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Abstract of the Dissertation

Structural Changes in the f—Amyloid Precursor Protein

Induced by Familial Mutations

by
Tzu-chun Tang
Doctor of Philosophy

In
Biochemistry and Structural Biology

Stony Brook University

2013

The proteolysis of the 3-amyloid precursor protein (APP) yields AP peptides with lengths
of 38-42 amino acids by a two-step sequential cleavage involving [3- and Yy-secretase.
AP40 is the most abundant product, while A42 is the most toxic species to neurons. An
increase in the ratio of A42/Af40 and an overall increase in secreted AP peptides have
both been correlated with early-onset familial Alzheimer’s disease (FAD). I have focused
on two sites where FAD mutations are clustered. The first cluster is in the extracellular
domain close to the transmembrane boundary. Within the clusters, the A21G (Flemish),
E22Q (Dutch), E22G (Arctic), E22K (Italian), and D23N (Iowa) mutations have very
different effects on APP processing. Mutations at Glu22 and Asp23 decrease the level of
secretion of the AP} peptides, while A21G increases total AP secretion by more than 3-
fold. The second cluster is within the TM domain, below the y-cut site that releases AP42.

A stretch of four B-branched amino acids when mutated individually increases the
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AP42/AB40 ratio. I have focused on the T431 mutation, which increases the AP42/Ap40
ratio by 8-fold. Structural studies have been undertaken in membrane bilayers using NMR
and FTIR spectroscopy. These studies have provided several insights into the structure of
APP and how structural changes induced by mutation influence APP processing. First, the
extracellular sequence from Leul7 to Ala2l has f-secondary structure, while the
transmembrane region is helical starting at Gly29. Second, the A21G mutation reduces the
B-secondary structure near the site of the mutation and increases o-helical structure in the
region between Gly25 and Gly29. Third, both the wild-type protein and the A21G mutant
form transmembrane homodimers mediated by the G’xxxG”’ interface. Fourth, the T431
mutation shifts the transmembrane dimer toward the monomeric state. Measurements of
AP secretion resulting from the A21G and T43I mutations show that both affect the
intramembranous Yy-cleavage, but in very different ways. A21G destabilizes the [—
structure of L'"VFF” sequence, which has previously been suggested as inhibitory to the
y—secretase. In contrast, T431 destabilizes transmembrane dimerization. As a result, the
A21G mutation leads to an increase in total Af secretion, while the T431 mutation results

in an increase in the AB42/AB40 ratio.
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Chapter 1. Introduction

1.1 Amyloid Precursor Protein (APP)
1.1.1 Biology of APP

Alzheimer’s disease (AD) is the most common form of dementia and neuron
degeneration in the elderly nowadays. An estimated 5.4 million of all Americans have AD
in 2012. The disease is characterized by two pathogenic hallmarks, deposition of
extracellular amyloid B peptides (Af), and the intracellular accumulation of twisted highly
phosphorylated tau proteins. The proteins result in damage to neuronal cells and
inflammation of microglials. The center of amyloid cascade hypothesis is the overload of

toxic AP peptides originating from the imbalance of its clearance and production. AP



peptides are generated by the two-step sequential cleavage at juxtamembrane and
transmembrane (TM) domain of APP by [-secretase and then y-secretase within TM
helices. APP is a type I transmembrane protein, containing a bulky extracellular domain
(ECD) and a short intracellular (IC) tail. Three isoforms of APP are biosynthesized by
alternatively splicing. Overexpression of APP770 and APP751 are ubiquitous in a
spectrum of different cell types. APP695, the shorter isoform with the alternative splicing
at Kunitz protease inhibitor (KPI) domain, is the most abundant in neuronal cells.

Despite being overexpressed ubiquitously in different cell types, APP-gene
knockout experiments suggest that the existence of APP is not essential to cell survival.
One explanation is the existence of other homologous proteins, e.g. APLP-1 (APP-like
protein 1) that share APP function. However, APP is the one protein containing the full
AP sequence. Although much more attention has been put on its role of generating the
toxic AP peptides, several cellular functions have been proposed for APP. The N-terminus
of APP (e.g. saAPP) has been proposed to function as a membrane receptor involved in
neutrite growth, neuronal adhesion, Ca™ homeostasis, apoptosis pathway (e.g. P31
peptide) ' and synaptic plasticity, while C-terminal fragments (AICD, amyloid
intracellular domain) are believed to regulate the downstream transcription of specific

genes in the nucleus complexed with Fe65  (see Figure 1-1).
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Figure 1-1. Structure domains and functions of APP. The structure domains are made
derived from coordinates deposited in the PDB and the black letters in circle is the AB

sequence.



1.1.2 Trafficking of APP
The biosynthesis and trafficking of APP is of particular of interest, since these

cellular events can influence the secretion of Ap peptides from APP”

. The overexpression
of APP is ubiquitous across different cell types. In non-polarized cells, several post-
translational modifications occur during the transit of freshly biosynthesized APP from the
nucleus to the plasma membrane. About 90 % of APP is post-transnationally modified by
N-, O-glycosylation, phosphorylation or tyrosine sulphation on the EC or IC domain and
localized in the Golgi apparatus and trans Golgi network (TGN) at steady state. Only ~
10% of nascent APP can be trafficked to the plasma membranes but rapidly internalized
through the endocytosis pathway because of the internalization sequence of YENPTY
(APP 682-687 in the APP695 isoform numbering). In neuronal cells, the trafficking and
distribution of synthesized APP from endoplasmic reticulum (ER) are highly polarized in
soma (cell body), axons and dendrites where distinct sets of lipid or protein molecules can
regulate the trafficking and processing. In neuronal cells, the trafficking of APP from ER
to Golgi apparatus and trans Golgi network (TGN) is similar to the case in non-polarized
cells and the neuronal soma. The route to axons and dendrites is transmitted through post-
Golgi transport vesicles. (i.e. APP delivery to axons uses the axonal fast transport system
where kinesin-1 serves as a micro tubular motor protein with a unidirectional movement.

Retrograde transportation is also observed with slightly slower kinetics by Kaether et al,,

2000.
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Figure 1-2. Secretion and intracellular trafficking of APP in non-polarized cells. In
step 1, newly biosynthesized APP (shown in a black bar) is secretory to the plasma membrane
through ER and Golgi. Most of the APP are post-translationally modified and kept in the Golgi
apparatus (1)(shown in a black bar with light blue circles). About 10 % of nascent APP is transited
to the plasma membrane and rapidly internalized through the endocytosis pathway where the p—
cleavage occurs (2), or through the recycling organelles to the cell surfaces (3). The illustration is
adapted and modified from the review article ¥/



1.1.3 APP degradation and AP secretion in the non- amyloidogenic and

amyloidogenic pathway

Other than the generation of AP from the metabolism with B- and y-secretase,
several degradation pathways have been found, i.e. FBL-2 (F-box and leucine rich repeat
protein 2) binding in the C-terminus of APP can promote the ubiquitination-dependent
degradation and the inhibition of endocytosis where AP are generated “ and HtrA2, a
stress-responsive chaperone-protease which acts as a binding protein to the N-terminal
cysteine rich domain of APP, regulates ER-associated degradation via the proteasome
degradation pathway. The processing of APP via the endocytosis pathway has been
classified as non-amyloidogenic or amyloidogenic pathway depending on the generation
of amyloid AP peptides. In the non-amyloidogenic pathway, APP is first cleaved at
K16/L17 by o—secretase in plasma membranes, which releases a soluble fragment, called
soluble oo APP (saAPP) and C-terminal fragment (a-CTF, or called C83). Shorter, non-
amyloidogenic AP, 17-42 or 17-40 species (P3 fragments), are generated from the
cleavage of a-CTF by y—secretase with the fact that the a-CTF serves as a y—secretase
inhibitor by blocking the secretion of AP40 or Ap42 @. In the amyloidogenic pathway,
APP is cleaved at the B-cut site (Met596-Asp597, Asp597 corresponding to the Aspl in
the AP numbering) by B-secretase (BACE-1 or -2). The cleavage also releases an
extracellular soluble fragment, call soluble B APP (sBAPP) and B-CTF (or also called C99)
in bilayers. AP peptides (38, 40 and 42) are released from B-CTF peptides after
intramembranous cleavage by y—secretase complex (see Figure 1-3). BACEI is the first
enzyme catalyzing the B-site cleavage. The overexpression of BACE-1 can enhance AP

production, while the knockout BACE-1 and -2 can completely block Ap generation .
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Figure 1-3. Processing of APP and AP secretion. Processing of APP is a two-step
sequential cleavage. Depending on the AP secretion, the processing can be classified as
non-amyloidogenic (a—secretase pathway) and non-amyloidogenic (f—secretase pathway).



The y-secretase complex is composed of several proteins (Presenilin 1/2 (PS1/2),
Nicastrin (Nct), Pen2, and Aphl) that are considered to be necessary and sufficient for the
enzymatic activity. The catalytic subunit of the y-secretase complex is Presenilin 1 (or its
isoform, Presenilin 2), a nine-TM helix intramembraneous aspartyl protease. The catalytic
core contains two aspartic acids residues, Asp257 and Asp385 in TM helix 6 and 7,
respectively that catalyze that cleavage of multiple peptide bonds stretching from the
middle of TM helix of B-CTF to the intracellular side of the TM helix . Ap peptides with
different lengths are resulted from this loose enzymatic specificity. Two major proteolytic
fragments are AB40 and AP42 peptides. AB40 peptides are preferentially released and less
toxic, while the minor products, AB42 peptides are capable of initiating the nucleation of

AB peptides in vitro and show highly toxic to neurons in vivo ¥ (see Figure 1-4 below).
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Figure 1-4. The second cut on TM domain is a multiple-site cleavage by the 7y-

secretase complex. AP 1-38, 1-40 and 1-42 peptides are three major cleavage products.
AB1-40 and 1-42 productions are shown here.



During the sequential processing, several fragments are sequentially produced.
C99 (or referred as B-CTF), C-terminal 99 residues, containing the full length of AP
peptides, is residing on the membrane bilayers after the liberation of soluble EC domain
by B-secretase (Figure 1-4). C99 is an accessible substrate of the y-secretase complex and
the enzymatic cleavage of C99 will release AP peptides into EC space or lumen and
liberate amyloid precursor protein intracellular domain (AICD) into the cytosol, which has
been suggested to mediate the transcriptional signaling in the nucleus by complexing with
Fe65 and the histone acetyltransferase, Tip60, or to activate the organization of actin

dynamics by regulating some specific gene transcription .
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Figure 1-5. APP processing fragments. Different-length cleavage products during

secretase proteolysis are shown.

11



The detection of AP peptides and AICD was used to identify the APP
intramembraneous proteolytic processing by the y-secretase complex. Since the secretion
of AP peptides has been identified from the regular metabolism processing of APP in
cells, it was first proposed that two distinct proteases or a single enzyme could process the
y-cleavage with loose specificity. In one model, the lack of correlation between AICD and
AP peptides production was used to propose that multiple-site cleavages might be
associated with two distinct enzymes @ . In disagreement with the first model, a lack of
detection of a longer form of AICD has raised the possibility of progressive cleavage "
2 More recently, the detection of equal molar of AP peptides and AICD production by
the immunoblotting has further supported to build up the progressive model by a single
enzyme /% '7, the y-secretase complex, where the e-site cleavage is first to be processed
near the boundary of TM and JM domain, while the following cleavages are carried out
every three residues till the release of AB40 or 42 into EC space or lumen. Additional
evidence supporting this model is the identification of the intermediates, AB46 peptides,
during the processing by analytical MASS spectroscopy and western blotting with length-
dependent antibodies ¥ Importantly, the suppression of AP40 can lead to the
accumulation of this longer peptide regardless of AP42 secretion where two distinct
cleavage pathway for AB40 (i.e. AB49 - AB46 - AP43 - AP40) and AP42 (i.e. AP4S -
AP45- AP42- AP38) have been proposed "7 . Longer AP peptides are successively
processed till TM region is not long enough to reside in the catalytic cavity and eventually
partitions out of the membrane. An alternative explanation is the loose specificity caused
by the adjustment of TM position in the membrane bilayer, in which the thickness of

bilayers varies in different subcellular locations Y.
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Figure 1-6. Two proposed cleavage models. In multiple-site cleavage by
two distinct enzyme model (1), different length AP peptides are released
by two different enzyme cleavage.
enzyme model (2), different length AP peptides are released from
sequential cleavage by single enzyme.
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1.2 TM domains mediate the homodimer formation of B-CTF

The TM segment of B-CTF is unusual in containing three consecutive GxxxG
motifs in the N-terminal sequence and a GxxxA motif about halfway of TM domain,
which both are well known for mediating TM dimerization in bilayers. Several in vivo, or
in vitro studies have targeted this motif, and found that mutations alter the AP secretion
(1929 The fluorescence resonance energy transfer (FRET) experiments by Munter et al.
showed that wild-type APP labeled with YFP and CFP can co-localize in the membrane of
living cells of SH-SYSY cells and the mutations on G29A and G33A can impair the TM
dimerization leading to reduced AP42 production “”. The studies of chemical-induced
dimerization by Eggert ef al. also show that induced dimerization of APP or B-CTF can
reduce the total AB production without changing the AB42/AB40 ratio “”. Additionally,
biophysical studies by Gorman et al showed that the TM domain of APP can form
homodimer in micelles or lipid bilayers and suggested that the dimer-to-monomer
transition of APP TM peptide upon familial mutation below the GxxxG motifs causes
higher AB42/AB40 ratio “”. Our structure studies further identified three consecutive
GxxxG motifs can mediate the dimerization of TM domain in bilayers, but not the GxxxA
motif that is comparable to the TM interface in Glycophorin right-handed homodimer
structures can not (see Figure 1-7 below). Taken together, structure studies and mutation
studies all point to a model in which the dimerization can affect the APP processing,
although how the TM dimerization influences the cleavage by y-secretase is not
conclusive. The other distinct feature of the APP TM sequence is the cluster of B—
branched amino acids (Thr, Val and Ile) in the C-terminus right below the y-cut site

releasing the AP42 peptides. The bulky and steric side chains of f—branched amino acids

14



are known to destabilize the typical o—helix. Several familial mutations found at this four-

residue cluster (Thr43-Val44-Ile45-Val46) can influence A secretion.

15



(1) GxxxG-mediated homodimer (2) GxxxA-mediated homodimer
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Gly38 Gly3s
Alad2 Alad2

Figure 1-7. Two potential homodimer structures. Two low energy
structures are generated from CHI simulation with GxxxG and GxxxA
dimeric interface (see the detail in the Chapter 2 and Chapter3).
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1.3 Extracellular domains of B-CTF regulates the Ap production

Unlike the mutations within TM sequence that can directly influence the catalytic
core of the enzyme, several allosteric sites on the y—secretase complex have been
identified as the drug target binding sites to modulate the cleavage of A peptides from -
CTF. Recently, several familial mutations on the EC sequence have been verified to
influence the APP processing allosterically, A aggregation or neuronal toxicity. The
studies by Tian et al. showed that the extracellular sequence from Leul7 to Asp23
including the hydrophobic core of Leul7-Vall8-Phe19-Phe20 sequence that mediates the
formation of AP oligomers and fibrils, and a tri-residue mutational cluster at Ala21-Glu-
22-Asp23, influence production of AP peptides cleaved from B-CTF. Deletion of this
seven-residue sequence promotes the secretion of total AP peptides by increasing the
activity of y-secretase, suggesting that in the wild-type protein it functions as an inhibitory
domain ?”. Furthermore, the mutation at Ala21 to Gly but not at Glu22 and Asp23 can
disrupt this inhibitory domain without changing the upstream hydrophobic sequence of

Leul7-Vall18-Phel19-Phe20.

1.4 Familial and artificial mutations in APP sequence
AP38, 40, and 42, are most abundant secreted peptides from B-CTF generated by

the y-cleavage ?” . There are at least three clusters of FAD mutations in APP that are
located close to the o, P and y-cleavage sites, which may influence the proteolytic
processing to favor increased total, or AB42/Ap40 production. The first cluster is located
near the position of the [B-secretase cleavage site at Met596-Asp597. (The substrate

numbering is based on the APP695 isoform of APP. Asp597 corresponds to the first
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residue (i.e. Aspl) of the B-CTF. In the following, we use the f-CTF numbering, which

coincides with the numbering of the AP peptides.) Several of the mutations within the

- 28,29
first cluster can increase cleavage by B-secretase ** 2”

, and engineered mutations within
this cluster are widely used to enhance the secretion of Ap from APP “”. The second
cluster is between the y-cleavage site (Ala42) that releases the AP42 peptide and the
cytoplasmic end of the TM domain. Familial mutations within the third cluster increase

the ratio of AB42/ Ap40 ?”, which has been found to be correlated with the onset age of

AD ?? (in Figure 1-8).

The third cluster is located near the a-secretase cleavage site at Lys16-Leul7. The
Lys16Asn mutation is right on top of the cleavage site, and increases the production of A
peptides preferentially with higher concentration of 3-CTF. The single mutations at three
consecutive amino acids, Ala21, Glu22 and Asp23, right after the hydrophobic sequence
of Leul7 to Phe20, have very different influence on the APP processing 7. The site of
the A21G Flemish mutation “¥ is adjacent to the E22Q (Dutch), E22G (Arctic), E22K
(Italian), and D23N (Iowa) mutations “~”. The A21G mutation increases AP production
% but not via a change in a-secretase cleavage, whereas the mutations at Glu22 generally
decrease total secreted AP peptides “* Y. The E22Q ©” ¥ and D23N 7 % are
associated with cerebral amyloid angiopathy (CAA), but are not associated with an

. . . 40
increase in AP secretion *”.

We are interested in how the simple alanine to glycine
mutation at position 21, which is midway between the  and y cleavage sites, can have

such a dramatic influence on APP processing.
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Several residues surrounding the A21G mutation that have not been implicated in

9 suggested that the

early-onset AD are found to influence APP processing. Tian ef al.
L17-V18-F19-F20-A21 sequence is part of an inhibitory motif that modulates y-secretase
processing. Upon deletion of this motif, the catalytic efficiency of y-secretase increases
42-fold compared to the full-length B-CTF. The A21G mutation can severely impair the
inhibitory effect of this region, generating more AP species (APB38, AP40 and AP42),
implying that the interaction between APP and y-secretase is altered upon mutation. In
contrast, mutations in the G25-S26-N27-K28 region, which is a few residues C terminal to

position 21, have the opposite effect. Ren er al. “” found that mutations at Ser26 and

Lys28 reduce secreted AP without a corresponding loss of the AICD cleavage product.
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Figure 1-8. The diagram of familial mutations on APP. Three clusters of mutations on
APP are shown corresponding to the a-, B- and y-secretase cleavage site.
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1.5 Structure of Presenilin / SPP homologue (PSH) and proposed molecular

mechanism for the processing of APP

The y-secretase complex has a diverse set of type I membrane protein substrates
(a single-pass TM helix with N-terminus in the extracellular space versus C-terminus in
the cytoplasm). Notch, Cd44, ErbB4, and E-cadherin are cleaved by the y-secretase in
vivo. These substrates are all cleaved near the intracellular TM-JM boundary. However,
like APP, Notch, and Cd44 are also cleaved in the middle of the TM domain, although

their sequences are not conserved.

The y-secretase complex composed of Presenilin 1/2 (PS1/2), Nicastrin (Nct),
Pen2, and Aphl has been thought to be necessary and sufficient for its full enzymatic
activity. Nicastrin, and Aphl help the stabilization of enzyme. Pen2, a two-helix
transmembrane protein is required for the maturation of enzymatic activity. The catalytic
subunit of the y-secretase complex is Presenilin 1/2, a nine-helix intramembraneous
aspartyl protease. The catalytic aspartyl core containing two aspartic acids, Asp257 in TM
helix 6 and Asp385 in helix 7 performed the multiple scissions of peptide bonds spanning
from C-terminus to the middle of TM helix of APP . Several familial mutations near the
TM6 and TM7 have been found to influence the processing of its substrate. For instance,

G384A can promote the production of Ap42 7.

