificity as the monoclonal antibody

IC16 [36].

Ex vivo Staining of Plaques in Mouse Brain Slices

Brain cryosections derived from nine or 12 months old
transgenic (tg 2576) mice and the respective non-transgenic
control were stamed using scFv-1C16. Additionally, ant-AB
plaque stainings (using the 6E10 antibody) were performed on
adjacent sections as well as costainings with scv-IC16 and 1-11-
3 anti AP(1-42) antibody. DAPI nuclei counterstainings were
performed on the same slides, respectively. Photomicrographs of
the stained slices and overlay images are shown i Figure 7.
scl'v-IC16 could readily be used to detect plaques specifically in
AD transgenic mice with low background signals, demonstrating
potential applicability as a molecular probe. The staining
pattern of scFv-IC-16 was very similar to the staining pattern
of 6E10, which also binds to the N-terminal part of Ap and the
periphery of the plaques. The staining pattern of 1-11-3 is
slightly different as the core of the plaques is stained with higher
intensity.
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Figure 4. Analysis of the binding affinity of scFv-IC16 to
immobilized Ap peptides. (A: AP(1-8), B: AB(2-8) and C: AP(3-8))
using SPR. Depicted are the overlaid sensorgrams of different injection
concentrations of scFv-IC16 onto an A} peptide coupled CM5 sensor
chip. Each injection was performed for 3 min at a flow rate of 20 pl/min.
Concentrations from 0 to 1000 nM were injected (see legend) in
consecutive order. Dissociation was observed 2 to 4 min following an
injection. Selected concentrations were injected twice as controls. The
experimental data were fitted using the Langmuir 1:1 binding model
(Ri=0). [25°C; Running buffer: PBS, RmaxAp(1-8)=67.5; RmaxAp(2-
8)=553; RmaxAp(3-8) = 126].

doi:10.1371/journal.pone.0059820.9g004
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Figure 5. Analysis of the binding affinity of 1C16 to immobilized Af peptides. (A: Ap(1-8), B: AB(2-8), C: AB(3-8) and D: AB(pE3-8)) using SPR.
Depicted are the overlaid sensorgrams of different injection concentrations of IC16 onto an A} peptide coupled CM5 sensor chip. Each injection was
performed for 3 min at a flow rate of 20 pl/min. Concentrations from 0 to 1000 nM were injected (see legend) in consecutive order. Dissociation was
observed for 2 to 4 min. Selected concentrations were injected twice as additional controls. The experimental data were fitted using the bivalent
binding model (Ri=0). [25°C; Running buffer: PBS; RmaxAp(1-8) = 169; RmaxApB(2-8) = 154; RmaxAp(3-8) = 121; Rpa,AP(PE3-8) = 360].

doi:10.1371/journal.pone.0059820.g005

Discussion

Here we have characterized a novel sclFv with respect to its
binding specificities to different AR conformers and its influence on
AP fibrilization. This scFv-IC16 was constructed from an [gG2a,
designated IC16, which was raised in mouse agamst the antigen
AP(1-16) and binds to AB(2-8) [36].

scFv-IC16 shares 87% sequence identity with of PFAl and
PFA2 (see Figure 2), two AP binding Fab fragments described by
Gardberg et al. [33]. Especially, the three CDRs of scFv-IC16 are
highly similar (see Tables 2 and 3), CDRs 1 of the heavy chain are
100% identical and CDRs 1 and CDRs 2 of the light chain are
91% and 100% identical, respectively. The striking WWDDD
motif within CDR2 of PFAl and PFA2 that recognizes the AP
binding motf EFRH (AB(3-6)) [33,52] is almost completely
present in scFv-IC16, too: FWDDD. Because of the high sequence
homology between scFv-IC16 and PFAl, we assumed similar
interactions between scFv-IC16 and A as described for PFA1 and
AP. Therefore, a homology modeling for the scFv-IC16-AB
complex based on the X-ray structure of the Fab PFA1 and AB(1-
8) was performed (Fig. 3). The model yielded similar binding

PLOS ONE | www.plosone.org

modes for scFv-1C16 to AB(1-8) and PFAIL to AB(1-8). However,
amino acid D1 of A was not resolved in the X-ray structure of the
AP(1-8)/PFA1 complex. Our homology modeling placed it in
close spatial proximity with the amino acid D1 of the light chain.
This close spatial proximity may generate a repulsive force and
thus explains the increased affinity (K, ~112 nM) of scFv-IC16 to
APB(2-8) as compared to AB(1-8) (T'ab. 3). The model furthermore
offers an explanation why the Ky rises to more than 5 uM when
the second amino acid A2 of A is truncated. A2 forms a hydrogen
bond with the backbone amide group of V99 of the heavy chain
and is therefore important for a tight binding. Deletion of residues
one and two and modification of A E3 into pyroE3, as found in
several truncated and more aggregation prone AP species in the
diseased brain [53,54], showed a decrease in affinity and no
binding was observed for scFV-IC16.