Only fragments of Presenilin structures have been reported. No atomic resolution
full structure of y—secretase complex has been resolved. However, several studies have
targeted to elucidate the intramembranous mechanism of Presenilin 1/2 by looking at its

homologous protein. Similar to the other aspartyl protease, like pepsins, the proteolytic
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reaction need water molecules accessible to the enzymatic core and two catalytical
aspartic acids lie within hydrogen-bonding distance. The structure study of homologous
Presenilin family by Xiaochun Li et al. in 2012 that shares a 53% sequence similarity with
Presenilin shows two distinct structure features, 1) a hydrophobic hole surrounding by
TM2/TM3/TMS5/TM7 allowing a potential tunnel for ion passage, lipid binding or other
regulatory protein binding and ii) a large solvent accessible cavity in facing the cytoplasm
where two catalytic aspartic acids reside (the homology modeling of PS1 based on PSH
structures in Figure 1-9). The structure feature is consistent with precious cryoEM
structure with potential water accessible space. The studies also showed that the two
catalytic aspartic acids in Helix 6 and Helix 7 are in distance of 6.7 A, more than two
times distance of hydrogen bonds that implies the induce-to-fit mechanism upon the
binding of substrate to the enzyme. The organization of TM helices presents a plausible
explanation of how the hydrophobic substrates enter into the hydrophilic catalytic
environment that is maintained or packed by hydrophobic helices and segregated from
membrane bilayers. Two potential routes via the space between TM6 and TM9 or TM6
and TM2 are proposed to involve in the substrate entry. Several lines of experiments
support the first possibility, e.g. TM9 is directly involved in the substrate binding by
photo-affinity labeling results. In contrast, the entry between TM6 and TM2 is hindered by
the bulky residues of Trp161 in TM6 and Met216/Met223 in TM7 in the lateral passage.
The structure studies provides a molecular mechanism where the p—CTF substrate can be
accommodated and processed. However, how the abnormal secretion of AP peptides (i.e.
increased total secretion or AB42/ AP 40 ratio) upon mutation occurs is still elusive and

can attribute to the structure change of substrates or the alteration of substrate-to-enzyme
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Figure 1-9. The proposed orientation for the y—secretase complex. The two TM helices
in Pen-2 interact with TM4 of PS1, whereas both NCT and Aph-1 were reported to bind
the CTF of PS1. (The picture is adapted from Xiaochun Li et al.)
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1.6 Cholesterol and the processing of APP

Both familial mutations and environmental factors are known to influence A
processing by y-secretase. For example, a higher concentration of serum cholesterol has
been statically observed in AD patients as risk factor for Alzheimer’s disease “”. The
hypercholesterolemia leads to increase more AP deposition, and intraneuronal
accumulation of toxic AP oligomers on transgenic mice “* *”. Many cellular factors
appear to influence the overall level of secreted AP peptides and the Ap42/ AB40 ratio.

The presence of cholesterol and cholesterol-rich domains is linked to p-secretase, y-

B

secretase activity and the level of secreted A Depletion of cholesterol inhibits y-

secretase and AP secretion, while addition of cholesterol enhances y-secretase activity “*

¥ Using y-secretase functionally reconstituted into proteoliposomes, Selkoe and
coworkers “ found that the optimal cholesterol concentration for Ap42 production was

the same as that for Af40. This observation implies that cholesterol does not influence the

AP42/ AP40 ratio, but rather the overall level of secreted AP peptide.

1.7 Summary and objectives

The intramembranous cleavage by y—secretase is unusual on the multiple-site cuts
releasing A peptides with 38-42 residue in length. Early-onset AD familial mutations can
influence the production of AP peptides. In this thesis, I have focused on two sites on the
APP protein where FAD mutations are clustered.

The first cluster is in the extracellular domain of the protein close to the TM

boundary. The A21G (Flemish), E22Q (Dutch), E22G (Arctic), E22K (Italian), and D23N
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(Iowa) mutations are at the positions that link the extracellular (EC) hydrophobic residues
of L17-V18-F19-F20 and TM domain and have very different effects on APP processing.
I have focused on the A21G mutation, which increases the Af secretion by more than 3-
fold from APP.

The second cluster is within the TM domain, below the position of Ala42, the vy-
secretase cut site that releases the AP42 peptides. A stretch of four B -branched amino
acids when mutated individually increases the AP42/Af40 ratio. I have focused on the

T431 mutation, which increases the AB42/Ap40 ratio by 8-fold.
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Chapter 2. Materials and Methods

We mainly use the biophysical methods to study the structures of N-terminal EC
and TM domain of the amyloid precursor proteins in bilayer systems. We intend to
correlate the structural variation of wild-type and mutant B-CTF to the processing event,
e.g. the production of AB42 and AB40 peptide, and the AB42/40 ratio upon familial AD or

non-genetic mutations on EC and TM sequence.

2.1 Lipids, detergents, and amino acids
Dimyristoylphosphocholine (DMPC), dimyristoylphospho-glycerol (DMPG), 1,2-
dihexanoyl-sn-glycero-3-phosphocholine (DHPC), 1-myristoyl-2-hydroxy-sn-glycero-3-

phosphate (sodium salt) (LMPG), octyl-pB-glucoside ($-OG), 1-palmitoyl,2-oleoyl-
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phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS) and
Cholesterol were obtained from Avanti Polar Lipids (Alabaster, AL). C and ""N-labeled

amino acids were purchased from Cambridge Isotope Laboratories (Andover, MA).

2.2 Synthetic APP TM and JM (juxtamembrane) peptides
2.2.1 Peptide synthesis

Synthetic peptides corresponding to the juxtamembrane and transmembrane
domain of the amyloid precursor protein were synthesized by the solid-phase methods at
the Keck Biotechnology Resource Laboratory in Yale University (for C55 peptides
corresponding to the TM and JM regions of APP, residues 1-55 in the AP sequence
numbering) or at the Institute for Protein Research, Osaka University (C43 peptides,
residues 22-65 in the AP sequence numbering). The purity was confirmed with MALDI
mass spectrometry and analytical reverse phase HPLC. The synthesized peptides
incorporated with °C labeled amino acids on the sequence for APP TM peptides and C55

are listed below.

A) Selectively labeled APP-TM wild-type peptides for the Glycine-rich region and (-
branched amino acid regions:

1) APP TM peptide: EDVGSNKGAIIG(2-13C)LMVGGVVIATVIVITLV(1-13C)ML
KKKQYTSIHHGV

2) APP TM peptide: EDVGSNKGAIIG(1-13C)LMVGGVVIATV(U-13C)IVITLVMLK
KKQYTSIH HGV

3) APP TM peptide: EDVGSNKGAIIGLMVG(1-13C)GVV(U-13C)IATVIV ITL(2H)
VMLKKKQYTSIHHGV

4) APP TM peptide: EDVGSNKGAIIGLMVG(2-13C)GVVIATVI(U-13C)VITLVML
(2H)KK KQYTSIHHGV

5) APP TM peptide: EDVGSNKGAIGL(2H)MVGG(1-13C)VVI(U-13C)ATVIVITL
VMLKK KQYTSIHHGV
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6) APP TM peptide: EDVGSNKGAIIGLM(2H)VGG(2-13C)VVIA(3-13C)TVIVITLV
MLKK KQYTSIHHGV

7) APP TM peptide: EDVGSNKGAIIGLMVGG(2-13C)VVIA(1-13C)TVIVITLVMLK
KKQY TSIHHGV

(B) Selectively labeled wild-type APP-TM peptides for the TM-JM boundary:

8) APP TM peptide: EDVGSNKGAIIGLMVGGVVIATVIVITL(1-13C)VMLKKKQYT
SIHHGV

9) APP TM peptide: EDVGSNKGAIIG(2-13C)LMVGGVVIATVIVITLV(1-13C)MLK
KKQY TSIHHGV

10) APP TM peptide: EDVGSNKG(2-13C)AIIGLMVGGVVIATVIVITLVM(1-13C)LK
KKQ YTSIHHGV

11) APP TM peptide: EDVGSNKGAIIGLMVGGVVIATVIVITLVML(1-13C)KKKQY
TSI HHGV

(C) Selectively labeled APP-TM T43I mutant peptides:

12) APP TM peptide: RREPPEDVGSNKGAIIGLM(2H)VG(1-13C)GVVIATV(U-
13C)IVITLVMLKKKQYTSIHHGV

13) APP TM peptide: RRWPPEDVGSNKGAIIGLM(2H)VG(2-13C)GVVIA(U-
13C)TVI(U-13C)VITL VMLKKKQYTSIHHGV

14) APP TM peptide: EDVGSNKGAIGLMVGGVVIAIVIV(U-13C)ITLVM(U-
13C)LKKKQYTSIHHGV

15) APP TM peptide: EDVGSNKGAIIGLMVGGVVIAIVIVI(U-13C)TLVML(U-
13C)KKKQYTSIHHGV

16) APP TM peptide: EDVGSNKGAIIGLMVGGVVIAIVIVITL(U-13C)V(U-13C)
MLKKKQYTSIHHGV

(D) Selectively labeled C55 peptides for the intrahelical contact (G25xxxG29):

17) APP TM peptide (wild-type): DAEFRHDSGYEVHHQKL(1,2-Leu)VFFAEDVG(1-
13C Gly)S N KG(2-13C Gly)A(U-13C Ala) IGLMVGGV VIATVIVITLVMLKKK

18) APP TM peptide (Flemish): DAEFRHDSGYEVHHQKL(1,2-Leu)VFFGEDVG(1-
13C Gly) SNKG(2-13C Gly)A(U-13C Ala) IGLMVGGV VIATVIVITLVMLKKK

(E) Selectively labeled C55 peptides for the dimeric interface (G33xxxG or GxxxA42)
and TM regions:

19) APP TM peptide (wild-type): DAEFRHDSGYEVHHQKLVFFAEDVGSNKGA I(1-
13C) IG(1-13C)LMVGGV VIA(3-13C)TVIVITLVMLKKK

20) APP TM peptide (wild-type): DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAI
IG(2-13C)LMVGGYV VIA(1-13C)TVIVITLVMLKKK
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21) APP TM peptide (Flemish): DAEFRHDSGYEVHHQKLVFFGEDVGSNKGA I(1-
13C) IG(1-13C)LMVGGV VIA(3-13C)TVIVITLVMLKKK

22) APP TM peptide (Flemish): DAEFRHDSGYEVHHQKLVFFGEDVGSNKGAI IG(2-
13C)LMVGGV VIA(1-13C)TVIVITLVMLKKK

(F) Selectively labeled C55 peptides for the extracellular and TM regions:

22) APP ™ peptide (wild-type): DAEFRHDSGYEVHHQKLVF(U-
13C,15N)FAEDV(U-13C,15N)G(U-13C,15N)SNKGAIIGLMVGGV
VIATVIVITLVMLKKK

23) APP TM peptide (Flemish): DAEFRHDSGYEVHHQKLVF(U-13C,15N)FGEDV(U-
13C,15N)G(U-13C,15N)SNKGAIl GLMVGGV VIATVIVITLVMLKKK

24) APP TM peptide (wild-type): DAEFRHDSGYEVHHQKLVFF(U-13C,15N)
AENVGSNKG(U-13C,15N)AIIGLMVGGV VIATVIVITLVMLKKK

25) APP TM peptide (Flemish): DAEFRHDSGYEVHHQKLVFF(U-13C,15N)
GEDVGSNKG(U-13C,15N)AIIGLMVGGV VIATVIVITLVMLKKK

26) APP TM peptide (wild-type): DAEFRHDSGYEVHHQKLV(U-13C,15N)FFA(U-
13C,15N)EDVGSNKGAIIGLMVGGYV VIATVIVITLVMLKKK

27) APP TM peptide (Flemish): DAEFRHDSGYEVHHQKLV(U-13C,15N)FFG(U-
13C,15N)EDVGSNKGAIIGLMVGGYV VIATVIVITLVMLKKK

(G) Selectively labeled C55 peptides for Dutch (E22Q) and Iowa (D23N) mutant:

28) Dutch C55 mutant: DAEFRHDSGYEVHHQKLVF(U-13C,15N)FAQDV(U-13C,15
N) G(U-13C,15N)SNKG AIIGLMVGGV VIATVIVITLVMLKKK

29) Iowa C55 mutant: DAEFRHDSGYEVHHQKLVF(U-13C,15N)FAENV(U-13C,15N)
G(U-13C,15N) SNKG AIIG LMVGGYV VIATVIVITLVMLKKK

2.3 Recombinant C55 (N-terminal 55 residue of B-CTF)
2.3.1 Peptide expression in bacteria

The 55 residues containing the full-length AP, transmembrane domain and a few
residues in the juxtamembrane sequence (KKK) of amyloid precursor protein are
subcloned into a pET21a vector with the added N-terminal methionine (start codon), and

an attached linker/6 His-tag (KLAAALEHHHHHH) at the end of sequence. The plasmid
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harboring target DNA sequences then is transformed into BL21 E. coli strain, and plated
on Lauria-Bertani broth (LB)/Ampicillin plates. A single colony on the plate is inoculated
in 5 ml of LB/Ampicillin medium overnight at 37 °C at 180 rpm (O.D.o,, ~1.8). The
cultured medium is spun down at 4 °C, and cells are re-suspended and cultured in 25 ml of
sterilized LB medium or M9 minimal medium (40 mM Na,HPO,, 20 mM KH,PO,, 10
mM NaCl, 0.1% NH,CI, 0.2% glucose, and pH 7.0 supplemented with 0.1 mM CaCl,, 1
mM MgSO,, trace elements, and vitamin B) containing Ampicillin (0.1 mg/ml), until the
0.D.¢reaches 0.6. The cultured medium is inoculated to the sterilized 1 L of LB broth
medium or (M9 minimal medium) at 37 °C at 180 rpm, until the O.D. reaches ~ 0.8. The
cells are induced with 1 mM of isopropyl-thiogalactoside (IPTG) for 16 h at 23 °C at 180
rpm. The induced cells (~1.5 gram) are then spun down at 6,000 g, re-suspended in the 35
ml of ice-cold lysis buffer (75 mM Tris, 300 mM NaCl, 0.2 mM EDTA, and pH 7.8), and
passed through a French pressure cell press (SLM AMINCO) twice at 1000 psi. The
harvested cells are spun down at 25,000 g, and the pellets containing C55 proteins are

subjected to the subsequent purification.

2.3.2 Recombinant peptide purification

The pellets are washed with the 35 ml of lysis buffer, and spun down at 25,000 g
for 20 min till the washed solution becomes clear (usually with 3 iterations). The spun-
down pellets are dissolved in 35 ml of urea/SDS buffer (20 mM Tris, 150 mM NaCl, 8 M
urea, 0.2% SDS, pH 7.8). The pellet is first homogenized with an 18G 11/2 needle to

increase the solvent exposed surface, and mixed well overnight (~ 16 hours) at room
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temperature until the pellet is dissolved. The dissolved pellets are centrifuged at 25,000 g
for another 20 min. The supernatants are pooled with the pre-equilibrium Nickel beads for
2 hours (2.5 ml of resin for 1 gram of cells pellet). The beads are then washed with 8 bed
volumes of urea/SDS buffer, 8 bed volumes of SDS rinse buffer (20 mM Tris, 150 mM
NaCl, 0.2% SDS, pH 7.8), and 8 bed volumes of detergent-contained Tris-buffered saline
buffer (20 mM Tris HCI, 200 mM NaCl, pH 7.8) in a pulsed manner. The proteins are
refolded, and eluted with 250 mM imidazole in Tris-buffered saline solution (pH 7.8)
containing detergent. The eluted fractions are collected, and checked by SDS-PAGE. The
protein concentration is estimated with 280 nm absorbance using an extinction coefficient
of 1490 M"' cm™, after removal of imidazole with an Amicon ultra spin concentrator (3
kDa MWCO). The residual imidazole is checked with the SEC column or solution NMR
1D 'H spectrum. The protein purity was further confirmed with mass spectroscopy

(MALDI-TOF).

2.4 Reconstitution of TM and CS5S peptides
2.4.1 Reconstitution of CS5S peptides in detergent micelles

The C55 peptides were solubilized in detergent, e.g. dodecyl phosphocholine
(DPC) or octyl-B-glucoside (B-OG) in hexafluoroisopropanol (HFIP) depending on
purposes. The molar ratio of peptide: detergent was 1: 200. The mixture containing C55
peptide was incubated for 3 hours at 27 °C, and then the solvent is removed under a

stream of argon gas and then under vacuum overnight. MES buffer (5 mM MES, 50 mM
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NaCl, pH 6.2) was added to the solids from the previous step and gently mixed at room

temperature for 3 hours.

2.4.2 Reconstitution of peptides in lipid bilayers

The C55 peptides were co-solubilized in DMPC, DMPG, and octyl-B-glucoside in
HFIP. The peptide: lipid molar ratio was 1:50. The molar ratio for DMPC: DMPG was 10:
3. (POPC: POPS in 10:3, and POPC: POPS: Cholesterol in 10: 3: 5.2). POPC is abundant
in plasma membranes and exhibits a continuous transition from a liquid disordered state to
liquid ordered state with the addition of cholesterol “”. The mixture containing C43
peptide was incubated for 3 hours at 37 °C (C55 peptide at 30 °C), and then the solvent is
removed under a stream of argon gas and then under vacuum overnight. MES buffer (5
mM MES, 50 mM NacCl, pH 6.2) was added to the solid from the previous step and gently
mixed at 30 °C for C55 peptides for 6 h. The octyl-B-glucoside was removed by dialysis
©% The reconstituted membranes (100 pl) were subject to FTIR analysis, and then the

samples are pelleted and loaded into NMR rotors.

2.4.3 Reconstitution of C5S5 into bicelles.

The CS55 peptides were eluted from the Ni column and refolded with 16 mM
DHPC (Avanti lipids) in the elution buffer as described above. The fractions containing
purified protein were collected on the basis of the absorbance at 280 nm. The peptide-to-
lipid ratio was 1: 50 in bicelles with different q values (0.25, 0.35, 1.0, and 2.0) by adding

proper amounts of lipids in the protein stock solutions. The samples of peptides
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reconstituted into bicelles were prepared as described in °” by several cool-and-thaw

cycles until the samples appear clear or homogeneous.

2.5 Polarized attenuated total reflection (ATR) Fourier transformed infrared (FTIR)
analysis

ATR FTIR spectra were obtained on a Bruker IFS 66V/S spectrometer with a
vacuum system (down to 5 mtorr). ATR-FTIR spectroscopy was used to characterize the
global secondary structures, and the orientation of transmembrane domain of C55 in
bilayers. The reconstituted peptides in bilayers were layered down on a germanium plate
with the incident IR beam at 45°. The laser beam (wavelength at 633 nm) is used to
calibrate the distance in the interferometer corresponding to the IR beam. The amide I
vibrational frequency (1600 — 1700 c¢m™) is sensitive and used to characterize the
secondary structures. The amide I frequency between 1650 - 1660 cm™ is characteristic of
a-helix, while the amide I frequency between 1640 - 1620 cm™ is characteristic of B-sheet
conformation for the non-isotope labeled proteins. The absorbance difference between 90°
and 0° of polarized light provides information on the orientation of transmembrane helices
relative to the normal of bilayers. The dichroic ratio (I,/I,) on transmembrane helices is
used to calculate the tilt angle, with the value of o = 41.8° based on parallel measurements
on bacteriorhodopsin *”. The dichroic ratio is also used to estimate the reconstitution

quality (homogeneity) of TM helix in membrane bilayers.

33



Sample

Sample holder
B\ﬂ \\ // \\ \'\\\ //\\\ ’/\\\ \\ y 4 >/\
e \\\
“a
IR incident light Ge ATR crystal To MCT detector

Figure 2-1. The diagram for the ATR plate. Samples are gently layered on the
Germanium window, which is an optical element with a high refractive index for total
reflection.
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2.6 Magic angle spinning (MAS) nuclear magnetic resonance (NMR) spectroscopy
MAS NMR experiments were performed at a 'H frequency of 500 MHz and 600
MHz (or at C frequency of 125 MHz and 150 MHz) on a Bruker AVANCE
spectrometer. The MAS spinning rate was set to 9-11 KHz + 10 Hz. The ramped
amplitude cross polarization contact time was 2 ms. Two-pulse phase-modulated
decoupling was used during the evolution and acquisition periods with the field strength of
80 kHz. Internuclear "°C..."C distance constraints were obtained from 2D DARR (dipolar

(52)

assisted rotational resonance) NMR experiments “ using a mixing time of 600 ms. The

sample temperature was maintained at 198 K + 2 K.
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DARR (Dipolar assisted recoupling resonance)

1|"‘| o Decoupling Mixing Decoupling

BC [cp t,

Figure 2-2. The 2D DARR (Dipolar assisted recoupling resonance)
pulse sequence used in characterization of dimeric interfaces in APP
TM or C55 peptides in bilayers. CP stands for cross polarization. t1 and
t2 are time increments for the second and first dimension. Dipolar re-
coupling is during mixing time.
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2.7 Solution nuclear magnetic resonance (NMR) spectroscopy
2.7.1 TROSY HSQC spectrum of wild-type CS55 in different detergent systems
(Heteronuclear Single Quantum Coherence)

The recombinant proteins are produced, purified and reconstituted into different
detergent systems as described above. The concentration of reconstituted protein is about
0.8 mM based on UVgonm with a distinction coefficient of 1490 M. em™. The spectrum
are collected at 45 degree to increase the molecular tumbling and better resolution. The
detergent systems of SDS, DHPC, B-OG and LMPG are screened to optimize the best
condition for multi-dimensional experiments. To get backbone chemical shift information
(e.g. C=0, Ca and Cp) of C55 protein in micelles, multi-dimensional NMR experiments
are performed. TROSY (transverse-relaxation optimized spectroscopy) type of HNCO,
CBCA(CO)NH and CBCANH spectrum are collected and analyzed for the sequential

assignment.

2.8 Computational simulations

The CNS Helix Interactions (CHI) simulation protocol is a computational global
searching program for determining low-energy conformations of helix-helix interaction
with improved packing interactions between helices ®”. Computational searches were
carried out on the wild-type APP TM (from Gly29 to Leu52) sequences. Input parameters,
such as the peptide sequence, the separation between helices, and sampling step size, were
initiated, and two canonical helices were generated based on the sequence for calculation.

Each helix was rotated relative to one another from 0° to 360° with a sampling step size of
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45° at helix separations of 8.5 A to 10.5 A to find low energy conformations of helix
dimers. Both right-handed and left-handed conformations were searched. The crossing
angles and rotations were variable. Energy minimized conformations were first placed on
an initial grid. When there were more than five structures with a root mean square
deviation of 1 A or less, these conformations is categorized as a “cluster” and the
individual minimized structures in each low energy cluster were averaged and re-
minimized. The computational search was done under vacuum conditions (dielectric
constant € = 1) to mimic the low dielectric environment within the hydrophobic core of

bilayer membranes.

2.9 Measurement of AP secretion from APP, 3-CTF (or C99) and C55 in vivo
Secretion of AP peptides is measured by MESOSCALE kit (Meso Scale
Discovery, Gaithersburg, MD, USA) in Professor Pascal Kienlen-Campard’s lab in
Institute of Neuroscience in University Catholique de Louvain in Belgium. AB production
was monitored in the culture media 48 h after transfection in CHO (Chinese Hamster
Ovary) cell lines. Briefly, samples were cleared by centrifugation (12,000 g, 3 min, 4 °C).
The level of APP, the B-CTF, or C55 overexpression is normalized by the method of
Western blotting. AB38, AB40 and AP42 secretions were quantified in 25 ul of cellular
medium by multiplex ECLIA (Electrochemical Luminescence) to its corresponding anti-
AP catch antibody. The measurement is carried out according to the manufacturer’s
instructions for detail, and the schematic illustration is shown in Figure 2-2 (the

illustration is adapted from the website of Meso Scale Discovery, Gaithersburg, MD,
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USA). Three steps of signal amplification are involved, including electrochemistry
ignition step, chemical energy conversion and luminescence light as measured signal. The
detection sensitivity and accuracy can be calibrated based on the corresponding purified
AP peptides, e.g. AB38, AB40 and AB42 and optimized to the range of sub pg /ml for AP
peptides and the dynamic range is increased to 3-4 logs compared to a normal ELISA

(enzyme-linked immunosorbent assay) measurement.
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Figure 2-3. Illustration of ECLIA method. The upper panel show the three-step
amplification and the lower panel presents that the AP peptides recognized by the pre-
immobilized anti-Af capture antibody on the carbon surface well are conjugated with the
SULFO-TAG™ labels, which sequentially initiates the electrochemiluminescence
reaction. The measurement by ECLIA provides several advantages, including 1)
background signals are minimal because the stimulation mechanism (electricity) is
decoupled from the signal (light). ii)) SULFO-labels are stable, non-radioactive and offer a
choice of convenient coupling chemistry. They emit light at ~620 nm, eliminating
problems with color quenching. iii) 3x cycles of each label amplify the signal to enhance
light levels and improve the sensitivity. (the illustration is adapted from the website of
Meso Scale Discovery, Gaithersburg, MD, USA)
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Chapter 3 GxxxG motifs mediate the TM dimerization of APP in

bilayers

3.1 Introduction

The most unusual feature of APP proteolysis is the intramembraneous cleavage by
the aspartyl protease, the y-secretase complex. Several cleavage sites have been identified
that generate different length AP peptides from 38-42 residues. The y-cleavage site cuts
the APP sequence in the middle of the TM domain to predominantly produce the AB40
peptide, and to a lesser extent the AB42 and AB38 peptide. AB42 has a higher propensity
to form aggregates than the shorter isoforms and is the most toxic species generated by -
site cleavage. There is another cleavage site, referred to as the e-cleavage site, a few

residues downstream between Leu49 and Val50 that has been identified by N-terminal
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sequencing of the AICD peptide.

To address the mechanism of intramembranous proteolysis, we focus on the
structure of the TM domain of APP in membrane bilayers. Proteolysis requires local
unraveling of the helical secondary structure of the TM domain to expose backbone
carbonyl carbons for nucleophile attack by polarized water and carboxyl group of two
Aspartic acids in the enzyme active cavity. This requirement raises the question of
whether there are sequence motifs in the TM domain of APP that destabilize the helical
structure in cell membranes in a fashion similar to that proposed for the conserved Asn-
Pro sequence in the sterol regulatory element binding protein (SREBP), the substrate of

the site-2 protease 7.

3.1.1 Two unusual features of the TM sequence of APP

There are 2 unusual features of the TM sequence of APP that have the potential to
distort or destabilize local helical secondary structure (see Figure 3-1). The first is the high
density of B-branched amino acids surrounding the AB40- and AB42-cleavage sites. The -
branched amino acids (Val, Thr, and Ile) are known for a high propensity for forming
extended B-structure. Sequential B-branched residues can have a destabilizing effect on the

secondary structure of TM helices.
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wt APP: ... EDVGSNKEGAIIGLVMGG\'\'IA’I‘\']\']TL\'ML:KKK ce

Figure 3-1. Two unusual features on APP TM sequence. 1) High occurrence of glycine
residues (in red) in the N-terminus of TM region. ii) High density of B-branched amino
acids (Val, Ile and Thr in orange) in the C-terminus of TM sequence.
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The second unusual feature in the TM domain of APP is the high occurrence of
glycines upstream of the AB40- and AB42-cleavage sites. Li ef al. ®” have shown that in
the aqueous environment of SDS micelles, glycines in TM domains can promote extended
secondary structure. In the APP TM helix, glycines may play a role in helix

destabilization, particularly within the context of the y-secretase complex.

Several of the glycines in the APP TM domain occur in GxxxG motifs. However,
rather than destabilizing helical secondary structure, GxxxG motifs within TM sequences
are well known to mediate helix dimerization in membrane bilayers. Mutational studies of
APP indicate that these GxxxG glycines are important in both dimerization and APP
processing. Whereas the mutation of the GxxxG motifs has been shown to significantly
decrease the generation of AB40, the influence on dimerization is less clear. For example,
mutation of Gly29 and Gly33 to isoleucine diminishes the ability of APP to dimerize,
whereas mutation of these same residues to leucine leads to SDS-resistant dimers that
apparently adopt an interface nonproductive for y-processing “”. In contrast, recent
studies by Gorman ef al. *” have shown using fluorescence energy transfer that peptides
corresponding to the TM domain of APP dimerize and proposed that a GxxxA motif,
rather than the GxxxG sequences, mediate dimerization. They found that dimerization
influences the ratio of AB40 to AP42 produced by the y-secretase complex. Consequently,
to address the role of the TM sequence in APP processing, not only is it important to
establish the secondary structure of APP, but also to determine the helix interface that

mediates dimerization.
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3.2 Results
3.2.1 TM region of APP is globally helical in membrane bilayers

Glycines and B-branched amino acids both contribute to helix destabilization in
soluble proteins ©”. As a result, the abundance of these residues within the TM region of
APP raises the question of whether the secondary structure is locally unraveled at either
the y- or e-cut sites. Polarized IR spectroscopy can be used to establish the global
secondary structure of peptides reconstituted into membrane bilayers. In Figure 3-2,
polarized IR spectra of APP TM JM peptides exhibit an amide I vibration at 1,657 cm ™', a
frequency characteristic of o-helical structure (1650 cm'—1660 cm™). Deconvolution of
the amide I band of APP TM domain reveals only a small shoulder at lower frequency
(1,630 cm ™). The dichroic ratio of the amide I band is sensitive to the orientation of the
TM helix relative to the plane of membrane. The observed dichroic ratio of 3.46 + 0.2
corresponds to a helix orientation of 15.5° relative to the membrane normal (see the
section 2.6 of Chapter 2 for calculation). The high dichroic ratio, which also provides a
way to assess our ability to reconstitute TM peptides in a homogeneous fashion, indicates
that the APP TM peptide can be reconstituted into DMPC: DMPG (10:3) bilayers in a

stable (non-aggregated) and homogenous helical TM orientation.
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Figure 3-2. FTIR spectrum of APP TM peptide in DMPC: DMPG bilayers. The IR
absorbance at 1736 cm™ is the stretching frequency of lipid carbonyls. The vibration
frequency at 1654 cm-1 is the stretching of helical carbonyls in APP TM peptides. The
ratio of integration at 1654 cm™ to 1736 cm™ is approximately equal to 1: 2, and indicates
the molar ratio of TM peptides (43 residues) to lipids is 1: 50. The averaged dichroic ratio
(the integration ratio of Iog to Ip) of 3.46 indicates the TM helical tilt angle of 15.5° relative

to the bilayer normal.
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3.2.2 Two possible TM homodimer structures in computational searches

The ability of APP to dimerize has been suggested by cross-linking and gel
filtration, and more recently by FRET and TOXCAT measurements °”. On the basis of
the helical secondary structure observed for the TM domain of APP, we undertook
computational searches of low-energy dimer structures involving the TM domain of APP.
The strategy behind these searches is described in the section 2.9 of Chapter 2 in more
detailed.

Two clusters of low energy symmetric dimer structures are typically found in the
computational searches of APP dimers. The results at a crossing angle of 9.5 A are
presented in Figure 3-3. Similar cluster distribution is observed at a crossing angle of 8.5
A,9A,10 A, and 10.5 A. The conformations in these two clusters have helices with right-
handed crossing angles (shown in black and red circles in the right panel). In the first
cluster (cluster 17 in black circle), the GxxxG motifs mediate dimerization. In the second

cluster (cluster 22 in red circle), the G37xxxA42 sequence mediates dimerization.
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The energy diagram in figure 3-4 shows that the dimer structures mediated by the
GxxxG and GxxxA motifs adopt different interhelical contact in the C-terminus with
varied free energy through hydrophobic residues. In the dimer structures mediated by the
Gxxx@G, Ile41, Ile45, Thr48 and Leu52 are potentially located at the inter-helical interface
where Thr45 is potentially forming H-bonding. In contrast, Ile41, Ala42, Ile45, Val46 and
Leu49 are putative residues in the inter-helical interface in the GxxxA-mediated

structures.
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Figure 3-4. Averaged energy diagram for two low energy clusters of symmetric right-
handed structures found in CHI searching. APP TM sequence used in simulation is
shown in panel A. B panel represents the TM homodimer structures mediated by GxxxG
motifs. The homo TM dimer structure mediated by GxxxA motif is shown in panel C.
Residues involved in the dimeric interface are labeled with the corresponding free energy.
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3.2.3 APP TM helix forms homodimers through sequential GxxxG motifs.

To test whether any of the low energy dimer structures seen in the computational
studies actually occur in membrane bilayers, namely whether the GxxxG or the GxxxA
motifs contact one or another in the APP TM dimer, solid-state NMR experiments were
undertaken of the membrane-reconstituted APP TM domain. Figure 3-5 presents the
results of NMR measurements between APP TM peptides labeled at Gly33, Gly37 and
Gly38 on the putative dimeric interface. Two peptides were synthesized for these
experiments; one with *C=0 of Gly and the second with *Ca of Gly at each of the 3
glycine positions. These resonances have distinct chemical shifts from other amino acids.
Two peptides were reconstituted in a 1:1 molar ratio. The observation of a *Ca..."*C=0
cross peak (see boxed cross-peak in Figure 3-5) in the 2D dipolar-assisted rotational
resonance (DARR) NMR experiment indicates that these carbons are in contact. The
observation of a contact is highly significant because it indicates that stable and well-
defined APP homodimers are present in our reconstituted samples. The dimers must be in
a head-to-head orientation and tight association (i.e., little or no monomer). On the basis
of the intensity of the interhelical 13Ca...13C=0 contacts observed, we can estimate that
>50% of the dimers are associated in a stable uniform structure (at least in the region of

glycine contacts).

To verify the translational position of the glycine residues in the dimer and to

address the possibility that the GxxxA sequence mediates dimerization, we undertook

DARR NMR experiments on APP TM peptides labeled at individual glycines: Gly33,
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Gly37, and Gly38. Figure 3-5 A presents the 2D NMR spectrum obtained using APP TM
peptides reconstituted as before and separately labeled at position 33 with "*Ca-Gly
(peptide 1) and C=0 Gly (peptide 2). The results show an interhelical cross peak
between the Gly33 residues consistent with the packing shown in our GxxxG-mediated
dimer structures. In a similar fashion, we observe a cross peak in the 2D DARR NMR
spectrum of an equimolar mixture of APP peptides containing either *Ca and *C=0 Gly
at position 37 (Figure 3-4 B). In contrast, DARR NMR spectra (Figure 3-5 C) obtained in
a parallel experiment using APP peptides separately labeled at position 38 with *Ca Gly

and *C=0 Gly did not exhibit a Gly - Gly peak.
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Figure 3-5. 2D DARR B¢ spectrum of mixed APP TM peptides labeled with Bcae-"C
glycine and C=0-glycine on two peptides. Panel A is the mixed APP TM peptides
with *Ca-Gly33 and C=0 Gly33. Panel B is the mixed APP TM peptides with *Co-
Gly37 and *C=0 Gly37. Panel C is the mixed APP TM peptides with *Ca-Gly38 and
C=0 Gly38 in bilayers (DMPC: DMPG). The comparison shows that only are Gly33 --
Gly33 and Gly37 -- Gly37 cross peaks are observed but not Gly38 -- Gly38 that indicated
the dimeric interface of GxxxG motifs is picked up in APP TM peptides.
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3.2.4 TM helix of APP breaks at the cytoplasmic membrane surface

The sensitivity of the *C chemical shifts to secondary structure allows us to
determine whether there is a change in the local structure around the e-cut site (Leu49-
Val50). In Figure 3-6, we compare the °C MAS NMR spectra of APP TM peptides
specifically *C-labeled at Leu49, Val50, Met51, and Leu52. The bold lines correspond to
the lipid-reconstituted peptide; dotted lines correspond to lipid alone. The *C MAS NMR
spectrum of Leu49 exhibits 2 resonances at 175.0 and 172.1 ppm, assigned to the
backbone *C = O of Leu49 and the lipid C = O, respectively. The *C chemical shift
indicates that Leu49 is in a-helical secondary structures. Comparison of the Leu49
spectrum with the spectra of Val50, Met51 and Leu52 shows that the peptide carbonyl

resonances shift to lower frequency, characteristic of random coil structures.

The above data indicate that there is a break in helical secondary structure near
the -cut site at the TM-JM boundary. Nicholson and coworkers *¥have previously shown
that the N-terminal residues of the isolated JM domain of APP are unstructured in solution
and suggested that the transient local structure and prolyl cis/trans isomerization induced

by phosphorylation at Thr72 may function as a regulatory switch.
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Figure 3-6. 1D CP B¢ spectrum of wild-type APP TM peptide labeled with 1-*C
Leu49, Val50, Met51 and LeuS2. The spectrum for each labeling is shown in solid line.
The dashed line is the lipid (DMPC: DMPG) only spectrum served as control.
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3.2.5 Extension of the APP TM helix leads to an accumulation of CTFs

To test the proposal that the secondary structure at the TM-JM boundary in the C-
terminus 1is critical for APP processing, we present the data on APP with 2 distinct
insertions at the intracellular TM-JM boundary (see Figure 3-7). The insertion of 3
leucines before the intracellular KKK sequence (APP 3L) is designed to extend the length
of the TM helix. The insertion of 3 glycines (APP 3G) should maintain the helix break
point as in the wild-type protein. To verify that the 3L insertion extended the a-helical
structure at the TM-JM boundary, whereas the 3G extension retained the helix-to-coil
transition, "C MAS NMR spectra were obtained of APP TM peptides containing the 3L
and 3G inserts, and labeled at position 52 with *C=0 leucine. The carbonyl chemical
shifts of the 3L and 3G peptides observed in Figure 3-8 clearly indicate that the TM helix

has been extended only with the 3L insertion (Figure 3-8).
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wt APP: ... DAEFRHDSGYEVHHQKLVFFAEDVGSNK;GAIIGLVMGGVVIATVIVITLVMI_;KKK e
APP3L: ... DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLVMGGVVIATVIVITLVMLLLL KKK ..

APP 3G: ... DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLVMGGVVIATVIVITLVMLGGG KKK. . .