In comparison, PFA | shows the strongest binding to AB(1-40)
monomers (Kp~39 nM). The binding to AB(2-7) is in the same
order of magnitude (Kp~60 nM). Similar to scFv-IC16, the
binding of PFAL to AB(pE3-8) is decreased, which is reflected in
the Kp of ~3 uM [33,52]. pE3 lacks the E3 sidechain carboxyl
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Figure 6. Inhibition of ThT positive Aj fibril formation in presence of different scFv-IC16 concentrations. (A). ScFv-IC16 was added in
concentrations of: 7.5, 3.75, 1.5 and 0 uM (positive control) to 7.5 uM Af(1-42) samples. Data were recorded every 30 min during 22 hours of
incubation at room temperature. Depicted is the absolute fluorescence value after 10 h of incubation. Upon addition of ThT, fluorescence was
measured at 490 nm in relative units (mean +/— standard deviations of results, each measurement was repeated five times). All values are corrected
by background fluorescence of ThT in PBS. ScFv-IC16 only control (7.5 uM) does not show any formation of ThT positive fibrils. A statistical significant
difference between the fluorescence values of Af only and AB-scFv-IC16 co incubations was calculated by student's T-test, as indicated (**: p<<0.01;
*** p<0.001). Analysis of an ELISA experiment to quantify the binding specificity of scFv-IC16 to different AB1-42 conformers and Ap1-10 peptides
(B). 250 ng AB1-42 (100% N-biotinylated monomers, 100% C-terminally biotinylated monomers, 10% N-biotinylated oligomers and fibrils) and 60 ng
AP peptides 1-10 (100% C-terminally biotinylated Af1-10, 100% N-terminally biotinylated AB1-10) were immobilized on streptavidin coated 96 well
plates. 6E10 was used to monitor the immobilized amount of A} conformers. Similar absorption values of 6E10 to the different Ap conformers except
for 100% N-terminally biotinylated monomers, indicate similar molar amounts of immobilized Ap regarding monomeric Ap for monomers, oligomers
and fibrils. Background absorption was subtracted from all samples. A highly significant difference in the relative fluorescence value between N-
biotinylated monomers and C-biotinylated monomers, as well as between C-bio Af}1-10 and N-bio AB1-10 was calculated by Student's t-test (***:
p<.0.001). N-bio =N-terminally biotinylated; C-bio=C-terminally biotinylated. Western Blot of Af monomers and low-n oligomers immunopreci-
pitated by scFv-IC16 from conditioned medium (CM) of CHO or 7PA2 cells (C). The latter were grown either in medium with or without FCS.
Monomeric Ap is stabilized by the presence of FCS, whereas low-n oligomeric A is eriched in CM-FCS. No AP was precititated from the supernatants
of CHO cells. Monomeric AP (CM 7Pa2+ FCS) and low-n oligomeric Ap (CM 7PA2— FCS) were equally bound by scFv-IC16. Detection antibody: 4G8.
doi:10.1371/journal.pone.0059820.g006

group that forms two hydrogen bonds with S32(H) in the complex
crystal structure.

Due to the high sequence similarity between PFAl and scFv-
1C16, similar interactions between scFv-IG16 and E3 of AP are
also present in our modeled complex structure. Therefore, a loss of
the interactions described above may lead to a loss in affinity, so
that an interaction between scFv-IC16 and AB(pE3-8) could not
be detected.

Altogether, the binding of scIv-IC16 to the AP [ragments is
weaker in comparison to PFAl. This may be due to small
differences in the binding pocket like the D108V replacement
(Fig. 3), but also to the fact that PFAI is a Fab fragment, consisting
of the variable and one constant domain of the heavy chain and
the variable and the constant domain of the light chain. The two
constant domains may provide more stability for the binding

PLOS ONE | www.plosone.org

pocket of PFAL compared with the binding pocket of scFv-IC16,
because its two variable domains are connected only via a peptide
linker lacking the stability of the two constant domains.

In a series of ELISA experiments, the specificity of scFv-1C16 to
different conformers of AP, monomers, oligomers and fibrils, was
characterized. The non-conformation specific monoclonal anti-
body 6E10 was used to control the relative amount of bound A
conformer in the wells. 6E10 was previously characterized to bind
an AP N-terminal epitope at residues 3 to 10. Similar ELISA
readouts for 6E10 and AB monomers, oligomers and fibrils proved
that all three conformers were loaded in similar amounts into the
wells. The binding of scFv-IC16 to its epitope at residues 2-8 of
AP monomers that were immobilized using an N-terminal biotin
tag was sterically hindered. As soon as the N-terminus was freely
accessible, e.g. in C-terminally biotinylated AP monomers, scFv-
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Figure 7. In vitro staining of brain sliced from transgenic 2576 AD mice using scFv-1C16, 6E10-Ap-antibody and DAPL. (A). Pretreated
deep frozen horizontal brain cryosections (20 um thickness) from 9 months old Tg2576 mice were fixed in 4% paraformaldehyde, treated with
70%formic acid and either incubated with scFv-IC16 in a concentration of 400 nM or 6E10 in a concentration of 33 nM. As scFv-1C16 is fused with a His
tag, the respective sections were incubated with Penta-His Mouse antibody. Detection was performed using goat anti mouse-Alexa488 using
a fluorescent microscope (Leica LMD6000. Excitation Range: UV; blue; green. Excitation Filter: Bp 420/30; Bp 495/15; Bp 570/20) with camera (Leica
DFC 310 FX). Images were processed with LAS software (Leica Application Suite, V.4.0.0) and ImageJ (1.45 s). Scale bar: 50 um. B: In vitro staining of
brain sliced from transgenic 2576 AD mice using scFv-IC16 and a respective wildtype control mouse. Scale bar:100 um. C: Co-staining of brain sliced
from transgenic 2576 AD mice using scFv-IC16 and anti Ap(1-42) 1-11-3. As secondary antibodies, a mix of goat anti mouse-Alexa488 and goat anti

rabbit-Alexa-568 was used. Scale bar: 50 um.
doi:10.1371/journal.pone.0059820.9007