Figure 3-7. Sequences of the JM-TM domains of human APP, APP 3L and APP 3G.
Insertion of 3 leucines and 3 glycines are in red.
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Figure 3-8. 1D CP Bc spectrum of APP TM mutant peptides with KKK to GGG (in
red) and KKK to LLL (in blue) labeled with “C’-*C Leu52 in bilayers. The
downfield (higher frequency) chemical shift of 1-°C Leu52 in KKK to LLL mutant
peptides indicates the helix-to-coil transition is missing with longer helix structures. The
dashed line is the lipid (DMPC: DMPG) only spectrum served as control.
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The wild-type APP and mutants were expressed in Chinese Hamster Ovary (CHO)
cells. The insertion of 3G or 3L did not alter APP expression (Figure 3-9 A below). The
production of sa APP, an indicator of non-amyloidogenic processing, was not impaired in
cells expressing APP 3L or APP 3G. Significant accumulation of APP C-terminal
fragments, mainly o-CTF, occurred in cells expressing APP 3L and to a lesser extent in
cells expressing APP 3G (shown in Figure 3-9 B). In the context of unmodified o-
cleavage, the accumulation of a-CTF is likely a result of an impairment of the y-cleavage
of C-terminal fragments. This result was confirmed by the quantification of extracellular
AP40. The release of AB40 (normalized to sa APP) decreased by 70% in cells expressing
APP 3L (Figure 3-9 C). Importantly, there was no AICD detected in cells expressing APP
3L as compared with wild-type APP. To further test whether the APP 3L mutation
influences the cleavage by y—secretase, DAPT (N-[N-(3,5-difluorophenacetyl)-L-alanyl]-
S-phenylglycine t-butyl ester), a y-secretase inhibitors of dipeptidic type, targets the C-
terminal fragment of Presenilin, the TM domain of helix 7 is added. The data analysis in
Figure 3-9 C and D shows that DAPT inhibitor can affect more the cleavage by the

secretase on wild-type than the mutant.

59



E N ! T T T 2500 120
~. 2000 100
> ." Y 1500 g o
APPP & . Q o
L .. - < 60
. S 2 1000 S
E S 40
o =
CTFs P> - _*- 500 . -~ J |:|
0 — [j 0
APP * * - - . APP  + - : APP  + . -
APP3L - - - + + - - APP3L - + - APP3L - + -
APP3G - - - - - + + APP3G - - +  APP3G - +
400
300
R .
200
O 1
olo
0
APP + + + + - - - - APP 4 + - -
APP3L - . . - + + + + APP 3L . + +
DAPT - - + + - - + + DAPT

Figure 3-9. Influence of the 3L and 3G insertions in the intracellular TM-JM
boundary of APP. (A) Expression of cellular APP and soluble aAPP (saAPP) were
analyzed by Western blotting analysis using the WO-2 antibody (epitope at AP residue 5-
8) on cell lysates and cell supernatants, respectively. The CTFs (a- and B-CTF) were
detected in cell lysates by the C17 antibody (i.e. the polyclonal antibody recognizing the
last 17 amino acids of APP). (B) The ratio of CTF to full-length APP was calculated and
represented as a percentage of the CTF/APP level in non-mutated APP controls. (C) The
ratio of AB40/sa APP was calculated and represented as a percentage of AB40/sa APP
production in non-mutated controls. In Figure 9 D, AICD was detected by Western blot
analysis using the C17 antibody. The effects of DAPT on CTF accumulation were
quantified in the same experiments and given as a percentage of CTF levels in APP or
APP 3L for non-treated controls (E). Values are means = SEM, n = 4; * = (0.05, ** =
0.01, *** =0.001, compared with control or as indicated in B and C.
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3.3 Discussion

The detailed molecular mechanism of intramembraneous proteolysis is poorly
understood. However, proteolysis by aspartyl proteases, e.g. renin, HIV-1 protease and [3-
secretase, shares the commonality. The proteolysis by aspartyl proteases needs one water
molecule, two aspartyl acids and the exposed carbonyl of substrate in proximity. This key
step of catalysis is involved in the formation of a tetrahedral intermediate that requires the
local unraveling of helical TM secondary structure to expose a backbone carbonyl (see
Figure 3-10). In hydrophobic environment (i.e. membrane bilayers), hydrophobic T™M
peptides tends to form helical structure to compensate the polar group of C=0O or NH; in
hydrophilic environment (catalytic core of enzyme), hydrophobic TM peptides tends to
unravel or expose the polar group to gain solvation free energy. Here, we have
investigated the structure of the TM-JM regions of the APP protein in membrane bilayers

to gain insight into how y-secretase catalyzes proteolysis.
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Figure 3-10. Common features of mechanism of aspartyl protease. The catalysis
requires one water molecule, two aspartyl acids and the free carbonyl. The proteolysis is
involved in the tetrahedral intermediate.
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Figure3-11 presents the structure of the APP TM dimer. The &-cut site lies at the
boundary between the hydrophobic core and the polar head group region of the bilayer,
whereas the y-cut site is at the bilayer center. The TM dimer structure is consistent with
the e-cleavage site being the sole active site in the y-secretase complex and with proposals
for progressive cleavage from the - to the y-cut site *”.

The progressive cleavage model is consistent with 1) the detection of AP peptides
with lengths intermediate between AP49 (e-cleavage) and AP42 (y-cleavage), ii)
measurements of equimolar production of AB and AICD and iii) the fact that it has not

been possible to detect longer AICD peptides that would be expected if y-cleavage occurs

before e-cleavage.
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Figure 3-11. Structural model of the APP TM domain. Proposed structure of the APP
TM dimer in relation to a DOPC membrane bilayer (downloaded from http://persweb.
wabash.edu/facstaff/fellers/). The structural studies of the APP TM domain indicate that
the y-cut site is approximately 30 A from Lys28. Cleavage at a single site would lead to
local unraveling of the helix and a shift of amino acids into the binding site. To place the
AB42- cleavage site at the same position would result in unraveling of the TM helix to the
Gly37-Gly38 sequence.
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3.3.1 Wild-type B-CTF forms a homodimer in vivo

In addition to the break in helical secondary structure at the TM-JM boundary,
dimerization of the TM domain may be a common feature of y-secretase substrates. The
role of dimerization of APP and other y-secretase substrates in proteolysis, however,
remains controversial. Based on mutational studies, Munter et al. @9 concluded that
dimerization facilitates AP42 production. In contrast, several studies have indicated the
opposite. Gorman et al. using FAD mutants and our studies using TM glycine mutants
found that increased dimerization can reduce the AP42/AB40 ratio “”. Surprisingly,
Eggert et al. using the FKBP (FK506-binding protein)/AP20187—induced 70 %
dimerization leads to the decreased AP production by 50% without changing the
AP42/AB40 ratio ??. One possibility is that helix orientation within the TM dimer, and the
strength of dimerization, controls APP processing. We have determined the orientation of
the TM helices in the wild-type APP TM dimer, where GxxxG motifs (rather than the
GxxxA sequence) mediate dimerization. However, it will be necessary to correlate the
detailed structures of the TM and JM regions of APP mutants with the generation of

different length AP peptides to fully address the influence of structure on processing.

The structural model in Figure 3-11 shows the APP TM dimer with a break in
helical secondary structure at the TM-JM boundary. To show that the helix-to-coil
transition is required for APP processing of full length APP by the y-secretase complex,

we inserted 3 additional leucines at the TM-JM boundary to extend the TM helix without
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changing the TM region mediating dimerization. The 3L insertion was found to block
APP processing by y-secretase, whereas the processing of APP with the GGG insertion
was similar to the WT protein. The lack of y- and e-cleavage of the 3L mutant of APP is
consistent with the requirement that the TM domain must be locally unstructured for

proteolysis and that there is only a single cleavage site at the TM-JM boundary.

3.4 Conclusions

Processing of APP by the y-secretase complex is the last step in the formation of
the AP peptides associated Alzheimer's disease. Here, solid-state NMR spectroscopy is
used to establish the local structural features of the TM and JM domains of APP that
facilitate proteolysis. Using peptides corresponding to the APP TM and JM regions, we
show that the TM domain forms an a-helical homodimer mediated by consecutive GxxxG
motifs but not GxxxA. We find that the APP TM helix is disrupted at the intracellular
membrane boundary near the e-cleavage site. This helix-to-coil transition is required for y-
secretase processing; mutations that extend the TM a-helix inhibit e-cleavage, leading to a
low production of AP peptides and an accumulation of the a- and B-CTF. Our data support
a progressive cleavage mechanism for APP proteolysis that depends on the helix-to-coil

transition at the TM-JM boundary and unraveling of the TM a-helix.
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Chapter 4. Structure determination of wild-type C55 in

bilayers
4.1 Introduction

Processing of APP occurs by the sequential action of several proteases. The - or
B-secretase (either one in two different pathways) first cleave between the extracellular
and the TM domain of APP to generate a N-terminal soluble fragment (either soluble
aAPP or soluble BAPP) and a membrane-anchored C-terminal fragment (a- or B-CTF).
The y-secretase complex cleaves the CTFs, e.g. B-CTF (also referred to as C99, C-
terminal 99 residues) at multiple-cut sites within their TM domain and releases the A in

different length. C55, a shorter version of the C-terminal truncated form of B-CTF, is a 55-
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residue protein corresponding to the juxtamembrane (JM) and transmembrane (TM)
sequence of B-CTF including full length AP peptide. Several studies show that shorter
version of B-CTF can be processed in a similar fashion to the full-length substrate, in
which the AP42/AB40 ratio stays the same but the total AP production is less because of
the deletion of intracellular domain including the sorting sequence in the mammalian cell
lines .

Three major cleavage products include AB38, AB40 and AP42. AB40 is the major
y-cleavage product accounting for ~ 85% of total secreted peptides that is comparable to
previous studies of soluble Ap peptides in cerebrospinal fluid (CSF) of AD patients *”.
APB38 (accounting for ~ 10%), a 2-residue shorter species, has a similar toxicity to
neuronal cells and propensity to form aggregates as AB40 isoforms and is concomitantly
implicates as a y-cleavage product of its precursor, the longer AB42 peptides. Ap42, a 2-
residue longer species, has a much higher propensity to form aggregates than the shorter
isoforms and is the most toxic peptide generated by y-cleavage, although only accounting
for ~ 5 % of total secreted peptides @. AB42 is the principal component of extracellular
amyloid plaques in AD patients *”. Several FAD mutational clusters have been found on
APP proteins. Not unexpectedly, these mutations are located on top of or near the a-, -
and y-cleavage sites. The first cluster is located at the position of the B-secretase cleavage
site at Met596-Asp597. The substrate numbering is based on the APP695 isoform of APP
(the most abundant isoform in neuronal cells). Asp597 corresponds to the first residue
(i.e. Aspl) of the B-CTF. These mutations within the first cluster can increase the cleavage

(28) (29)

by B-secretase , and engineered mutations within this cluster are widely used to
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enhance the production of Ap from APP “”. The second cluster is right below the y—cut
site at Ala42 that generates the toxic AP42 peptides. Single mutations at four consecutive
p—branched residues of Thr43, Val44, Ile45 and Val46 can lead to the increased
AP42/AB40 ratio that has been correlated to the early-onset AD.

The third cluster is located just near the o—cut site, including the Lys16 right
before the hydrophobic L'"VFF*® sequence and Ala21, Glu22 and Asp23 before the TM
sequence, which is near the position of the a-secretase cleavage site at Lys16-Leul7. The
finding of this mutational cluster near the a—cleavage site in the extracellular sequence of
APP is particularly of interest because of its transition position between two sequential
secretase-cleavages. One can image that the position about half way of the B-CTF protein
can potentially influence the extracellular cleavage event by a- or/and P-secretase or the

intramembranous cleavage by the y—secretase complex.

Previous studies by Tian et al. “” suggested that the L17-V18-F19-F20-A21
sequence is part of an inhibitory motif that modulates y-secretase processing. Upon
deletion of this motif, the catalytic efficiency of y-secretase increases 42-fold compared to
full-length B-CTF. The A21G mutation can severely impair the inhibitory effect of this
region, generating more AP species (AB38, AB40 and AB42), implying that the interaction
between APP and y-secretase is altered upon mutation. Mutations in the G25-S26-N27-
K28 region, which is a few residues C-terminal to position 21, also influence Af
processing. Moreover, Ren et al. *” found that mutation of Ser26 and Lys28 reduces
j (61

secreted AP without a corresponding loss of the AICD cleavage product. Kukar ef a

found that the K28A or K28Q mutations shift the major cleavage site upstream to Gly33
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from Val40 without changing the production of AICD. Therefore, these results suggest
that the transition region between the EC and TM domains can have a regulatory effect on

the position of y-cleavage.

An open question is whether any structure elements in the extracellular sequence
of the B-CTF regulate the enzymatic processing of APP. The structure of the 99-residue f3-
CTF was determined in LMPG detergent micelles by Sanders and coworkers using
solution NMR methods “”. They observed a-helical structure in the K16-L17-V18-F19-
F20 sequence, the hydrophobic TM domain and in the last ~10 residues of the cytoplasmic
sequence. The structure in this region is of particular interest because of its role as an
inhibitory motif “”, but also as an key element in amyloid oligomer or amyloid fibril
formation by the Ap peptides “”. In the structure determined by solution NMR, the LVFF
sequence seems to insert into the detergent micelles ™. Here, I proposed to extend our
structural studies from TM domains to the extracellular sequence. I mainly focus on the
structure of this extracellular hydrophobic stretch and the transition region between TM

domain and the LVFF sequence where a mutational cluster occurs.

4.2 Results
4.2.1 CS55 peptides served as a physiologically relevant substrate by the y-secretase
complex

As mentioned previously, AB40 is the predominant y-cleavage product taking ~

85% of total secreted peptides. Less AB38 and AP42 peptides are produced. Af42

70



peptides are the most toxic peptide generated by y-cleavage and also the major component
of amyloid plaques (senile plaques) in AD patients’ brain and the ratio of AB42/AB40 are
frequently linked to estimate the neuronal toxicity of AB42 in AD pathology. AP secretion
(AP38, AP40 and AP42) from B-CTF and C55 is quantified by ECLIA method. Our
structure studies are mainly on CS55, the truncated form of -CTF. To identify whether
C55 is a physiologically relevant substrate by the y-secretase complex in our system, we
compare the AP secretion from B-CTF and C55. Figure 4-1 B-D shows that the C55
peptides release a decreased total AP peptide secretion by 35 %. The ratio of AB42/ Ap40
(~ 6%) or AP42/ AP38 (~ 75 %) are approximately the same. The similar ratio of AB42
versus AP40 or AB38 indicates the shorter version of B-CTF serves as a mechanistic
relevant substrate to the y-secretase complex and can mimic the intramembranous y—

cleavage of full-length substrate.
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Figure 4-1. Amino acid sequence of B-CTF (including the sequence of C55 peptide)
and A secretion from the f-CTF and C55 peptides. (A) Sequence of the extracellular
and transmembrane regions of the B-CTF. The B-CTF is produced by p-secretase
cleavage to remove the large ectodomain of APP. The first 28 amino acids form
extracellular region of the B-CTF and contain the o-secretase cleavage site. The TM
domain (denoted by vertical dashed lines) contains the multiple cleavage-site by the y-
secretase complex where AB38, AB40 and AP42 species are generated. Comparison of the
levels of AB38 (B), AB40 (C) and AP42 (D) produced by proteolysis of the wild-type -
CTF and CS55 peptide is shown.
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4.2.2 The extracellular L' VFFA*! sequence globally adopts the f3-sheet secondary

structure in membrane bilayers

The influence of the A21G mutation or deletion of hydrophobic L'"VFFA®!
sequence on processing may originate from a change/loss in the structure of the
extracellular sequence of the B-CTF. Polarized FTIR spectroscopy can be used to assess
the global secondary structure of membrane reconstituted peptides and proteins.
Hydrophobic membrane peptides incorporate into bilayers as TM a-helices. Figure 4-2 A
presents the FTIR spectrum of the CO vibration frequency of DMPC: DMPG lipid head
groups at 1736 cm™ and the amide I vibration region of wild type C55 ranged from to
1600 cm™ to 1700 cm™. The FTIR spectrum exhibits both an intense band at 1657 cm™
corresponding to a-helical structure and a weaker band at 1626 cm™ corresponding to B-
strand or B-sheet structures. The dichroic ratio (Ioo/I) of the 1657 cm’! band is 3.2 + 0.2,
which is consistent with an average orientation of the TM a-helix of ~20° relative to the
bilayer normal. The high dichroic ratio of TM domain served as a way to estimate the
reconstitution quality into membrane bilayers. Figure 4-2 B presents the comparison of
FTIR spectrum of wild-type C55 (in black) and wild-type C99 or referred as B-CTF (in
red). Figure 4-2 C presents the comparison of FTIR spectrum of wild-type C55 (in black)
and C43 TM peptide (or referred as APP TM peptide) (Glu22-Val64) corresponding to
TM domain and a few residues on the EC and IC sequence (in red). The overlapping of
FTIR spectrum exhibits an extra band at 1626 cm™ corresponding to p-strand or B-sheet

structures, which can be assigned to the extracellular sequence.
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Figure 4-2. FTIR spectrum of wild-type CS5 and APP-TM peptides in bilayers. FTIR
spectra of wild-type C55 (A) and comparison of wild-type C55 (in black line) and APP-
TM (in red line) (B) reconstituted into DMPC: DMPG bilayers. The C55 peptide contains
the full extracellular domain of the B-CTF starting at Aspl and stopping at Lys55. The
APP TM peptide starts at Glu22 and stops at Val64. The additional —sheet peak at 1626

cm’ is attributed to the extracellular sequence of wild-type C55.
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4.2.3 The LVFF sequence adopts a-helix in detergent micelles

The determination that the B-structure stretches through the LVFF sequence also
argues that this region adopts a different secondary structure in membrane bilayers than in
detergent micelles. Previous studies showed that the K'°LVFFA?' can adopt a—helical

structures in LMPG detergent micelles.

. Using FTIR spectroscopy, we further
characterized the global secondary structures of C55 in LMPG micelles, isotropic bicelles
(with q = 0.25), lipid fragments (with higher q values) and bilayers ®”. Figure 4-3 A
shows that the extracellular sequence substantially adopts very different secondary
structure in detergent and lipid bilayers. In Figure 4-3 B, this B-structural feature can be
induced by increasing the bilayer structure as one goes from q=0.25 isotropic bicelles to
q=2.0 bicelles with appreciable bilayer character. Q values are defined as the molar ratio
of the lipids, e.g. DMPC and DMPG to the short chain lipids, e.g. DHPC. Figure 4-3 C
presents that no B-structural feature observed in q=0.25 isotropic bicelles that is observed

similar to in the detergent micelle environment. Figure 4-3 D indicates that the shoulder at

1631 cm-1 emerges only with high lipid contents (q=2.0).
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Figure 4-3. FTIR spectra of the wild-type CS5 in detergent micelles, bilcelles
(q=0.25-2.0) and DMPC: DMPG bilayers. (A) Comparison of FTIR spectra of wild-type
C55 reconstituted in bilayers (red) and in LMPG micelles (blue). (B) Comparison of FTIR spectra
of wild-type C55 in bicelles (DMPC/DMPG: DHPC) with q values ranging from q = 0.25, 0.35,
1.0 and 2.0. (C) Comparison of FTIR spectra of wild-type C55 in membrane bilayers (red) and in
bicelles with q = 0.25 (blue). The distinct peak at 1626 cm™ only presents in the bilayer sample.
(D) Comparison of FTIR spectra of wild-type C55 in membrane bilayers (red) and in bicelles with
q = 2.0 (blue). The shoulder at 1631 cm™ emerges in the bicelle sample with a high q value (C).
The molar ratio of protein: total lipid was 1:50 (with a DMPC: DMPG molar ratio of 10:3) in
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additional to the short chain lipids.
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4.2.4 Extracellular region folds into a well-defined structure that incorporates p-

strands in the region of YEV and LVFF.

The C55 peptide incorporates the full extracellular sequence following the site of 3
-secretase cleavage. Comparison of the FTIR spectrum of C55 with the spectrum of the
TM peptide with a truncated extracellular domain used in our previous studies *” argues
that the 1626 cm™ band arises from the extracellular region of C55. To establish the
specific region that is responsible for this B-structure, we designed a series of alanine
mutants within the extracellular region of C55 (in Figure 4-4). In the AP peptides, the first
ten hydrophilic residues are generally considered to be unstructured ®”. We first focus on
the sequence of Tyr10 to Val24 with Alanine scanning where Tyr10 — Glul1 is the minor
B—cleavage site. Mutation of the Tyrl10-Glull-Vall2 sequence to alanine dramatically
reduces the intensity of the 1626 cm™ IR band. Similarly, mutations of Lys16 and Phe19-
Phe20 to alanine reduce the 1626 cm™ intensity consistent with the disruption or reduction
of the B-sheet secondary structure. In contrast, the mutation to alanine of His13-His14-
GInl15 and Glu22-Asp23-Val24 do not strongly influence the 1626 cm™ peak position or
intensity. These results argue that the extracellular region folds into a defined structure
that at least incorporates two B-strands in the region of Y'’EV'? and L'’ VFF?. The small
1695 cm™ resonance in wild-type protein is often associated with anti-parallel p-sheet.
The loss of this peak upon the YEV and LVFF mutations suggests that these sequences

adopt an anti-parallel B-sheet fold within inter- or intra-molecular interaction.
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Figure 4-4. FTIR spectra of the wild-type C55 and mutants. Comparison of FTIR
spectra of wild-type C55 (A) reconstituted into DMPC: DMPG bilayers with spectra of the
C55 protein containing the Flemish A21G (B) and alanine mutations within the
extracellular sequence between Tyr10 and Val24: YEV (C), HHQ (D), K (E), LV (F), FF
(G) and EDV (H). The molar ratio of the DMPC: DMPG was 10:3, and the molar ratio of
C55: total lipid was 1:50. The FTIR spectrum of wild-type is in solid line and mutants
are shown in dashed line in (B)-(H).
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4.2.5 Selective incorporation of BC labeled amino acids in LVFF region in the wild-
type CSS peptides cause p—sheet peak splitting

Figure 4-5 shows that the B-sheet peak at 1626 cmof FTIR spectrum splitting
with "*C labeled amino acids selectively incorporated into the C55 peptides. To further
verify whether a anti-parallel B-structure associated with Leul7-V-F-F-Ala21 sequence,
we selectively incorporate "*C labeled amino acids in the B-structure, and transmembrane
helix, and monitor the effect of the different reduced mass along with the different
position. Phel9 and Phe20 right next to Ala2l have the biggest influence on the f-
structure. The incorporation with '*C labeled Phel9 (Figure 4-5 A), and "°C labeled Phe20
(Figure 4-5 B) in wild-type C55 lead to the B-sheet peak split into 1608 cm™ and 1630 cm’
! from 1626 cm™. Concordantly, wild-type peptides with "°C labeled Ile31, "*C labeled

Gly37, and "°C labeled Ala42 does not lead to B-sheet peak split.
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Figure 4-5. FTIR spectra of wild-type and A21G CS55 in DMPC: DMPG bilayers with
stable isotope editing. FTIR spectra of unlabeled wild-type CS55 is presented in dashed
lines in panel A and B. Comparison of the FTIR spectrum of unlabeled wild-type C55
with the wild-type C55 containing selectively *C labeled amino acids (solid lines in A
and B). The wild-type C55 is selectively labeled with U-">C Phel9 in (A) and U-"C
Phe20 in (C). The lipid molar ratio of the DMPC:DMPG was 10:3, and the molar ratio of

peptide to total lipid was 1:50.
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4.2.6 Upfield chemical shifts of BC Ca and C=0 indicates the L'""VFFA*' sequence
adopts local p—sheet structure

Solid-state NMR is complementary to FTIR spectroscopy and allows us to probe
the local structure in the region of LVFFA. Figure 4-6 presents two-dimensional magic
angle spinning (MAS) NMR spectra of C55 obtained with dipolar assisted rotational
resonance (DARR). MAS increases spectral resolution of membrane proteins in bilayer
environments by averaging the chemical shift anisotropy and dipolar interactions. DARR
reintroduces the dipolar interaction between labeled °C sites ©”, and is used for resonance
assignments and for distance measurements between "°C labels. As with the FTIR studies
described above, an advantage of using C55 over C99 (or B-CTF) for structural studies is
that the peptide is short enough to synthesize by solid-phase methods, which allows site-

specific incorporation of '*C isotope labels.

Uniform "C labeling of the amino acids allows us to readily assign the spectrum
because directly bonded *C-atoms yield strong cross peaks in the 2D spectrum. Figure 4-
6 B presents the carbonyl region of the 2D spectrum of C55 containing '*C-labeled amino
acids at Phel9, Val24 and Gly25. The Gly29 C=0 resonance is observed at ~175 ppm and
the higher frequency of the Gly29 chemical shift is consistent with a-helical secondary

structure (6%) .

Figure 4-7 summarizes the backbone chemical shifts of the Co and C=0O

resonances between Leul7 and Ala30. The backbone chemical shifts are sensitive to the

secondary structure of proteins and the deviation from the averaged values is often used to
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predict the propensity of the secondary structure . Here, the Ca and C=0O chemical
shifts are plotted as differences from the average chemical shifts of these resonances. The
deviations to lower chemical shift values for the Coa and C=O resonances (i.e. negative
bars) correspond to B-sheet secondary structure. The deviations to higher chemical shift
values (i.e. positive bars) correspond to a-helical secondary structure. For the wild-type
C55, the Ca and C=O resonances between Leul7 and Ala2l all exhibit negative
deviations corresponding to B-structure. The observation of B-structure is consistent with
the FTIR results, but contrasts with the a-helical secondary structure by solution NMR
structures previously Y. Gly29 and Ala30 both exhibit positive deviations consistent
with the helical TM domain beginning at Lys28. The two residues probed between the
L'"VFFA®' region and the TM domain — Val24 and Gly25 — exhibit negative shifts less
than ~ 1 ppm at C=0 and Ca of Val25 and Gly25 with exception of ~ 1.5 ppm at Gly25
C=0, suggesting a non a-helical secondary structure (a random coil or B-sheet secondary

structure).
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Figure 4-6. 2D DARR spectra of the wild-type CS5 in membrane bilayers labeled
with U-""C Phe19, Val24, and Gly25. The frequencies of carbonyl and side chain carbon
nucleus are assigned mainly based on intra-residual cross peaks with verification of the
BMRB statistics of chemical shift value. The complete assignment represents a
homogeneous sample preparation and a high-resolution peak distribution of 2D DARR
spectrum.
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Figure 4-7. Chemical shift deviation of wild-type CS55 from average values. The
secondary structure propensity predicted from deviation of chemical shifts is focus on
three regions, including the hydrophobic sequence of L17-A21, the residues of V24-G25
linking the EC and TM domain and G29-A30, where Gly29 is the starting position of
putative TM helix. (A) Carbonyl chemical shifts of deviation from average values. (B) Ca
carbon chemical shifts deviation from average values. The average chemical shift values
are taken from the BMRB database (http://www.bmrb.wisc.edu/ref info/ statful.htm). The
deviations to lower chemical shift values (i.e. negative bars) correspond to [-sheet
secondary structure. The deviations to higher chemical shift values (i.e. positive bars)
correspond to a-helical secondary structure. The ratio of peptide to total lipid is 1: 50.
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4.2.7 The wild-type CS55 can homodimerize through the GxxxG interface but not
GxxxA motif in membrane bilayers
Complementary studies involving the mutation of the consecutive

G¥xxxG xxxG*’ motifs support the idea that dimerization of the TM domain of the f-

(21, 23)

CTF influences processing Nevertheless, the question of whether the GxxxG

motifs are involved in dimerization and how they might change upon mutation has been
unclear. Recently, Arseniev and coworkers determined the dimer structure of residues
Glnl5- Lys53 in DPC detergent micelles ®”. The TM dimer interface in the NMR
structure is formed from the G**xxxA* sequence rather than G’xxxG’’. The GxxxA

interface was previously suggested in several studies, e.g. TM dimeric interface in

Glycophorin A ?%?7,

In Figure 4-8, we show unambiguously that the TM dimerization of wild-type C55
sequence is mediated by the G”xxxG"’ interface but not G**xxxA*. The strong cross
peak between Gly33 Co and Gly33 C=O observed upon mixing two labeled peptides can
only be explained by a well-defined dimer structure. This result is similar to that obtained
for the TM region alone in Chapter 3 “” but different from that in detergent micelles. In
Figure 4-8 A, full *C DARR spectrum is shown where the Gly *C=0 to "*Ca cross peak
mediated by GxxxG contact is in red box and the Ala *C=0 to '*Cp cross peak mediated
by GxxxA contact is in blue box. For experiment designing, The DARR experiments have
different resolution on the first (2k) and the second dimension (128). The spinning

sidebands are aliased and fold back only clearly shown on the second dimension.
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Figure 4-8. 2D DARR NMR spectra of the wild-tyspe in bilayers to test two putative
homodimeric interfaces, G¥xxxG”xxxG*’ or G*xxxA* motifs. Two peptides are
selectively °C labeled at Gly33 and Ala42. The first peptide is labeled with *C=0 labeled
Ile31, *C=0 labeled Gly33, and *Cp labeled Ala42, and the second peptide is labeled
with Ca labeled Gly33, and *C=0 labeled Ala42. Two wild-type C55 peptides are
mixed in equal molar amounts, and reconstituted into POPC: POPS bilayers. The peptide-
to-lipid ratio is 1: 50. (A) The DARR spectra of mixed wild-type C55 peptides are shown.
Only cross peaks resulting from Gly33 resonances on different peptides (i.e. Gly33 Ca to
Gly33 C=O in red box) are observed for both wild-type C55. Cross peaks are not
observed between resonances associated with Ala42 on different peptides (i.e Ala42 Cp to
Ala42 C=0, blue box). (B) 1D rows through the Gly33 C=0. (C) 2D carbonyl region of
DARR spectrum. S.S. stands for the spinning sideband. Cross peak at ~ 66 ppm, ~ 32
ppm and ~ 25 ppm are assigned to the "*C nature abundance of lipid headgroup and acyl
chain.

86



4.2.8 The molecular modeling of wild-type CS5 dimer in membrane bilayers

In Figure 4-9 below, we show that the TM dimerization of wild-type C55 sequence
is mediated by the G**xxxG’” interface but not G**xxxA** based on the strong cross peak
between Gly33 Ca and Gly33 C=0 upon mixing two labeled C55 peptides in membrane
bilayers. The extracellular anti-parallel B-sheet structure is defined based on the upfield

chemical shifts, mutational studies by FTIR spectrum and anti-parallel peak at 1695 cm™.
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Figure 4-9. Molecular model of wild-type CS5 dimer structure. The dimer structures of
wild-type C55 are modeled from PyMol software. The structures are constructed based on
the global and local secondary structures from FTIR and solid state NMR data. The
extracellular sequence is modeled as intra-antiparallel B-sheet registry of HDSGYE'" and
K'°LVFFAE* with a complimentary charge-charge interaction. Glycine residues are
labeled as red and orange spheres (e.g. Gly29, Gly33 and Gly37 in red and Gly38 in
orange) and three lysine residues in the C-terminal juxtamembrane sequence are shown as
blue sticks.
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4.3 Discussion

The mutations involved in the extracellular sequence of the B-CTF have a strong
influence on intramembranous processing by the y-secretase complex. Mutations
including the deletion of hydrophobic sequence of L'"VFFAED™ or the clinical single
mutation A21G have been shown to alter the interaction with the y—secretase complex *?.
We asked the question whether the extracellular sequence has a well-defined conformation
where the mutations can induce a structural change and lead to different processing. We
established the structure of extracellular sequence and TM domain of wild-type C55, e.g.
focusing on the L'"VFFA*' — V**G* — sequence and TM dimerization motifs, e.g. GxxxG
and GxxxA interface by using FTIR and NMR spectroscopy, and propose how these
structure features are linked to processing of the B-CTF. FTIR and NMR measurements
of C55 in membrane bilayers provide evidence that -strand or sheet secondary structure,
rather than helical structure, is adopted in the extracellular region of the B-CTF. The

results also emphasize the C55 can form a TM stable homodimer, which is mediated by

GxxxG motifs but not GxxxA.

4.3.1 The structure of APP near the region of A21G regulates processing

The Flemish mutation was first described by Hendriks e al. ¥ and later shown to
lead to an increase in AP production (~ 2 fold) G9 Tian et al. ?” found that the
LVFFAED region in the extracellular domain of the B-CTF was inhibitory to the activity
of y-secretase. They observed that deletion of this seven-residue sequence resulted in a 25-
fold increase in secreted AB40 compared to a 4-fold increase in total secreted A for the
A21G mutant ®”. In contrast, the mutations at Glu22 and Asp23 do not significantly

influence Af secretion.
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4.3.2 FTIR and NMR measurement show LVFFA region in the wild-type CS55
peptides is in anti-parallel $-sheet

Our structural studies show that Ala2l is at the edge of the f-sheet fold in the
extracellular domain of the B-CTF. The FTIR measurements show that the extracellular
sequence of wild-type C55 globally adopts P-structure that is consistent with the
observation of downfield (higher frequency) chemical shift values on the LVFFA region
by solid state NMR. Alanine scanning on the extracellular sequence indicates that LVFFA
is a part of this well-defined anti-parallel f—sheet fold. The measurement also show that
Val24 and Gly25 in wild-type C55 are most likely in random coil or —structure that link
the LVFFA sequence and TM helix domain. Based on the structure characterization of EC
and TM domain in wild-type C55, we intend to show how the mutations near this region,

e.g. A21G influence the well-defined B-fold and correlate it to the increased processing.

4.3.3 The wild-type CS5 dimerizes through the GxxxG interface

The observation that the existence of an additional G*xxxG* motif in the
extracellular sequence of the B-CTF suggests the possibility of mutations near this region
might influence the TM dimerization of the protein. Complementary studies involving the
mutation of the consecutive G*xxxG>*xxxG’’ motifs support the idea that dimerization of

the TM domain of the B-CTF influences processing * >

. Nevertheless, the question of
whether the GxxxG motifs are involved in dimerization and how they might change upon

mutation has been unclear. Recently, Arseniev and coworkers determined the dimer

structure of residues GInl5- Lys53 in detergent micelles ™. The dimer interface in the
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NMR structure is formed from the G**xxxA* sequence rather than G’xxxG*’. The

GxxxA interface was previously suggested in several studies “" %"

In these studies, we show unambiguously that the wild-type sequence is mediated
by the G¥xxxG"’ interface. The strong cross peak between Gly33 Co and Gly33 C=0

observed upon mixing two labeled peptides can only be explained by a well-defined dimer

structure. This result is similar to that obtained for the TM region alone in Chapter 3 %,

In Chapter 5, we test whether mutations near this region, e.g. the A21G mutation can
change the dimer interface or increases the dimerization strength since A21G will further

introduce additional GxxxG motif upstream of extracellular sequence.

4.4 Conclusions

The transition sequence of cluster mutation between a— and f(-cleavage site
motivated us to examine the structure of Leul7-Vall8-Phel9-Phe20-Ala21, -Val24-
Gly25- and Gly29-Ala30-Ile31- sequence. We show that in membrane bilayers the
extracellular sequence from Leul7 to Ala2l has (-secondary structure and that the
transmembrane region is helical starting at Gly29. Val24 and Gly25 region between these
two structure domains can serve as transition junction with random coil or B-structure
feature. Here, we show that an overall increase in the production of Af peptides can be
correlated to the structural change. We propose to investigate that the mutation near this

cleavage site might influence this junction and influence of the increased processing.
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Chapter 5. Structural variation by familial mutations

between the a-cleavage site and TM domain

5.1 Introduction

Different from familial mutations near the B-cleavage and y-cleavage site, the
mutations between the a—cut site and TM domain can influence on either the processing
with different amounts of AP secretion, or influence the mutant A peptides that can result
in the different morphology of fibrils or toxicity to neuronal cells. Secondly, this
mutational cluster is particularly of interest, since the transitional position from the o—cut
site to TM domain could potentially influence the upstream cleavage by a—secretase or the

intramembranous proteolysis by the y—secretase. The genetic mutations including the
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Lys16 right before the hydrophobic Leu'’-Val-Phe-Phe®® sequence and Ala21, Glu22 and
Asp23 before the TM sequence, which is near the position of the a-secretase cleavage site
at Lys16-Leul7. Studies by Kaden ez al. ™ show that the K16N mutation can increase Ap
production by inhibiting the secondary a-cleavage of B-CTF.

Interestingly, no clinical mutations have been found in the extracellular
hydrophobic Leu'’-Val-Phe-Phe® sequence that is right after the o—cut site at Lys'® -
Leu'’. Previous studies by Tian et al. *” suggested that the L17-V18-F19-F20-A21
sequence is a part of an inhibitory motif that modulates y-secretase processing. Upon
deletion of this motif, the catalytic efficiency of y-secretase increases 42-fold compared to
full-length B-CTF. The A21G (Flemish), E22Q (Dutch), E22G (Arctic), E22K (Italian),

(34-37)

and D23N (Iowa) mutations are several residues below the L'’-V-F-F* sequence

(33) (70)

and have very different effects on APP processing and AP peptide degradation

The A21G mutation appears to increase AP production by ~2-4 fold but not via a change

. 33),(26
in a-secretase cleavage 7.

In contrast, mutations at Glu22 and Asp23 do not
markedly change the level of total secreted AP peptides “* ¥, but rather increase the

rate of fibril formation after the AB peptides are generated by proteolysis '*.

To understand the diversity of effects within this central cluster of mutations
midway between the B- and y- cleavage sites, we focus here on the A21G Flemish
mutation and address how the removal of a single methyl group can have a dramatic
influence on AP production. Mutations in the G25-S26-N27-K28 region, which is a few
residues C-terminal to position 21, also influence AP processing. Ren et al. Y found that

mutation of Ser26 and Lys28 reduces the secreted A without a corresponding loss of the
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AICD cleavage product. More recently, Kukar et al. " restated that the mutations at
Lys28, e.g. K28A or K28Q mutations shifted the major cleavage site upstream by
generating more shorter AB33 and concomitantly reducing the longer A isoform without
changing the production of AICD. Consistently, these results suggest that the transition
sequence between the EC and TM domains can have a regulatory effect on the position of

y-cleavage.

5.2 Results

5.2.1 The A21G mutation leads to an increase in A production.

We first addressed whether the A21G or LVFF to AAAA mutations can affect the
cleavage by o—secretase. The full-length APP695 DNA constructs for wild-type protein
and the A21G and LVFF to AAAA mutants were transfected in CHO cell lines. Figure 5-
1 shows that the A21G mutation increases the ratio of soluble BAPP/ aAPP by a factor of
1.2, while the LVFF mutation increases the ratio of soluble BAPP/ a APP by a factor of
1.3. This observation indicates that the LVFF mutation can better affect the a cleavage,
and increase the P cleavage than the A21G mutation. The total AP secretion from A21G
and LVFF APP mutants both increase compared to wild-type APP. The ratio of AB42/40
remains the same for both A21G and LVFF mutants from APP695. The protein
overexpression levels were measured by Western blotting. Although the A21G mutation
increases both cleavage at the a-cut and y-cut sites, the influence is stronger on the

cleavage within the transmembrane domain by the y-secretase complex.
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Figure 5-1. Sequential cleavage of APP and Af secretion. The top panels show that
the production of saAPP and sBAPP are roughly the same for wild-type and A21G. There
is a significant increase in the saAPP/sBAPP ratio in the LVFF mutant. Af peptides
produced from proteolysis of wild-type and A21G APP. (A) Amino acid sequence of APP
with a-, f— and y—cleavage site. (B) SDS PAGE showing expression levels of the wild-
type and A21G APP and saAPP and sPAPP fragments. (C) Comparison of the
salAPP/sBAPP ratio from wild-type, the A21G mutant and LVFF to alanine APP mutants.
(D) Comparison of the levels of AB38, AP40 and AP42 among wild-type, A21G and
LVFF to alanine APP mutants.
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We next tested whether the A21G mutation influences the processing of the B-CTF
by the y-secretase complex. Figure 5-2 shows that the total AP secretion from A21G B-
CTF is ~ 2 fold greater than wild-type B-CTF. The secretion of AB38 and AB40 from
A21G B-CTF increases 1.8 times compared to wild-type B-CTF, while Af42 production
increases 3.8 times. The data support previous studies that mutation at A21G can increase

the cleavage efficiency within the transmembrane domain by the y-secretase % .