IC16 bound AP monomers with the same affinity as oligomers, as
judged by the ELISA results. A slightly higher ELISA signal was
detected for the binding to AP fibrils. Given the fact that scFv-
IC16 binds to residues 2-8 of the N-terminus of AP, st ity for
a special AP conformer was not expected. In aggregated Ap
conformers, the N-terminus of AP (AB(1-9)) was ¢
disordered and accessible, whereas residues 10-22 and 30-40
adopt a PB-strand conformation and are mvolved in fibrilization
[55]. As both, scFv-IC16 and 6E10, bind to the N-terminus of AB,
a similar binding pattern after usage for ex-vivo plaque staining in
AD transgenic mice was expected. A significantly higher
concentration of scFv-IC16 was needed to perform proper plaque
staining in comparison to the monoclonal antibody 6E10. The
need of higher amounts of protein, however, can be balanced by
the fact that the scFv can be expressed in E. coli and produced in
reasonable amounts at low costs. An interesting option could also
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3. Syntheses and conclusion

As a matter of fact, neither causal therapy nor accurate and reliable diagnostic methods
have been found in the fight against Alzheimer’s disease so far. Only recently, some research
groups focus on the oligomeric forms of AR, the key factors of the modified AR cascade
theory that are now considered as the neurotoxic species in the AD pathology. Years ago
already, our research group has identified several AR binding D-peptides have been
identified from mirror-image phage display, which are able to prevent the formation of the
toxic forms of AB. The main theme of this doctoral thesis is to characterize those AB binding
D-peptides by in vitro and in vivo experiments with mouse models, as well as to explore their
diagnostic suitability for AD.

3.1 Preclinical pharmacokinetic studies of D-peptides

Pharmacokinetics describe how concentration of a drug changes over time, thus it
emphasizes the selective and sensitive measurement of drug concentration in complex
biological matrix, such as plasma or organ homogenate. The typical bioanalytical methods
involve sample extraction with organic solvents and LC/MS or LC/MS/MS separation and
detection of drug molecules. However, the extreme hydrophilicity of our D-peptides strongly
challenges those standard analytical methods (Publication 2.1). Tritium labelling of D-
peptides provides a reasonable solution due to the ease of sample preparation and
detection, as well as the minimal modification to the labelled molecules. Because it is an
indirect measurement of target molecules based on the assumption that the measured
radioactivity represents their non-metabolised forms, any labelled metabolites or impurities
for example, can influence their pharmacokinetic results, thus special attention should be
paid on the purity (by production) and stability (autoradiolysis and proteolysis) of labelled

substances.
Sequence MW
D3 H-rprtrlhthrnr-NH, 1.6 kDa
RD2 H-ptlhthnrrrrr-NH, 1.6 kDa
D3D3 H-rprtrlihthrnrrprtrihthrnr-NH, 3.2 kDa
RD2D3  H-ptlhthnrrrrrrprtrihthrnr-NH, 3.2 kDa

Tab. 1. Amino acid sequences of four D-peptides studied in this thesis. The arginine residues in RD2
are consecutively rearranged based on rational design.

Here, we firstly described a systematic pharmacokinetic analysis of the all D-enantiomeric
peptide D3 in mice, which is, to the best of our knowledge, the first comprehensive
preclinical pharmacokinetic study of a peptide consisting solely of D-enantiomeric amino
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acid residues in general and in particular for such a D-peptide developed for the treatment
of Alzheimer’s disease (Publication 2.2). Then, we investigated the PK profile of another D-
peptide RD2, containing the same D amino acid residues but in a rationally reordered
sequence with five consecutive arginines at C-terminal, which has already shown enhanced
properties in vitro and in silico (Publication 2.3). The rational design is to concentrate the
possible AB binding sites which are relevant to the arrangement of arginines and to keep the
rest of amino acids which might be involved in hydrophilic and/or hydrophobic interaction
with AB oligomers [214]. Finally, the pharmacokinetic studies of tandem peptides, D3D3 and
RD2D3 were performed. The idea of rationale design is that the multivalent D-peptides can
be expected to target the multivalent binding sites presented on the AB oligomer, resulting
in an increased binding efficiency and affinity. So D3 and/or RD2 are linked head-to-tail as
tandem homopeptide (D3D3) and heteropeptide (RD2D3) (Publication 2.4).

For all the D-peptides mentioned here, metabolic stability was investigated through 3H-
labelled D-peptides incubated with plasma and organ homogenates followed by detection
via thin layer chromatography. Special attention should be paid upon the resulting
limitations, as the incubation time for the metabolic stability tests were generally shorter
than that for the pharmacokinetic studies. Taking RD2 as an example, its metabolic stability
was tested for 24 hours, while its pharmacokinetic studies lasted for 28 days. Thus, partial
conversion of D-peptides into metabolites at later time points cannot be excluded. But in
vitro stability tests using biological samples beyond 24 hours might be less meaningful,
because longer incubation time may cause autolysis of enzymes within those samples
leading to artefacts. And there is no reason to expect significant metabolism at later time
points since not any proteolytic instability was observed at 24 hours. Therefore, the results
of the stability tests proved the high protease-resistance of D-peptides, as well as validated
that the measured radioactivity could represent the concentration of D-peptides in their
original forms.