Proteolysis of the wild-type 3-CTF results predominantly in the AB40 peptide (~ 85%),
with smaller amounts of AB38 (~ 10%) and AP42 (~ 5%). Figure 5-2 presents the amount
of each of these secreted A} peptides produced by y-secretase cleavage as a percentage
relative to the wild-type peptide. Both the A21G mutation and the LVFF to AAAA
mutation increase the total AP production. The A21G mutation results in a 1.7-fold
increase in AP40. A larger increase (4.5-fold) is observed in AB40 for the LVFF to
AAAA mutation. There is a striking increase (4-fold) in Ap42 produced relative to wild-
type in the A21G mutant. This observation is significant in that Ap42 is the major

component of amyloid plaques.

We also compared the influence of the A21G mutation with the LVFF to AAAA
mutation using a shorter version (C55) of the -CTF. Similarly to our structural studies on
the wild-type protein, we used the C55 peptide construct rather than the full-length B-CTF
protein to allow selective incorporation of *C probes for structural studies by solid-phase
peptide synthesis. In Figure 4-1, we have showed that C55 can act as a substrate of y-
secretase and is processed in a similar way to B-CTF, producing the same AB42/ AB40
ratio. In Figure 5-2 C, we show that both the A21G and the LVFF to AAAA mutations
increase AP secretion. The changes in AB38, AP40 and AP42 secretion using C55 are

similar to those using the full-length B-CTF indicating that C55 has the physiologically
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relevant structural features that reflect the intramembranous substrate processing on both

wild-type and mutants.
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Figure 5-2. Sequence of B-CTF and AP secretion of wild-type B-CTF and C55, A21G
and LVFF to AAAA mutant. (A) Sequence of the extracellular and transmembrane
regions of the B-CTF. The B-CTF is the cleavage product by f-secretase from APP. The
first 28 amino acids form extracellular region of the B-CTF and contain the o-secretase
cut-site at K'°-L'” as well as the site of several familial AD mutations. The TM domain
(denoted by vertical dashed lines) contains the site of y-secretase cleavage and an
additional cluster of familial AD mutations. (B) Comparison of the levels of AB38, AB40
and AP42 produced by proteolysis of the wild-type B-CTF, A21G and LVFF-to-AAAA
mutants. (C) Comparison of the levels of AB38, AB40 and AP42 produced by proteolysis
of wild-type C55 and the corresponding A21G and LVFF-to-AAAA mutants of C55.
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5.2.2 The L'"VFFA*! sequence of A21G C55 is globally f-sheet in membrane bilayers

The influence of the A21G mutation on processing may originate from a change in
the structure of the extracellular sequence of the B-CTF. Polarized FTIR spectroscopy can
be used to assess the global secondary structure of membrane reconstituted peptides and
proteins. Hydrophobic membrane peptides incorporate into bilayers as transmembrane o-
helices. Previously, Figure 4-4 A and B present the FTIR spectrum of the amide I
vibration region of wild type C55 and A21G CS55 in bilayers. The FTIR spectrum both
exhibits both an intense band at 1657 cm™ corresponding to o-helical structure and a
weaker band at 1626 cm™ corresponding to p-strand or p-sheet structure. The dichroic
ratio of the helical peak of both is 3.2 + 0.2, which infers an average orientation of the TM

a-helix of ~20° relative to the bilayer normal.

5.2.3 The A21G mutation influences the f-sheet structure in membrane bilayers

The A21G mutation has only a slight influence on the position of the 1626 cm’
band observed in the FTIR spectrum of C55. To further explore whether there are local
changes in structure, we compared both FTIR spectra of wild-type and A21G C55
peptides containing specific ">C labels at backbone carbonyl positions within the LVFF
sequence. The *C=0 labels with the heavier atom mass serve to shift the amide vibration
to lower frequencies. The frequency and intensity of the shifted resonances are sensitive
to whether the *C=0 labeled sites fall within parallel or antiparallel p-sheet structure .
We selected Phel9 and Phe20 mutations at these positions next Ala21 which have a large
influence on the 1626 cm™ resonance. In the FTIR spectra of wild-type C55 (Figures 5-
3A and C), the incorporation of C leads to splitting of the 1626 cm™ band into two
components at 1608 cm™ and 1630 cm™. These shifts are similar to those described for

model peptides ”” and are consistent with this region of C55 adopting anti-parallel f-sheet

structure. In contrast, °C labeling on F19 and F20 does not cause the B-sheet peak to split
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(Figures 5-3 B and D) in the A21G mutant suggesting that the anti-parallel structure
observed at positions F19-F20 has been disrupted or twisted, although the rest of the -
sheet structure or content remains intact. These results suggest that Ala21 is at the edge of
the B-sheet structure and that mutation can have a strong influence on the adjacent

residues.
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Figure 5-3. FTIR spectra of wild-type and A21G CS5 in DMPC: DMPG bilayers with
stable isotope editing. FTIR spectra of unlabeled wild-type CS55 is presented in dashed
lines in panel (A)-(D). Comparison of the FTIR spectrum of unlabeled wild-type C55
with the wild-type C55 containing selectively "*C labeled amino acids (solid lines in A
and C), and the A21G C55 containing selectively "*C labeled amino acids (solid lines in B
and D). The wild-type C55 is selectively labeled with U-">C Phel9 in (A) and U-"C
Phe20 in (C). Similarly, the A21G C55 is selectively labeled with U-"3C Phel9 in (B) and
U-"3C Phe20 in (D). The molar ratio of the DMPC:DMPG was 10:3, and the molar ratio of

peptide to total lipid was 1:50.
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5.2.4 The A21G mutation reduces the propensity of local $-sheet structures in
membrane bilayers on Phel9 and Phe20

Solid-state NMR is complementary to FTIR spectroscopy and allows us to probe
the local secondary structure in the region of Ala21. Figure 5-4 presents two-dimensional
magic angle spinning (MAS) NMR spectra of C55 obtained with dipolar assisted
rotational resonance (DARR). MAS increases spectral resolution of membrane proteins in
bilayer environments by averaging the chemical shift anisotropy and dipolar interactions.
DARR reintroduces the dipolar interaction between labeled °C sites ©?. As with the FTIR
studies described above, an advantage of using C55 over C99 for structural studies is that
the peptide is short enough to synthesize by solid-phase methods, which allows site-
specific incorporation of "*C isotope labels. Figures 5-4 A present the full spectra and
selected regions of the 2D spectra in which the wild-type and A21G peptides in bilayers
are overlaid. Uniform "C labeling of the amino acids allows us to readily assign the
spectrum because directly bonded *C-atoms yield strong cross peaks in the 2D spectrum.
Figures 5-4 B shows the region of aliphatic carbons of side chains of wild-type C55
overlaid with A21G CS55 in membrane bilayers. Interestingly, the Val24 CB of A21G C55
shifts ~ 4 ppm to lower frequencies with a more intense cross peak (e.g. from Cp and
C=0) that implies a transition from random-coil or B—structure to more rigid or a-helical
structure upon mutation. The shifting to lower frequencies values of CB (i.e. negative
bars) corresponds to higher a-helical secondary structure propensity. Cross peak from
Val24 Ca and Gly25 Co observed in wild-type C55 is missing (or with much lower
intensity) upon A21G mutation which also implies a local structure change from extended
to more rigid conformation in this region. To further identify this observation, a series of
1C labeled amino acids are incorporated into both sequence of wild-type C55 and A21G

C55 for comparison of a local structure rearrangement.
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Figure 5-4. 2D DARR spectrum of wild-type C55 and A21G mutant in membrane
bilayers. (A) Overlap of the 2D DARR spectrum of wild-type C55 (black) and the A21G
mutant (red) with U-">C Phel9, Val24, and Gly25. (B) Overlap of the ali}i)hatic sidechain
of wild-type C55 (black) and the A21G mutant (red) with uniformly- 3C Phe20, and
Gly29. (C) Overlap of the carbonyl region of wild-type C55 (black) and the A21G mutant
(red)
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Figure 5-5 A presents the carbonyl region of the 2D spectrum of C55 containing
C-labeled amino acids at Phel9, Val24 and Gly25. The C=O resonances of Phel9 and
Gly25 both contribute to the shoulder observed in the 1D spectrum (top of panel A) and
shift to higher frequency in the A21G mutant. Figure 5-7 B presents the carbonyl region
of the 2D spectrum of C55 labeled at Phe20 and Gly29. In this case, the C=0O resonance
of Phe20 makes the major contribution to the low frequency shoulder at ~170 ppm, which
shifts to higher frequency in the A21G mutant. The Gly29 C=O resonance is observed at
~175 ppm and does not change in the A21G mutant. The higher frequency of the Gly29
chemical shift is consistent with a-helical secondary structure, while the change of the
Phe19, Phe20 and Gly25 chemical shifts to higher frequency is consistent with a decrease

. . . . 66
in B-structure and increase in a-helical structure @
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Figure 5-5. Carbonyl region of 2D DARR spectrum of wild-type CS5, and A21G
labeled with Phel19 and Phe20. (A) Overlap of the carbonyl region of wild-type C55
(black) and the A21G mutant (red) with U-">C Phel9, Val24, and Gly25. The 1D CP
spectra of carbonyl region are shown at the top of the 2D plot.
carbonyl region of wild-type C55 (black) and the A21G mutant (red) with uniformly-">C
Phe20, and Gly29. The 1D CP spectra of carbonyl region are shown at the top of the 2D

plot.
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Figure 5-6 A and B summarizes the chemical shifts of the Ca and C=O resonances
between Leul7 and Ile31 of wild-type (in black) and A21G C55 (in red). The chemical
shifts are plotted as differences from the average chemical shifts of these resonances. The
deviations to lower chemical shift values of Ca and C=O (i.e. negative bars) correspond to
B-sheet secondary structure. The deviations to higher chemical shift values of Ca and
C=0 (i.e. positive bars) correspond to a-helical secondary structure. For wild-type C55,
the Ca and C=O resonances between Leul7 and Ala2l all exhibit negative deviations
corresponding to B-strand or sheet structure. The observation of B-structure is consistent
with the FTIR results, but contrasts with solution NMR structures previously determined

(365 Mutation to A21G results in less negative deviations of both the Ca

of this region
and C=0 chemical shifts (in red bar) suggesting that there is a reduction in B-structure.
Gly29 and Ala30 both exhibit positive deviations consistent with the helical TM domain
beginning at Lys28. Mutation to A21G does not alter these latter chemical shifts in TM
domains. The two residues probed between the LVFF region and the TM domain — Val24
and Gly25 — exhibit negative shifts in wild-type C55 and positive shifts in the A21G
mutant, suggesting a change in the local secondary structure from B-strand or random coil

to a-helix in this region that is consistent with the observation of aliphatic side chain in

Figure 5-6 B and C.
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Figure 5-6. Chemical shift deviation of wild-type C55 and A21G mutant from
average values (A) 13Carbonyl chemical shifts deviation from average values. (B) BCa
carbon chemical shifts deviation from average values. The average chemical shift values
are taken from the BMRB database (http://www.bmrb.wisc.edu/ref info/statful.htm). The
deviations to lower chemical shift values (i.e. negative bars) correspond to [-sheet
secondary structure. The deviations to higher chemical shift values (i.e. positive bars)
correspond to a-helical secondary structure.
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5.2.5 The A21G mutation increases the helical character of the VGSNK sequence

The conclusion that the region between Gly25 and Gly29 increases in helical
secondary structure in the A21G mutant is supported by DARR measurements of dipolar
couplings between these two residues. Figure 5-7 presents DARR NMR spectra of the
wild-type (black) and A21G C55 (red) isotopically labeled at Gly25 (*C=0) and Gly29
(Co). The distance between the *C=0 Gly25 and *Ca Gly29 carbons is ~5.3 A when
this region adopts o-helical secondary structure, but considerably longer when this
sequence is extended. The 5.3 A distance is marginally within the ~6 A distance range of
the DARR experiment. Comparison of the two spectra shows the appearance of the cross
peak (indicated by the arrow) correlating the ?C=0 Gly25 and Ca Gly29 resonances in
the A21G mutant. The cross peak intensities were normalized on the basis of the intra-
residue cross peak intensity in U-"C Leul7, also present in the sample. Taken together,
the appearance of the cross peak in A21G C55 is consistent with the downfield (higher
frequency) chemical shifts (higher frequency) of Gly25 C=0 and suggest that Gly25 CO —
Gly29 Ca folding into a a-helical structure upon mutation. The upfield chemical shift of

Gly25 Ca argues that the extended TM helix starts from Gly25 but not Val24.
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Figure 5-7. The carbonyl-Ca region of 2D DARR spectrum of wild-type CSS, and
A21G mutant for interhelical contacts. 2D DARR NMR spectra showing intra-helical
contacts between Gly25 and Gly29 induced with the A21G mutation. The spectra of wild-
type C55 (blue) and A21G CS55 (red) in DMPC: DMPG bilayers are shown. The peptides
are labeled with *C=0 labeled Gly25 and Ca labeled Gly29. The inter-residue cross
peak between the Gly25 C=0 and Gly29 Ca indicates the formation of helical secondary
structure in the A21G peptide (arrow). Additional labels are observed from "C labeled
Leul7 and U-"C-labeled Ala31. The cross peak from the intra-residual °C carbonyl and
BCa of Leul7 is used to normalize two spectrum. The ratio of peptide to total lipid is 1:
50. The carbonyl-Ca cross peak regions show the overlapping of intra-residue cross peaks
from Leul7 and Ala30 plus the inter-residue cross peaks from Gly29 Ca to Gly25 and
Ala30 carbonyl.
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5.2.6 Both dimerization of wild-type and A21G C55 is mediated by a GxxxG
interface

In membrane proteins glycines are abundant in TM helices, and the GxxxG
sequence is well known to be a dimerization motif “?. The TM region of APP is unusual
in containing three consecutive GxxxG motifs. The A21G mutation generates a fourth
consecutive GxxxG motif in the extracellular sequence. Observation that the helical
secondary structure increases in the region between Gly25 and Gly29 in the A21G mutant
raises the possibility that the helical G*xxxG* motif can further stabilize TM dimer of

C5s.

Previously, 2D DARR NMR experiments were designed to test if either of these
dimer interfaces exists in wild-type C55 (in Figure 4-8). These experiments involve co-
mixing of two different peptides and cross peaks in the 2D spectra are only observed
between heterodimers (e.g. two different '>C labeled C55 peptides), which at most can
represent 50% of the total population of dimers. Similarly, *C labels were selectively
incorporated at Gly33 and Ala42 in two A21G C55 peptides. The first peptide is labeled
with *C=0 Gly33 and *CP Ala42, and the second peptide is labeled with *Ca Gly33 and
BC=0 Ala42. In a complex of the two peptides, the Gly33 residues would be closely
packed if the G*xxxG”" motif lines the dimer interface, whereas the Ala42 residues would

be in close proximity if the G**xxxA** motif mediates dimerization.

Two A21G C55 peptides were reconstituted into POPC: POPS membranes in
equimolar amounts. A parallel reconstitution was carried out with two A21G C55
peptides. Figure 5-8 A presents the full DARR spectrum of wild-type C55 (in black; the
same as in Figure 4-8 A) overlaid with the spectrum of the A21G mutant (red). In both
the wild-type and A21G C55 peptides, cross peaks are observed between Gly33 ("*Co)-
Gly33 (*C=0) (in red box), but not between Ala42 (*CB) - Ala42 (*C=0) labels (in
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blue). No intensity was observed at this position in DARR spectra of the single peptides
containing the *C=0 Gly33 and "*Cp Ala42 labels or the *Ca Gly33 and *C=0 Ala42
labels. The cross peak from Gly33 (*Ca)-Gly33 (*C=0) was only observed when the
two peptides were mixed. These results indicate that in membrane bilayers both wild-type
and A21G C55 associate via the GxxxG motif in the TM domain, rather than the GxxxA

motif observed in detergent micelles.

The appearance of the Gly33 (’Ca) -Gly33 (*C=0) cross peaks provides a
qualitative measure of dimerization. The intensity of the cross peak can be related to
inter-nuclear distance, or in the case of a monomer-dimer equilibrium to the amount of
dimeric peptide in the same experimental conditions. Figure 5-8 B presents rows from the
2D DARR spectra illustrating the intensity difference in the Gly33-Gly33 cross peak
between the wild-type and A21G peptides. The cross peak intensity goes up ~1.4 fold
suggesting a corresponding shift from monomer to dimer in the A21G mutant of C55.
DARR spectrum have different resolution on the direct (2k) and indirect dimension (128).
The spinning sidebands are aliased and fold back only clearly shown on the second

dimension.
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Figure 5-8. 2D DARR NMR spectra of the wild-type and A21G CS5S in bilayers to test
two putative homodimeric interfaces, GPxxxG xxxGY or G*xxxA** motifs. Two
peptides are selectively "°C labeled at Gly33 and Ala42. The first peptide is labeled with
BC C=0 labeled 1le3 1, B3C C=0 labeled Gly33, and Bc Cp labeled Ala42, and the second
peptide is labeled with °C Ca labeled Gly33, and °C C=0 labeled Ala42. Two wild-type
CS55 peptides are mixed in equal molar amounts, and reconstituted into POPC: POPS
bilayers. The peptide-to-lipid ratio is 1: 50. (A) The DARR spectra of mixed wild-type
CS55 peptides (in black) and A21G C55 (in red) are shown. Only cross peaks resulting
from Gly33 resonances on different peptides (i.e. Gly33 Ca to Gly33 carbonyl in red box)
are observed for both wild-type C55. Cross peaks are not observed between resonances
associated with Ala42 on different peptides (i.e Ala42 CpB to Ala42 carbonyl, blue box).
(B) 1D rows through the Gly33 carbonyls. (C) 2D carbonyl region of DARR spectrum.
S.S. stands for the spinning sideband. Cross peak at ~ 66 ppm, ~ 32 ppm and ~ 25 ppm are
assigned to the ’C nature abundance of lipid head group and acyl chain.
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5.3 Discussion

The A21G mutation involves the loss of a single methyl group in the extracellular
sequence of the APP protein, but has a strong influence on intramembranous processing
by the y-secretase complex. We address how the A21G Flemish mutation alters the
structure of the extracellular region and TM domain using FTIR and NMR spectroscopy,
and propose how these changes are linked to processing of the 3-CTF. FTIR and NMR
measurements of wild-type C55 in membrane bilayers (in Chapter 4) provide evidence
that B-strand or sheet secondary structure, rather than helical structure, is adopted in the
extracellular region of the B-CTF. The A21G mutation influences both the upstream LVFF
sequence, particularly Phel9 and Phe20, the downstream G*SNKG® sequence and TM

dimerization. These data emphasize the ability of glycine to destabilize -sheet structure