Individually, single D-peptides (D3 or RD2) showed similar concentration-time profiles with
i.v. and i.p. (and s.c. with RD2) administration with the highest concentration in kidney,
followed by liver and plasma, whereas oral administration resulted in significantly low
concentrations in liver, kidney and plasma. Tandem D-peptides (D3D3 or RD2D3) individually,
also showed similar concentration-time curves with i.v. and ip. administration, but the
highest concentration was found in liver, followed by kidney and plasma. Fig. 11 compared
the concentration-time profiles of D3 and RD2D3 in kidney and liver. Diagram showed very
high concentration of D3 in kidney and low concentration in liver with iv. and i.p.
administration, whereas the concentration of RD2D3 in kidney and liver were comparable. In
both organs, both D-peptides showed very low concentration after oral administration
(Including unpublished data from RD2D3 p.o. displayed in Fig. 12).

A global comparison of D-peptides with concentration-time profiles in brain and plasma, as
well as the brain-plasma ratios are shown in Fig. 12. The pharmacokinetic parameters of D-
peptides in brain and plasma, which were calculated based on non-compartmental analysis,
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are listed in Tab. 2. In general, single D-peptides showed higher concentration (AUC) than
tandem peptides in brain and in plasma with different administration routes; RD2 showed
higher concentration than D3, and correspondently, RD2D3 showed higher concentration
than D3D3. Interestingly, oral administration of all the four D-peptides respectively resulted
in similar brain concentration as for the other administration routes.

Two single D-peptides showed relatively long terminal plasma half-lives with different
administration routes (RD2: 58-62 hours; D3: 32-41 hours), whereas tandem D-peptides
showed short terminal plasma half-lives between 0.7 and 2.7 hours, but still longer than
those reported for L-enantiomeric peptides which are typically only a few minutes [215, 216].
The clearance of both tandem D-peptides from plasma were faster than that of single D-
peptides (D3D3: 17.9, RD2D3: 10.2, D3: 4.6 and RD2: 1.7 ml/(min*kg)), as a reflection of
their terminal plasma half-lives. The plasma terminal phase volume of distribution (Vz) and
the steady state phase volume of distribution (Vss) of both single D-peptides were similar in
magnitude, respectively. The clearance of RD2 was very slow, so that the concentration in
central compartment (plasma) would be nearly in equilibrium with the peripheral
compartments, thus its Vz (8.6 I/kg) was very close to its Vss (9.2 I/kg). D3 showed a higher
Vz (11.1 1/kg) than Vss (7.6 I/kg), suggesting a higher equilibrium concentration than terminal
concentration, and thus a transport of D3 due to this concentration gradient from peripheral
compartments to central compartment (plasma) would be suggested. The Vss of both
tandem D-peptides were similar to those of the single ones (D3D3: 13.2 and RD2D3: 7.5 I/kg),
whereas their Vz were significantly smaller (D3D3: 1.2 and RD2D3: 0.7). Such low values are
similar to the extracellular fluid volume (ca. 0.2-0.25 I/kg), which would suggest a poor tissue
penetration or an altered tissue binding. As pharmacokinetic parameters in those studies
were calculated by non-compartmental analysis (NCA), special attentions should be taken
that the limitation or disadvantage of NCA may result in over- or under-estimation of certain
values. As shown in the Publication 2.4, the concentration (brain and plasma) of the tandem
D-peptides in the elimination phase was kept on a relative constant level, which was still
several magnitudes beyond the detection limit of tritium scintillation counting. It would
suggest a re-distribution of tandem D-peptides from peripheral compartments (most likely
at least the kidney and liver) back into the central compartment (plasma). The brain
concentration reflects the corresponding plasma concentration resulting in a relatively
constant brain-plasma ratio. In some cases, the concentration at the last time point was
even higher than that of its previous ones, therefore the determination of lambda_z is more
or less objective and empirical. Because Vss is independent of elimination processes it is thus
a more appropriate parameter than Vz in this case [217].

The brain-plasma ratios of D-peptide after 4 hours are in the range of 0.7 and 1.0. Some go
even higher at longer time points, especially with tandem peptides after i.v. administration
(Fig. 12). In the study of continuous dosing of D3 over several days using an i.p. implanted
osmotic pump, the brain-plasma ratio increased with time from 0.53 at day 2 to 0.77 at day
6. As substances with a brain-plasma ratio larger than 0.3 are considered to have sufficient
access to the central nervous system [218], our results suggest that all the tested D-peptides
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Fig. 11. Comparison of D3 and RD2D3 with concentration-time profiles in kidney and liver. The concentration is given in relative injected dose per gram organ
weight (%ID/g).
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Plasma