(73) (72)

and to stabilize TM dimers through GxxxG motifs

5.3.1 The structure of APP near the region of A21G regulates processing

The genetic Flemish mutation (A21G) was first described by Hendriks er al. #%
and later shown to lead to an increase in Af} production (1.3-2 fold) 69 Tian et al. @%
found that the LVFFAED region in the extracellular domain of the 3-CTF was inhibitory
to the activity of y-secretase. They observed that deletion of this seven-residue sequence
resulted in a 25-fold increase in secreted AP40 compared to a 4-fold increase in total
secreted AP for the A21G mutant “”. In contrast, the mutations at Glu22 and Asp23 do
not influence AP secretion. The different ratio of a—CTF/ B-CTF between the wild-type
and A21G indicates the o—or f-cleavage can influence the AP secretion from full-length
APP (Figure 5-1). To monitor the A} secretion directly released from the y—cleavage,
DNA construct of B-CTF are transfected into CHO cell lines and the secreted peptides in

medium are measured. To more directly test the role of the hydrophobic LVFF sequence
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in regulating A secretion, we substituted LVFF to Alanines with a smaller side chain and
found that the mutation increases A secretion (AP40 and AP42) ~4.5-fold from B-CTF,
considerably less than the increase observed when the sequence is deleted, but much
greater than the ~1.7 fold increase due to the A21G mutation (in Figure 5-2). Although
both A21G and LVFF to AAAA mutations increase the processing from full-length APP
and B-CTF, the total secretion and AP42/AP40 ratio are essentially different. The AP
production difference between full-length APP and -CTF is known for its distinct sorting

pathways under differentially post-translational modification in the extracellular sequence

(74)

Our studies show that Ala21 is at the edge of the B-sheet fold in the extracellular
domain of the 3-CTF. The FTIR measurements show only modest changes in the 1626
cm™' band upon mutation of Ala21 to glycine. In contrast, the A21G mutation results in
large changes in the chemical shifts at Phel9, Phe20 and Gly25 consistent with unraveling
of the B-sheet structure at the end of the LVFF sequence and the formation of helical
secondary structure in the G®SNKG® sequence. Mutation of Ala21, but not the adjacent
Glu22 and Asp23 residues, induces structural changes in the hydrophobic LVFF sequence
and TM-JM junction sequences, VGSNK. For example, solid-state NMR measurements
of the Dutch (E22Q) and Iowa (D23N) mutants containing BC=0 labeled Gly25 do not
exhibit the large chemical shift change as observed in the A21G mutant (in Figure 5-8
below). These changes are consistent with the substitution of Ala21 with hydrophobic
residues (Leu and Phe), which reduce AP secretion, and charged residues (Glu and Lys),
which overall tend to increase AP secretion (the detailed discussion is shown in Figure 5-
9). Taken together, these results link how the B-structure change of LVFFA can influence

the intramembranous y—cleavage.
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Figure 5-9. One-dimensional MAS CP NMR spectra wild-type C55 and C5S with the
A21G, E22Q and D23N mutations. The region of the °C carbonyl resonances is shown
for comparison. In each case, the C55 peptide was labeled at U-"C Phel9, Val24, and
Gly25. The shoulder observed in wild-type C55 at ~170 ppm has contributions from the
C=0 resonances of Phel9 and Gly25, which both shift to ~173 ppm in the A21G mutant.
In contrast, these resonances do not change appreciably in the E22Q or D23N mutants.
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5.3.2 Both wild-type and A21G C5S dimerize through the GxxxG interface

The observation that the A21G mutation introduces an additional extracellular
GxxxG motif into the B-CTF and that the G*xxxG* sequence becomes more helical
suggests that the A21G mutation influences dimerization of the TM domain of the protein.
Complementary studies involving the mutation of the consecutive G*xxxG>’xxxG’’
motifs support the idea that dimerization of the TM domain of the -CTF influences
processing *""*¥. Nevertheless, the question of whether the GxxxG motifs are involved in
dimerization and how they might change upon mutation has not been conclusive.
Recently, Arseniev and coworkers determined the dimer structure of residues Glnl5-
Lys53 in detergent micelles ™. The dimer interface in the solution NMR structure is
formed from the G**xxxA* sequence rather than G*xxxGxxxG”". The GxxxA interface

was previously suggested in several studies *" %7

In our structure data, we show clearly that the A21G C55 is mediated by the
GxxxG"" interface but not G**xxxA* motif. The strong cross peak between Gly33 Ca
and Gly33 C=0O observed upon mixing two labeled peptides can only be explained by a
well-defined dimer structure. This result is similar to that obtained for the wild-type TM
region alone (in Chapter 3) and C55 (in Chapter 4) where the G¥xxxG*xxxG”” motif
mediates the TM homodimerization ®”. The observation that the A21G mutation does not
change the dimer interface and increases the dimerization strength with the stronger cross
peak implies the large influence of the mutation on processing is associated with the
structural changes in the extracellular domain. Coincidently, these results support the

conclusions of Tian er al. ®” that the LVFFAED sequence is inhibitory.

5.3.3 Extension of B-structure character by Ala21 mutation leads to the decreased

total secretion of Af peptides
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In Figure 5-9, we highlighted the critical position of Ala21 between the
hydrophobic L'""VFF? sequence, which results in an increase in AP production upon
mutation, and the charged Glu22—Asp23 sequence, which does not result in large changes
in AP secretion upon mutation. Ala21 is mutated to hydrophobic residues (Leu and Phe)
or charged residues (Glu and Lys). The mutation of Ala21 to Leu or Phe reduces Ap40
and AP42 production consistent with the hydrophobic character of these residues
inhibiting the y-secretase complex activity. In contrast, substitution of Ala21 with Glu
similar to the downstream ED sequence, does not significantly affect AB40 secretion,
although increases AP42 and decreases AP38 secretion. This is consistent with the
observation that the familial Dutch (E22Q) and Iowa mutations (D23N) largely do not
influence APP processing. More substantial changes are observed upon substitution of
Ala2l with lysine (A21K), which increases AP40 secretion (~ 1.2 times) and results in

larger increases in AB38 (~ 1.7 times) and AP42 secretion (~ 1.7 times).

117



400 1 Ap38
350 -
300 -
250 -
200 -
150 -
100 4
50 4

AP secretion (%)

WT A21G A21L  A21F  A21K A21E

200, AB40
150 -

100 -

LU

WT  A21G  A21L  A21F A21K A21E

A secretion (%)

350 1 Ap42
O\E 300 -
c 250 -
S .
= 200
§ 150 -
& 100
< 50 1 &

A21G A21L  A21F  A21K A21E

Figure 5-10. Influence of AP processing upon substitution of Ala21 with hydrophobic
and charged residues. The A21F and A21L mutations, which replace Ala21 with a
hydrophobic residue extend the upstream L'"VFF*® hydrophobic sequence, reduce Ap40
and AP42 production. The A21E mutation replaces Ala21 with a residue identical to the
following Glu22. A21E largely does not affect AB40 secretion, although increases AB42
and decreases AP38 secretion. A2IK slightly increases AP40 secretion and results in
larger increases in AB38 and Ap42.
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5.4 Conclusions

Proteolysis of the f C-terminal fragment (3-CTF) of the amyloid precursor protein
generates the amyloid § (AP) peptides associated with Alzheimer’s disease. Familial
mutations in the extracellular sequence of the 3-CTF, such as the A21G Flemish mutation,
can influence intramembraneous cleavage by y-secretase and increase AP peptide
secretion. We address how the Flemish mutation alters the structure of C55, the first 55-
residues of the PB-CTF, using solid-state NMR and Fourier transform infrared
spectroscopy. We show that in membrane bilayers the extracellular sequence from Leul7
to Ala21 has -secondary structure and that the transmembrane region is helical starting at
Gly29. The familial A21G mutation reduces the f3-structure near the site of the mutation
and increases o-helical structure in the region from Gly25 to Gly29 at the junction
between the extracellular and transmembrane domains. These changes are correlated with

an overall increase in the production of AP peptides.
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Chapter 6. Structural variation caused by adding

cholesterol into lipids

6.1 Introduction

As with the A21G mutation, the presence of cholesterol and cholesterol-rich
domains is linked to AP secretion by influencing the cellular events of P-secretase
cleavage, y-secretase activity and the level of secreted Ap “’. Depletion of cholesterol
inhibits the y-secretase activity and AP secretion, while addition of cholesterol enhances

the processing of y-secretase “**”. The influence of cholesterol can be in many aspects.

120



For instance, y-secretase is found in lipid-raft microdomain and cholesterol can interact
with p-CTF @Y.

Previous structure studies in detergent/lipids mixtures by Barret P. et al. proposed
that a cholesterol-binding site was identified in the juxtamermbrane region of (-CTF
between the extracellular and transmembrane domains ®”. Residues that appear sensitive
to cholesterol binding include Phe20, Glu22 and Gly33. Phe20 is the last residue in the
L'"VFF* sequence. Glu22 is a site of familial mutation that is adjacent to Ala2l and
Asp23, also sites of FAD mutations. Gly33 is part of the GxxxG sequence close to the N-
terminus of TM domain that has been implicated in mediating TM helix dimerization of
the B-CTF in membrane bilayers.

In my study, I target the structural changes in the extracellular domain of the -
CTF arising from the A21G mutation and compare the changes with those caused by
incorporating cholesterol into model membranes. Fourier transform infrared (FTIR) and
solid-state NMR measurements are made on C55, corresponding to the first 55 residues of
the B-CTF, which includes the extracellular and transmembrane regions of the protein.
Peptides are reconstituted into in three different model membrane bilayers, e.g. saturated
C14 acyl chain lipid (DMPC: DMPGQG), single unsaturated C18 acyl chain lipid (POPC:
POPS) (i.e. unsaturated C18 acyl chain lipid is enriched in neuronal and CHO cells
reported by Spector et al.) and POPC: POPS: Cholesterol (i.e. 28.5 molar % of cholesterol
is used in our structure studies that is comparable to cholesterol composition in neuronal
cell membranes according to R. O. Calderon et al., 1995 "), In Chapter 4 and Chapter 5,
we show that the transmembrane region in wild-type C55 is helical through Gly29 and
that the extracellular sequence at least from Leul7-Ala21 has B-type structure. Upon the
A21G mutation, the transmembrane domain extends one helical turn up to Gly25 in
DMPC: DMPG bilayers, and the B-structure in the extracellular sequence from Leul7-
Gly21 is reduced. Here, we show that the influence of the incorporation of cholesterol

into bilayers on structure and processing is similar to that caused by the A21G mutation.

121



6.2 Results

6.2.1 Cholesterol-rich bilayers increase the helicity of the transmembrane domain of
wild-type C55

Both familial mutations and cellular environmental factors are known to influence
the AP generation. For example, a higher concentration of serum cholesterol has been
statistically observed as a risk factor for Alzheimer’s disease “”. Hypercholesterolemia
leads to an increase in AP deposition and intraneuronal accumulation of toxic AP
oligomers in transgenic mice ® */. Solution NMR studies suggest that cholesterol
interacts with the B-CTF in the juxtamembrane boundary between the extracellular and
TM domains in micelles or detergent/lipid mixtures ™. On the basis of our previous
observations in the A21G mutation (in Chapter 5), we investigated the possibility that
cholesterol may influence the structure of the extracellular region and TM domain of the

B-CTF.

Figure 6-1 presents FTIR and solid-state NMR measurements of '*C-labeled C55
peptides reconstituted in POPC: POPS bilayers with and without cholesterol added. In the
amide I region of the FTIR spectra, there is an obvious increase in the 1657 cm™ band
relative to the 1626 cm™ band upon the addition of cholesterol, i.e. an integration ratio of
the deconvoluted peak at 1657 cm™ to the peak at 1626 cm™ is 2.4 to 1 in POPC (A) and
POPC: POPS (B) to 3.2: 1 in POPC: POPS: cholesterol (C). This raises the possibility
that addition of cholesterol can induce the extended TM helix formation and/or reduced B—
structure observed as that in A21G mutation. In the NMR spectra of C55, the addition of
cholesterol to POPC: POPS bilayers results in a downfield (higher frequency) shift and
broadening of the C=0 resonance of Gly25 without influencing the carbonyl chemical

shift of Phel9. This observation is consistent with a shift to more helical structure in the
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region of Gly25 and adding cholesterol has marginal effect on the extracellular f—sheet

structure.
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Figure 6-1. FTIR measurements and NMR spectrum have been undertaken of C55
reconstituted in membrane bilayers with and without added cholesterol. Comparison
of polarized FTIR spectra of wild-type C55 reconstituted into POPC (A), POPC: POPS
(B) and POPC: POPS: cholesterol (C). The spectrum in the amide I stretching region are
shown after subtraction of the corresponding lipid backgrounds. The molar ratio of POPC:
POPS was 10:3, the molar ratio of POPC: POPS: cholesterol was 10:3:5.2. The molar ratio
of C55: total lipid was 1:50. (D-F) NMR spectra of the carbonyl region of C55 labeled
with U-">C Phel9, Val24, and Gly25 in three different lipid compositions. (D) Spectra of
C55 in POPC (blue) and POPC: POPS (green) are overlapped. On top of the 2D spectrum
are the overlapped 1D rows through Gly25 (solid line, POPC: POPS; dashed line, POPC).
(E) Spectra of C55 in POPC (blue) and POPC: POPS: cholesterol (red) are overlapped.
On top of the 2D spectrum are the overlapped 1D rows through Gly25 (solid line, POPC:
POPS: cholesterol; dashed line, POPC). (F) Spectra of C55 in POPC: POPS (green) and
POPC: POPS: cholesterol (red) are overlapped. On top of the 2D spectrum are the
overlapped 1D rows through Gly25 (solid line, POPC: POPS: cholesterol; dashed line,
POPC: POPS). The NMR spectra highlight the downfield (higher frequency) carbonyl
chemical shifts of Gly25 upon addition of cholesterol.
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6.2.2 Increased helical secondary structure induced by adding cholesterol is
supported by intra-helical DARR NMR measurement

Figure 6-2 presents the DARR spectra of wild-type C55 reconstituted in POPC:
POPS (blue) and in POPC: POPS: cholesterol (red) bilayers. The peptides are labeled with
BC=0 labeled Gly25 and “Co labeled Gly29 for wild-type and A21G C55. In Figure 6-2 A, the
cross peak between the Gly25 carbonyl and Gly29 Ca carbon is only observed in the wild-
type C55 in POPC: POPS: cholesterol. The appearance of the Gly25-Gly29 cross peak in
the A21G mutant (in Figure 5-10) or the addition of cholesterol indicates that both

conditions induce more TM helical structure of the C55 peptide.

The observation that both the A21G mutant and cholesterol both result in a Gly25-
Gly29 cross peak raises the question whether these two different mechanism can act
synergistically. Figure 6-2 B presents 2D DARR NMR spectra of the wild-type (blue) and
A21G C55 (red) peptide in POPC: POPS: cholesterol bilayers also using the same "C
labeling scheme. The frequency of Gly29 Ca shifts ~ 1.6 ppm to higher frequency (in red
line) relatively to that of wild-type C55 (in black line). The intensity of the cross peak of
the A21G mutant is ~1.5-fold higher in the cholesterol containing membranes consistent

with a synergistic effect.
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Figure 6-2. Carbonyl and Ca region of 2D DARR NMR spectra showing the intra-helical
contacts between Gly25 C=0O and Gly29 Ca in POPC: POPS and POPC: POPS:
cholesterol lipid bilayers. The peptides are labeled with *C=0 labeled Gly25 and "Ca
labeled Gly29. The inter-residue cross peak between the Gly25 C=O and Gly29 Ca
indicates the formation of helical secondary structure induced by the addition of
cholesterol or A21G mutation (arrow). Additional labels are observed from 1,2 -"*C
labeled Leul7 and U-">C-labeled Ala31. The ratio of peptide to total lipid is 1: 50. (A)
DARR spectrum of wild-type C55 in POPC: POPS (blue) and wild-type C55 in POPC:
POPS: cholesterol (red). The cross peak from Gly25 carbonyl and Gly29 Ca is only
observed in the wild-type C55 in POPC: POPS: cholesterol lipid bilayers. (B) 2D DARR
NMR spectra of the wild-type (blue) and A21G C55 (red) peptide in POPC: POPS:
cholesterol bilayers using the same "°C labeling scheme as in (A). The carbonyl-to-Ca
cross peak regions show the overlapping of intra-residue cross peaks from Leul7 and
Ala31 plus the inter-residue cross peaks from Gly29 Ca to Gly25 and Ala31 carbonyls.
The cross peak from G29 Ca to Gly25 carbonyl is observed on both the wild-type and
A21G C55.
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6.2.3 Adding cholesterol enhances the TM dimerization of wild-type and A21G C55
peptides in bilayers

We also investigated whether the addition of cholesterol influences the monomer-
dimer equilibrium of the wild-type or A21G C55 peptides. Figure 6-3 presents a
comparison of inter-helical Gly33-Gly33 dimer contacts in POPC: POPS membranes with
and without adding cholesterol. Rows through the Gly33-Gly33 contact from 2D DARR
spectra are shown for wild-type C55 (A and B) and the A21G mutant (C and D)
reconstituted into bilayers. The cross peak at 46.2 ppm corresponds to the interhelical
Gly33 (Ca) -Gly33 (*C=0) cross peak. The cross peak intensity from wild-type C55 in
POPC: POPS: Cholesterol in Figure 6-3 B is approximately the same (relative to the MAS
Gly33 "*C=0 spinning sideband denoted by * that is used as an internal standard) as that
for the A21G peptide in POPC: POPS membranes in Figure 6-3 C, indicating that the
monomer-dimer equilibrium is approximately the same. When the A21G mutant is
incorporated into POPC: POPS: cholesterol membranes (Figure 6-3 F), the cross peak
intensity increases ~2-fold consistent with a shift to more dimer. Adding cholesterol on
both cases (e.g. Figure 6-3 A to B and C to D) shows the same trend on the increasing
intensity of the interhelical Gly33 (’Ca) -Gly33 (?C=0) cross peak suggesting more
dimer formation in bilayers. 20 datasets are collected (with ns = 128 for each experiment).
Signals (FID, free induction decay) are averaged and processed. The signal to noise ratios
(S/N) for interhelical cross peaks are 4.6 (in Figure 6-3 A), 5.8 (in Figure 6-3 B), 7.2 (in

Figure 6-3 C), 7.9 (in Figure 6-3 D), respectively.
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Figure 6-3: 2D DARR spectrum of wild-type C55 and A21G mutant for interhelical
contacts in different bilayers. 2D DARR NMR spectra of the wild-type (A and B) and
A21G C55 (C and D) in bilayers to test two putative homodimeric interfaces,
GZxxxG7xxxG? or G*xxxA* motifs. Two peg)tides are selectively "°C labeled at Gly33
and Ala42. The first peptide is labeled with 1 -"°C labeled Ile31, 1-"C labeled Gly33, and
3-1C labeled Ala42, and the second peptide is labeled with 2-"°C labeled Gly33, and 1-
BC labeled Ala42. Two wild-type or A21G C55 peptides are mixed in equal molar
amounts, and reconstituted into POPC: POPS (A and C) and POPC: POPS: cholesterol (B
and D) bilayers. For both wild-type and A21G, only cross peaks resulting from Gly33 -
Gly33 contact (i.e. Gly33 Ca to Gly33 carbonyl) are observed. Cross peaks are not
observed between resonances associated with Ala42 (i.e Ala42 Ca to Ala42 carbonyl. 1D
slices through Gly33 CO are presented on upper panel for each 2D DARR spectra and the
cross peaks are indicated with arrows. The A21G C55 in POPC: POPS: cholesterol.
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6.3 Discussion

6.3.1 The A21G mutation and cholesterol both increase Af production in a similar
fashion

Many cellular factors appear to influence the processing of APP, the overall level
of secreted AP} peptides, and the APB42/ AP40 ratio. The presence of cholesterol and
cholesterol-rich domains is linked to y-secretase activity and the level of secreted Ap 7.
Depletion of cholesterol inhibits y-secretase and Af secretion, while addition of

cholesterol enhances y-secretase activity “* 7.