D3 RD2 D3D3 RD2D3

Parameter Units i.v. i.p. p.o. i.v. i.p. s.C. p.o. i.v. i.p. i.v. i.p.
Dose (D) mg/kg 3.5 10.5 10.5 33 10 10 10 33 10 3.3 10
tmax min 3 10 240 3 30 30 60 3 60 3 60
Cmax/D (ug/ml)/(mg/kg) 2.35 1.4 0.04 3.04 0.79 0.98 0.09 0.54 0.16 0.58 0.47
AUCO-last  mg/ml*min 0.7 1.8 11 2.0 4.5 5.4 4.5 0.2 0.6 0.3 1.8
MRTO-last h 9.1 8.8 28.6 84.8 81.4 80.9 86.3 11.9 11.6 11.9 10
Az min-1 0.00036 0.00028 0.00028 0.0002 0.00019 0.00019 0.0002 0.0155 0.0075 0.0137 0.0043
t1/2 h 32 41 41 59 62 60 58 0.7 1.6 0.9 2.7
AUCO-inf  mg/ml*min 0.9 2.4 1.5 2.0 4.6 5.4 4.5 0.2 0.6 0.3 1.9
MRTO-inf  h 27.6 35.1 57.2 91.4 86.4 84.6 90.8 12.3 12.3 12.3 111
Vz I/kg 111 15.6 24 8.6 9.0 8.8 8.5 1.2 2.4 0.7 2.4
cl ml/(min*kg) 4.6 1.7 17.9 10.2

Vss I/kg 7.6 9.2 13.2 7.5
FAUC-last % 92 58 77 91 77 110 187

Brain
D3 RD2 D3D3 RD2D3

Parameter Units i.v. i.p. p.o. i.v. i.p. s.C. p.o. i.v. i.p. i.v. i.p.
Dose (D) mg/kg 3.5 10.5 10.5 33 10 10 10 33 10 33 10
tmax min 3 20 240 3 30 20 60 3 2880 30 10
Cmax/D (ne/g)/(mg/kg) 0.09 0.07 0.04 0.06 0.06 0.06 0.06 0.03 0.01 0.03 0.11
AUCO-last mg/g*min 0.3 0.6 0.9 1.5 34 4.5 4.5 0.1 0.2 0.2 0.9
MRTO-last h 19.6 18.5 28.2 128.4 111.9 116.1 100.3 26.4 25.8 23.9 234

Tab. 2. Calculated pharmacokinetic parameters of D-enantiomeric peptides in mouse plasma and brain for different administration routes. Clear fields are not
applicable for this respective administration route. For abbreviations please refer to the abbreviation sections.
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efficiently overcome the blood-brain barrier. The BBB penetration was observed with cell-
penetrating peptides including arginine-rich peptides (also discussed in the next Chapter 3.2).
Studies showed a minimum of six consecutive arginines were enough to cause transduction
[219, 220], and the flexibility in the position of arginines within a given peptide sequence
didn’t affect its transduction efficiency [220]. In our study, five arginines are relatively
homogeneously distributed in D3, while re-arranged in a consecutive matter in RD2; tandem
peptides have 10 arginines and RD2D3 even has six consecutive arginines (five from RD2 and
one from D3) in sequence. In the pharmacokinetic studies, RD2 and RD2D3 showed higher
brain concentrations than those of D3 and D3D3, respectively, but tandem peptides showed
in general lower brain concentrations than single ones due to their likewise lower plasma
concentrations. Thus the transduction potency should also associate with the number of
arginines per length of the sequence, namely the relative abundance, and brain-plasma ratio
should represent the transduction at BBB more suitable than brain concentration, as the
application of arginine-rich peptides also influence the cellular uptake in other organs.

Favourable bioavailabilities were observed with all the D-peptides, especially by oral
administration with single form of D-peptides, in spite of only a small peptide portion being
absorbed via the enteric tract. Bioavailabilities are relatively high in comparison to those of
L-peptide drugs, which were described to be less than 1% without delivery enhancement
[221-223]. Low concentrations of D-peptides as found in kidney and liver after oral
administration are desirable because this lowers the risk of possible intoxication of
important organs.

The prediction of plasma protein binding based on binding to HSA and AGP (Tab. 3) showed
single D-peptides with favourable plasma unbound fractions. Studies indicated that only the
minority of examined drugs developed for the central nervous system exhibit free plasma
fractions above 10 % [224]. The tandem D-peptides, however, showed very small unbound
fractions, which is in agreement to the low brain concentration of tandem D-peptides,
because it is believed that only unbound substance can cross cellular membranes. But this
seems to be controversial to their relatively high brain-plasma ratios. One possible
explanation would be, that an increased tissue binding, especially in liver, greatly reduced
the effective concentration of tandem D-peptides in blood and subsequently in brain.

D3  RD2 D3D3 RD2D3
fu(%) 8.00 1150 0.16 0.20

Tab. 3. Free fraction of D-peptides in plasma calculated by in vitro plasma protein binding assay. fu:
predicted free or unbound fraction of tested substance in plasma.

The tandem D-peptides, for example D3D3 showed significantly stronger AB oligomer
elimination than its monomer D3 [214], yet this rational design resulted in unfavourable
pharmacokinetics. Thus this example indicates the importance to balance the in vitro
therapeutic efficiency and the in vivo pharmacokinetic properties.
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These results demonstrated that 1) the sequence order (when consisted of identical amino
acid residues) and 2) the molecular weight and structure (single v/s tandem) of D-peptides
significantly influence their pharmacokinetic properties.
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3.2 Distribution of D-peptides to and within the brain

D-peptides, to be used for diagnosis and treatment of Alzheimer’s disease, need to be
delivered to the brain as discussed in Chapter 1.4. Unlike some CNS drugs, especially
peptide-based drugs, which need extra modifications to enhance their brain delivery, the
here used D-peptides already showed relatively high brain-plasma ratios in the preclinical
pharmacokinetic studies suggesting the capability to penetrate the blood-brain barrier and
distribution in the brain. The BBB penetrating property of the D-peptides was suggested
owing to their similarity to the ARM of HIV-1 Tat protein. However, due to the limitation of
pharmacokinetic experimental settings, considerations should be taken, as radioactivity from
CSF remaining in ventricles or from blood remaining in cerebrovasculature may contribute to
the radioactivity detected in whole brain in some extent, which can result in an over-
estimation of the brain concentration. Thus further studies were needed to provide a
convincing evidence showing D-peptides in brain parenchyma after administration. By
investigation of D3 concentrations in CSF, brain and plasma, as well as exclusion of D3
binding to normal cerebral blood vessels, a conclusion could be drawn, that the D3
concentration detected in the brain likely represents its real concentration in the brain
parenchyma (Publication 2.5). Furthermore, the in vivo BBB penetration, as well as the AB
binding ability of D3, were proven by the parenchymal AB plaque labelling after oral
administration of FAM-D3 in AD transgenic mice. Based on the results of pharmacokinetic
studies, it is reasonable to transfer this BBB penetration ability also to other D-peptides, at
least to RD2.

However, unlike tritium labelling, fluorescein labelling (as FAM or FITC) might most probably
influence the properties of conjugated molecules through introducing this bulky and
predominantly hydrophobic structure. Crystal structures of FITC-protein complexes showed
that the xanthenonyl ring system of FITC is accommodated in a tight aromatic slot, which is
associated with modification of binding sites and affinity of the original molecules [225].
Furthermore, labelling of middle-sized molecules, like peptides, with fluorophores, may also
influence their uptake mechanism, intracellular distribution, and cytotoxicity [226, 227]. In a
previous study, fluorescein was titrated with AP (1-42) in order to rule out fluorescein
mediated binding of fluorescently labelled D-peptides to AB. It could be demonstrated that
the fluorescein fluorescence signal was independent of the AP concentration [228].
Consideration should be taken, as the observed BBB penetration of FAM-D3 in
APPSwe/PSEN1AE9 transgenic mice might also be a result of generally impaired BBB
structure. A greater breakdown of the BBB was observed in AD patients in comparison to
neurologically healthy controls [229, 230], but no significant alterations in BBB permeability
of APPSwe/PSEN1AE9 transgenic mice was observed in our laboratory, as well as in other’s
[231].

The exact BBB penetration mechanism of D-peptides is unknown, as discussed in Publication
2.5, but the guanidinium structure in those arginine-rich D-peptides and the relative
abundance of arginines within the peptide might be the decisive factors of their membrane
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penetration property [232, 233]. Studies on how the arginine-rich peptides pass the
membrane bring controversial results, but there is a clear consensus that it initiates with the
electrostatic interactions between cationic sequences and negatively charged glycoproteins
on the cellular surface.

After intra-hippocampal injection of fluorescently labelled D-peptides (Publication 2.6),
intensive fluorescence was found in certain neurons (axon and soma). The distribution of
fluorescently labelled D-peptides in neural fibres at the injection site, especially in the fibres
in corpus callosum, could be explained as entrance of axons through damaged places, or as a
result of membrane penetration. Remarkably, none of the fluorescently labelled D-peptides
was taken up by astrocytes or microglia, which is in agreement with previous observations
[234]. All the tested substances, namely fluorescently labelled D-peptides, FITC-AB and FITC
alone showed AP plaque labelling, but only fluorescently labelled D-peptides demonstrated a
retrograde axonal transport in both wild type and AD transgenic mouse models. Moreover, a
specific retrograde transport in the perforant pathway was found in both AD transgenic
mouse models (APPSwe/PSEN1AE9 and Tg-SwDI). Significant accumulation of fluorescently
labelled D-peptides in the layer Il cells of entorhinal cortex was observed. Fluorescence was
probably located in lysosomes or late endosomes, whereas those cells showed no
intracellular AB stained by the W0-2 antibody. The exact mechanism is still unknown, but a
co-transport of the fluorescently labelled D-peptides together with certain intracellular AB
species was suggested. Intracellular APP or A fibrils can be excluded as the main species, as
they can be recognized by WO0-2 antibody. A previous study indicated that the s-value of AB
oligomers which can be eliminated by D3 was between 5 to 7, corresponding to a molecular
weight from 66 to 150 kDa [235]. Whereas the W0-2 antibody can recognize AB oligomers of
approx. 45 kDa on western blot of human Alzheimer’s disease brain lysate. This detection
difference may explain why there was no co-localization of fluorescently labelled D-peptides
and WO0-2 in layer Il cells of entorhinal cortex, thus the result suggested that fluorescently
labelled D-peptides bind to middle to high molecular weight AB oligomers, which are then
taken up by lysosomes (or endosomes) and transported retrogradely to the neuronal soma.

A difference in transport pattern after intra-hippocampal injection between FAM-D3 and
FITC-D3D3 was observed, especially the transport of FITC-D3D3 within axons seemed to be
significantly faster than that of FAM-D3. Considering the different performance in the
pharmacokinetic studies, it can be concluded that altering the sequence of D3 by rational
design dramatically alters its physical, chemical and biological property. As mentioned in
Chapter 3.1, whether the rational design really results in an improvement of therapeutic or
diagnostic performance under complex biological conditions needs to be further elucidated
in the future.

Another AB binding substance identified through antibody-based strategy, namely the AB
binding single-chain variable fragments (scFvs) derived from an AR binding 1gG recognizing
the N-terminal region of AB (AB(1-8)), was also investigated in this dissertation, as described
in Publication 2.7.
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3.3 Conclusion

This doctoral thesis has sought to explore the distribution of AB binding D-peptides in the
body in vivo, as well as their entrance into the brain and distribution within the brain of
mouse models in particular. In the preclinical pharmacokinetic studies, all the tested D-
peptides showed high proteolytic resistance. The single peptides exhibited more favourable
pharmacokinetic properties than the tandem peptides, as D3 and RD2 demonstrated long
terminal half-lives, high oral bioavailability and high drug exposure to the brain. It is
therefore concluded that the sequence order of the amino acid residues has a considerable
impact on pharmacokinetic properties of the peptide. However, the poor pharmacokinetics
of the tandem peptides may not be accompanied with poor pharmacodynamics, which could
possibly be outweighed by their higher AB binding efficiency. Among the tested D-peptides,
RD2 demonstrated improved pharmacokinetic properties and thus might be a more suitable
candidate for the treatment of AD providing that it has already shown encouraging
therapeutic effects in the previous in vivo studies. However, it needs to be clearly stated that
all obtained pharmacokinetic parameters are based on the assumption that the measured
radioactivity represents the non-metabolised D-peptides, and those parameters are
obtained with non-compartmental analysis which has its limitation under certain conditions.
Nevertheless, the preclinical pharmacokinetic studies provide important information that
helps to characterize D-peptides within the body, as well as to guide further research during
their drug development, and to the best of our knowledge, those are the first
pharmacokinetic studies of peptides consisting solely of D-enantiomeric amino acid residues
in rodents.

The lead molecule of D-peptides, D3, as well as fluorescently labelled D3 readily penetrated
the BBB and specifically bound to AB plaques after systemic administration. Furthermore, a
selective retrograde transport of fluorescently labelled D3 and D3D3 in the perforant
pathway in AD transgenic mouse models was observed. Those evidences accumulated in this
dissertation strongly support the potential of D-peptides in the diagnostic aspect, as well as
to investigate pathological changes in the neural pathways in early AD. Being middle-sized
molecules of synthetic origin, D-peptides allow easy chemical modifications e.g. radioactive
or nonradioactive isotope labelling for detection purposes with PET and/or MRT.

Taken together, results strongly suggest the AB binding D-peptides as promising substances
for diagnostic purpose and therapeutic intervention against Alzheimer’s disease.
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4. Perspectives

The current pharmacokinetic studies were performed only with wild type mice; it might be
interesting to investigate further the fate of D-peptides in AD transgenic mice. In order to
gain a global view of the distribution within the body, a quantitative whole-body
autoradiography (QWBA) of tested animals is recommended. Modification of D-peptides
based on their pharmacokinetics is desired, for example higher oral bioavailability could be
achieved by drug formulation. Especially for tandem peptides, modifications should aim to
improve their brain delivery and plasma half-lives. As RD2 showed high bioavailability with
s.c. administration, such administration routes that are commonly accepted in the clinic, e.g.
s.c., nasal and intramuscular (i.m.) should also be explored with other D-peptides. After
obtaining basic pharmacokinetic parameters through a non-compartmental analysis, more
detailed analysis using compartmental or physiologically based pharmacokinetic (PBPK)
models could be performed.

The mechanism of BBB penetration (or plasma membrane transduction) and the transport of
D-peptides within the brain need to be further investigated. Questions need to be answered,
like the cellular uptake mechanism (interaction with cellular surface proteins); as membrane-
penetrating peptides, are they located in plasma or cellular compartments (endosomes,
lysosomes or mitochondria); whether D-peptides are transported alone or with other
substances, in case of the latter, what kind of substances are co-transported with D-peptides;
why does the perforant pathway show specific retrograde transport of D-peptides in AD
mouse models, and so on. Thus experiments with neuronal cell culture or organ culture
would be helpful.

Radiolabelling of D-peptides with tracers other than tritium could also be tested for

11C, 8E or metastable nuclear isomer of

diagnostic purpose. Conjugation of D-peptides with
technetium-99 (*°™
positron emission tomography (PET) or single photon emission computed tomography

(SPECT).

Tc) could provide promising radioactive tracers for diagnostic imaging, e.g.
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5. Summary

Targeting neurotoxic amyloid beta (AB) oligomers is currently a very attractive drug
development strategy for treatment of Alzheimer’s disease. Using mirror-image phage
display against AB (1-42), several arginine-rich peptides have previously been identified
consisting solely of D-enantiomeric amino acid residues, which bind to AB in different
assembly states and eliminate toxic AP aggregates. Some of these D-peptides show both
diagnostic and therapeutic potential in vitro and in vivo. This doctoral dissertation
investigated the preclinical pharmacokinetics and cerebral distribution of these D-
enantiomeric peptides in mouse models.

Generally, little information on the pharmacokinetic behaviour of D-enantiomeric peptides is
available, therefore we conducted experiments with tritium labelled D-peptides (*H-D3, -RD2,
-D3D3, and —RD2D3) in mice with different administration routes to characterize their
distribution in different organs and in plasma, as well as their bioavailability by different
administration routes. In addition, their metabolic stability was investigated in liver
microsomes, mouse plasma, brain, liver and kidney homogenates, and their plasma protein
binding was estimated. The brain-plasma ratio related blood-brain barrier (BBB) permeability
of those arginine-rich D-peptides was further studied with the lead D-peptide, D3. By
labelling with tritium or a fluorescence marker (FAM), D3’s BBB penetration and AB plague
binding properties were verified with different in vitro and in vivo experiments with wild
type and AD transgenic mice. Moreover, the cerebral distribution, especially the axonal
transport pattern of D-peptides was investigated through tracking fluorescently labelled D-
peptides after intra-hippocampal injection into AD transgenic and wild type mouse brains.

The D-peptides tested here, especially the single D-peptides, demonstrated favourable
pharmacokinetic properties, such as high protease resistance, long biological half-life and
high oral bioavailability. The results support the therapeutic potential of D-peptides in
general. D3 rapidly entered the brain where it could be found associated with amyloid
plagues suggesting a direct penetration of BBB. In comparison to other standard retrograde
tracers, D3 and D3D3 showed significantly enhanced retrograde transport in the perforant
pathway in two AD transgenic mouse models (APPSwe/PSEN1AE9 and Tg-SwDl), especially in
comparison to that in wild type mice. It may indicate a promising potential of those D-
peptides for diagnosis of AD as well as for the study of pathological changes in the neural
pathways in early AD pathology. Taken together, results strongly suggest the AB binding D-
peptides as promising substances demonstrating both diagnostic and therapeutic potential
in the fight against Alzheimer’s disease.
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6. Zusammenfassung

Die Entwicklung neuer therapeutischer Substanzen gegen neurotoxische Oligomere des
Amyloid-beta-Peptiden (AB) ist zurzeit eine sehr attraktive Strategie zur Behandlung der
Alzheimer-Demenz (AD). Mit Hilfe des Spiegelbild-Phagen-Displays gegen AB (1-42) wurden
verschiedene Arginin-haltige, ausschlielllich aus D-enantiomeren Aminosauren bestehende,
Peptide identifiziert, die AB in verschiedenen, aggregierten Formen binden und toxische AB
Aggregate eliminieren konnen. Einige dieser D-Peptide zeigten bereits therapeutisches
Wirkpotential in in vitro und in vivo Studien. Diese Doktorarbeit befasst sich mit der
Untersuchung der praklinischen Pharmakokinetik und der zerebralen Verteilung dieser D-
enantiomeren Peptide in Mausmodellen.

Uber die Pharmakokinetik von D-enantiomeren Peptiden ist im Allgemeinen noch sehr wenig
bekannt. Daher wurden Experimente mit Tritium-markierten D-Peptiden (*H-D3, -RD2, -D3D3,
and —RD2D3) mit Mausen und unter Verwendung von verschiedenen Administrationswegen
durchgefiihrt, um die Verteilung in verschiedenen Organen und in Plasma sowie die
Bioverfligbarkeit zu untersuchen. Auflerdem wurde die metabolische Stabilitdt in Leber-
Mikrosomen, Mausplasma, Gehirn-, Leber- und Nierenhomogenaten untersucht, sowie die
Plasmaproteinbindung abgeschatzt. Der Hirn-Plasma-Quotient als MaR fir die
Bluthirnschranken-(BHS)-Permeabilitat der Arginin-haltigen D-Peptide wurde dartiber hinaus
mit der Leitsubstanz D3 untersucht. Durch Markierung mit Tritium oder einem
Fluoreszenzmarker (FAM) konnte in verschiedenen in vitro und in vivo Experimenten mit
Wildtyp bzw. transgenen AD Mausen Uberprift werden, ob D3 die BHS liberwinden und an
AB-Plaques binden kann. Darliber hinaus wurde die Verteilung der D-Peptide im Gehirn, und
insbesondere der axonale Transport, mit Hilfe von fluoreszenz-markierten D-Peptiden nach
intra-hippokampaler Injektion in transgene AD- und Wildtyp-Mausgehirne untersucht.

Die hier getesteten, und insbesondere die einfachen D-Peptide, zeigten glinstige
pharmakokinetische Eigenschaften, wie z.B. hohe Proteasenresistenz, lange biologische
Halbwertszeit und orale Bioverfligbarkeit. Diese Ergebnisse unterstiitzen insgesamt das
therapeutische Potential der D-Peptide. Es konnte gezeigt werden, dass D3 schnell in das
Gehirn eindrang, wo es in Assoziation mit Amyloiden Plaques gefunden werden konnte, was
eine direkte Uberwindung der BHS impliziert. Im Vergleich zu anderen retrograden
Standardtracern, zeigten Fluoreszenz-markiertes D3 und D3D3 eine intensive Markierung
von Layer Il (und 1ll) Zellen des entorhinalen Kortex nach intra-hippokampaler Injektion in
zwei transgenen Mausmodellen (APPSwe/PSEN1AE9 und Tg-SwDI). Dieser Effekt fiel
signifikant schwacher in Wildtyp-Mausen aus. Dies weist auf ein vielversprechendes
Potential dieser D-Peptide fir die Diagnose, sowie fiir die Untersuchung der pathologischen
Veranderungen in den neuronalen Bahnen in friihen AD Stadien hin. Zusammenfassend
lassen die Ergebnisse deutlich darauf schlieRen, dass die AB-bindenden D-Peptide
vielversprechende Substanzen mit sowohl diagnostischem als auch therapeutischem
Potential im Kampf gegen die Alzheimer-Demenz darstellen.
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