Using y-secretase functionally
reconstituted into proteoliposomes, Selkoe and coworkers “ found that the optimal
cholesterol concentration for AP42 production was the same as that for AB40. This

implies that cholesterol does not influence the AB42/ AP40 ratio which is similar to the

effect observed for A21G APP mutant (Figure 5-1 D).

6.3.2 Cholesterol and the A21G mutation both increase TM helix and dimerization
Spingolipid or cholesterol-rich liquid ordered lipid, also known as lipid raft *”, have
been proposed to be involved in several cellular functions or events, e.g. protein
trafficking associated to Caveolae and protein-protein association in membrane bilayers
3 In previous studies by Hecimovic et al. 77 showed that the accumulation of
cholesterol in Neiman Pick type C (NPC) cells promotes the aggregation of APP or B-CTF
in lipid ordered domains (raft) where the secreted A peptides occurs. Here, we start to
investigat whether a high concentration of cholesterol added into POPC: POPS model
bilayers even without the formation of liquid ordered domain could influence the structure
of B-CTF. FTIR and NMR measurements with and without cholesterol indicate an
increase in a-helical secondary structure. Cholesterol increases the thickness of the

bilayer ¥ by 10 % (i.e. ~3 A) and we infer that this induces an increase in the helical

structure between Gly25 and Gly29, in a fashion similar to that of A21G mutation. The
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result of both the A21G mutation and increase of cholesterol is similar, an increase in A}

production.

Together the results on the A21G and cholesterol point to a simple model in which
structural changes in the extracellular sequence (LVFFAEDVGSNK) sequence lead to a
reduction of inhibitory interactions. The large influence of the A21G mutation appears to
be on the adjacent Phel9 and Phe20 residues. The increase in helical secondary structure
induced by either the A21G mutation or by an increase in cholesterol may increase

dimerization.

6.4 Conclusions

Similar to the familial A21G mutation, which reduces the B-structure near the site
of the mutation and increases o-helical structure in the region from Gly25 to Gly29 at the
junction between the extracellular and transmembrane domains, the changes in the
structure of C55 upon incorporation of cholesterol into model membranes can also extend
the TM helix and promote the formation of stronger C55 homodimer. The influence of the
A21G mutation on structure and processing is similar to that caused by the membrane
incorporation of cholesterol suggesting a common link between familial mutations and the

cellular environment.
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Chapter 7. Structural variation by familial mutations near

the y-cut site

7.1 Introduction

The amyloid deposition of B-amyloid peptides (AP) in the brain is a prominent
feature of Alzheimer’s disease (AD) and is caused by proteolysis of the amyloid precursor
protein (APP) via a sequential two-step process. Cleavage of APP by o- or B-secretase
near the boundary between ectodomain and extracellular juxtamembrane (JM) sequence
causes shedding of the ectodomain, and is required for the second cleavage within the
transmembrane (TM) helix of a- and B-CTF . The y-secretase complex catalyzes the

second cleavage within the transmembrane domain, which leads to the formation of the
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AP peptides with different lengths ranging from 38 to 42 amino acids. The AP40,
cleavage at Val40 — Ile41, is the most prevalent AP peptide. However, AP42 has a higher
propensity to form aggregates than the shorter isoforms and is the most toxic peptide
generated from y-cleavage ®. Ap42 is also the principal component of amyloid plaques in

AD patients 7.

Familial AD mutations are found in the y-secretase complex and the APP
substrate. The mutations identified in APP were found to cluster in the extracellular region
and transmembrane sequence of the protein. These mutations in the extracellular region
included the A21G Flemish, E22Q Dutch, E22G Arctic, E22K Italian, and D23N lIowa
mutations **?” between the a-cut site and TM domain, and the KM670/671NL Swedish
(670/671 in APP numbering corresponding to the first two residues before the AP
sequence), A2T, and A2V near the B-cut site. More recently, two additional mutations,
the H6R English 7 and D7N Tottori mutations ®*”, have been found in the N terminus of
AP that also cause early onset familial AD. These mutations accelerate fibril formation
@D A second group of amino acids occurs between the cleavage site (Ala42) that releases
the AP42 peptide and the cytoplasmic end (Leu52) of the TM domain. These include the
T43A Iranian %% , T431 Austrian ®3) , V44M French @4 , V44A German @) , 145V Florida
@0) , V461 London ®7) , V46L Indiana ®8) , V46G ®9 and L52P Australian ®” mutations.
Mutations downstream the y-cut sites generate the wild-type AP peptides with affecting
the processing by the y—secretase complex.

Within the genetic autosomal mutation, both wild-type and familial mutation are

overexpressed as heterozygotes. The mixture of wild-type and AP mutant can show very
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different neuronal toxicity, e.g. only can K16N form highly toxic heteromeric oligomers
mixed with wild-type AB peptides ®”. On the other hand, the dimerization analysis by

Gorman et al *

show that wild-type TM peptides can interact with V46G mutant
peptides in a similar manner to the FRET measurement of self-association. Their results

suggest that hetero-dimer can associate and might contribute to the AD pathology.

In this thesis, I mainly focus on the Austrian T431 mutation, which is located in the
cluster of TM mutations. T43I causes the largest increase in the AP42/Ap40 ratio ®Y.
Thr43 is one amino acid downstream of the y-cleavage site that generates the Ap42
peptide. This site is roughly midway between the extracellular and intracellular
boundaries. On the extracellular side of Thr43, there are several GxxxG motifs within the
TM domain that mediates dimerization in membrane bilayers *”. On the intracellular side
of Thr43, is a cluster of B-branched amino acids (Val44, 145, V46) whose mutation results
in early onset AD. Gorman ef al. “” measured the influence of three FAD mutations
(T431, V46G and V46F) on the monomer-dimer equilibrium in the context of TM
peptides. They found a positive correlation between the higher dissociation constant for
the dimer (Kd) and the higher AP42/40 ratio observed in AD patients, suggesting that
processing of the B-CTF monomer results in an increase in AB42/ AP40 with largely

decreased Ap40.

In our studies, we characterize the influence of the T43I mutation on the structure

of C55, a 55-residue peptide corresponding to the extracellular, TM regions and a few

charged residues in the C-terminus of the B-CTF. Structural measurements using FTIR
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and solid-state NMR spectroscopy are carried out in both detergent micelles and in
membrane bilayers. Structural changes are probed both upstream and downstream of the
point of mutation. FTIR measurements reveal an increase in 3-sheet structure associated
with the folding of the extracellular sequence of the §-CTF. The structural changes in the
extracellular region of C55 upon mutation within the TM domain are consistent with
previous studies showing that this mutation leads to a shift of the TM dimer to monomer.
Solution NMR studies show that mutation of Thr43 leads to changes in the chemical shifts
of Gly37 and Gly38 within the TM domain. These glycines are involved in TM
dimerization. Solid-state NMR measurements reveal a local change at Ile45, C terminal
to the mutation site. Large shifts in the carbonyl and Ca carbon resonances of 1le45 are
consistent with an increase in local helical structure upon mutation. Taken together, the
Thr43 mutation can influence the secondary structure and dimerization of C55 proteins

that can be correlated to the higher AB42/ Af40ratio in AD pathology.

7.2 Results

7.2.1 Mutations at Thr43 change the secretion and ratio of AB42 to AB40 from APP
There are two clinical mutations at Thr43 that have been described in the literature,

the T43A Iranian *” and T431 Austrian mutation ®”. This replacement introduces

different size and polarity of side chains at position 43. To better understand the

dependence of amino acid type at position 43 on processing, we analyzed the distribution

profile of secreted AB38, AB40 and AP42 produced by processing of a series of Thr43

mutants on $-CTF.
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Figure 7-1 A summarizes the distribution of AP38, AP40 and AP42 peptides
produced by y-secretase cleavage. The overall production of AP peptides, i.e. the
predominant APB40 species is generally decreased by substitution of Thr43. The familial
Thr43 mutations, T431 and T43A, exhibit decreases of total AP production by ~ 65% and
45%, respectively. Mutation of T43I and T43V dramatically decreases the level of AB40

and increases AP42. The AB42/ ABA4O0 ratio is highest for T43I (in figure 7-1B).

Among these mutations, serine and valine are the most similar amino acids to
threonine. Both have similar molecular volumes. Serine has a $-hydroxyl group, while
valine has a (-methyl group. The T43S mutation results in a similar loss of total AP
production (~50%) as observed for T431 but T43A, and has almost no effect on the A42/
AP40 ratio. The T43V mutation, another class of f—branched amino acid like isoleucine
closely resembles T43I in total production and has the second highest increase in the
AP42/AB40 ratio. Together these results suggest that loss of the f-hydroxyl group of
Thr43 has a crucial influence on the AP42/ AP40 ratio by decreasing the secretion of

AP40 with an concomitantly increasing secreted AB38.

Of the amino acids tested, glycine and phenylalanine are structurally the most
different from threonine. AP production is blocked by the T43F mutation, which places a
large hydrophobic residue at position 43. T43G exhibits a striking increase in AB38
relative to AP40 and AP42. An increase in APB38 is generally observed upon mutation of

Thr43 to most amino acids.
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Figure 7-1. AB42 and Ap40 secretion from B-CTF mutant in CHO cell lines. Ap42
and AP40 secretion (A) and the ratio of AB42/ AP40 secretion (B) are shown here for
comparison.
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7.2.2 Comparison of wild-type CSS and Thr43 mutants reveal global changes in
structure

To characterize the structural differences associated with various Thr43 mutants,
we undertook FTIR spectroscopy. Figure 7-2 presents FTIR spectra of wild-type C55 and
C55 with a series of Thr43 mutations. The peptides were reconstituted into DMPC:
DMPG membrane bilayers. The amide region of the spectrum shows two intense distinct
peaks at 1657 cm™ and 1626 cm™ with small peak at 1695 cm™. The band at 1657 cm™ is
characteristic of a-helical global secondary structure, while the band at 1626 cm™ band is
characteristic of B-sheet secondary structure. The small 1695 cm™ band is often associated
with anti-parallel -sheet. We have assigned the B-structure in C55 to the extracellular
sequence between Tyr10 and Ala21 (in Chapter 3 and 4). Upon mutation of Thr43, except
T43V mutant, there is a general increase in resolution and an increase in intensity of the
1626 cm™ band. These changes indicate that mutations in the TM domain have an
influence on the extracellular region, and suggest that the TM mutations induce a global

change in structure.
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Figure 7-2. FTIR spectrum of wild-type C55 and T43I C55 mutant in bilayers. The
spectrum of wild-type C55 is in solid line and the spectrum of mutants are in solid line in
(B)-(F). Two major peaks are observed in the amide I region corresponding to TM helix
and extracellular f—sheet with a small peak at 1695 cm’. T431, T43A, T43S and T43G

mutant show more distinct peaks at helix and p—sheet peak.
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To assess the global structure of C55, we undertook solution NMR studies in

(45, 63)

detergent micelles. Recently, the groups of Sanders and Arseniev (* have published

solution structures of the B-CTF. Sanders and coworkers “ ¥ have determined a
structure of the full B-CTF molecule (residues 1-99), while Arseniev and coworkers *¥
have determined a structure of a truncated -CTF (residues Glnl5 — Lys53) in DPC
micelles. Figure 7-3 presents the 2D "N TROSY HSQC spectrum of wild-type C55 in
DPC micelles. The spectrum is relatively well resolved; roughly one resonance of equal
intensity is visible for each backbone and side chain NH group. The assignments were
made on the basis of a series of three-dimensional NMR experiments (and by comparison
with assignments of full B-CTF and shorter TM fragments previously). 78% of wild-type

CS55 proteins in DPC micelles are sequentially assigned. Assigned residues are shown in

red on the sequence (in Figure 7-3).
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Figure 7-3. 2D "N, "H TROSY HSQC spectrum of wild-type CS5 in DPC micelles. (3-
CTF sequence is shown on the top panel. The residues in red are sequentially assigned.
78 % of intrinsic C55 residues are assigned.
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Figure 7-4 presents the region of the 2D TROSY HSQC spectra of wild-type C55
and various Thr43 mutants. The region of the glycine resonances is shown for clarity. The
striking observation is that the mutations all influence the resonances corresponding to
Gly37 and Gly38 within the TM sequence. As a result, the FTIR and solution NMR
measurements both argue that mutation of Thr43 globally causes a change in the structure

of C55 upstream of the site of mutation.
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Figure 7-4. Glycine region of 2D N, '"H TROSY HSQC spectrum of wild-type C55
and Thr43 mutants in detergent micelles. The comparison between the wild-type and
T431 mutants show that Gly37 and Gly38 shift more significantly.
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7.2.3 The T431 mutation induces local structural changes in the TM domain of the 3-
CTF in bilayers.

In order to characterize the local structure surrounding Thr43 in membrane
bilayers, solid-state NMR experiments were undertaken on C43 peptides (residues 22 —
66, or APP TM peptide in Chapter 3) incorporating the TM region of the B-CTF. This

¢” In

sequence was previously used in our solid-state NMR studies of TM dimerization
these studies, we observed interhelical NMR contacts between Gly29, Gly33 and Gly37.

These three glycines comprise two consecutive GxxxG motifs within the TM sequence.

In an earlier study, Gorman et al. ® proposed a comprehensive model for the
influence of the TM cluster mutations. In their studies (also on TM peptides), they
showed that mutation of Thr43 shifts the structure of the TM dimer toward monomer.
Here, we directly test this structural model by measuring interhelical interactions between

Gly37 in the C terminal GxxxG motif between the wild-type and T431 mutant.

Figure 7-5 presents solid-state DARR NMR measurements of GxxxG contacts.
The measurements involve reconstitution of two TM peptides in DMPC:DMPG bilayers
with different *C-labeling schemes. One peptide is labeled at the backbone carbonyl of
Gly37 with °C, while the second peptide is labeled at the backbone Ca carbon of Gly37
with °C. Close proximity (< 6 A) of these '°C labels is manifested as a cross peak in the
2D NMR spectrum. Figure 7-5a shows the region of the 2D spectrum in which the cross
peak between the Ca carbon at 45 ppm and the C=O carbon at 175 ppm is observed in the

wild-type TM peptide (blue spectrum). In contrast to the wild-type sequence,
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incorporation of the same "°C labeling scheme into peptides containing the T431 mutation
does not result in an interhelical cross peak (red spectrum). Other stronger peaks are
originated from uniformly "*C labeled amino acids on the sequence (i.e. U-"C Ala42, U-
BC Val44 and U-"C TIle45 in one T431 mutant peptide as an example). These
measurements show that we lose the dimer contact between TM helices previously

% " This observation is also in line with that of GxxxG intra-

observed by Sato et al.
helical contact of wild-type and A21G C55 but not GxxxA motif. A possible shift of the

TM dimer to monomer is consistent with the results of Gorman et al. .
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Figure 7-5. 2D DARR spectrum of wild-type APP TM peptide and T431 mutant for
interhelical contacts in bilayers. Gly37 *C=0 and Cly37 "Ca are labeled in two TM
peptides. Equal molar of peptides are mixed. Gly Ca region of 1D CP spectrum is boxed
and show that only a cross peak from Gly37 *C=0 and Cly37 "Ca is observed in wild-
type APP TM peptides (blue lines) but no T431 mutant peptides. Other stronger peaks are
originated from intra-residual contacts of uniformly *C amino acids on the sequence (i.e.
U-"C Ala42, U-"C Val44 and U-"C Ile45 in T43I mutant).
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Solid-state NMR spectroscopy also allows us to measure the backbone “C
chemical shifts (i.e. C=0O and Ca) along the TM sequence that are sensitive to the
secondary structures of the peptide. In Figure 7-6, we summarize the '>C chemical shifts

deviation from the averaged values (http://www.bmrb.wisc.edu/ref info/ statful.htm) of

nearby amino acids on the N terminal and C terminal side of Thr43. For amino acids
other than glycine, >C=0 chemical shifts greater than ~177 ppm are characteristic of o-
helical secondary structure. For glycine, chemical shifts associated with a helical
conformation are typically observed between ~174 and 175 ppm. Here, the Ca and C=0
chemical shifts are plotted as differences from the average chemical shifts of these
resonances. The deviations to higher chemical shift values (i.e. positive bars) correspond
to a-helical secondary structure. The backbone chemical shifts of T431 mutant globally
show a typical o—helical propensity. The measured chemical shifts for the TM residues of
the wild-type sequence are consistent with TM helix, with the notable exception of Ile45
(negative value of ~ 1.5 ppm) and Ala42 (negative value of ~ 0.4 ppm). The observed
negative chemical shift deviation is markedly different from that typically observed for a
residue within a TM helix, suggesting a possible loss of backbone hydrogen bonding of
the Tle45 C=0 group. The T431 mutation results in a shift of the *C=0 resonance by 2.5
ppm to positive deviation, suggesting restoration of backbone hydrogen bonding of the
Ile45 C=0O upon mutation. The chemical shift comparison of Val40 between wild-type and
the T431 mutation also shows a negative deviation of ~ 2 ppm with a large positive
difference on the chemical shift of Ca. The chemical shift comparison of Gly38 between
the wild-type and the T431 mutation also shows a negative deviation of ~ 1 ppm. These

observations are particularly of interesting since the position of Val40 is the y-cleavage

146



site that releases the AP40. The position of Ile45 and Gly38 is the cut-site that generate
the upstream and downstream cleavage product of AB42 (i.e. the progressive cleavage
pathway of AB38 - AP42 - AP45 - AP48). The carbonyl chemical shift deviation

represents the accessibility of exposed carbonyl on the sequence.
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Figure 7-6. Chemical shift deviation of wild-type APP TM and T431 mutant peptide
from average values. The secondary structure propensity predicted from deviation of
chemical shifts is focus on upstream and downstream the site of T43I mutation. (A)
Carbonyl chemical shift deviation from average values. (B) Ca carbon chemical shifts
deviation from average values. The average chemical shift values are taken from the
BMRB database (http://www.bmrb.wisc.edu/ref info/ statful.htm). The deviations to
higher chemical shift values (i.e. positive bars) correspond to a-helical secondary
structure. The ratio of peptide to total lipid is 1: 50.
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7.3 Discussion

Familial mutations in the APP gene fall into several clusters. One cluster
corresponds to amino acid positions within the TM domain of the protein between Ala42,
the y-cleavage site that generates the toxic AP42 peptide and Leu49, the e-cleavage site
that initiates progressive cleavage of the -CTF substrate by y-secretase. This cluster
involves amino acids Ala42, Thr43, Val44, Ile45, and Val46. We have targeted the T431
mutation and show that it induces global structural changes in the extracellular region of
the protein, as well as local changes in the TM region at Ile45. These changes appear to
shift the monomer — dimer equilibrium toward more monomer. [n vivo processing
analysis shows that the T431 mutation reduces the total amount of secreted AP peptides
and increases the AP42/ AP40 ratio by decreased APB40 secretion. Here, both solution and
solid state NMR are used to study the structures of wild-type and mutants in detergent and
bilayer systems for comparison. The extracellular structure of B—CTF in detergent

micelles , e.g. K17-L18-V18-F19-F20-A21, is different from that in bilayers *”.

7.3.1 The T431 mutation causes structural changes upstream of Thr43

The major y-secretase cleavage sites within the B-CTF are at residues 38, 40 and
42. The TM cluster of FAD mutants occurs in the helical turn of amino acids that are just
downstream of Ala42. De Jonghe ef al. 62 found that T431, V44M, V44A, 145V, V461
and V46L all increase the AB42/ AP40 ratio. All mutations except 145V decreased AB40
secretion, and all mutations except V44M increased the amount of secreted Ap42. These
results suggest there are local changes within the 3-CTF substrate in the vicinity of the
Val40 and Ala42 cleavage sites. However, there are several observations that imply that
the FAD mutations within the TM domain can influence the structure of the y-secretase
substrate upstream of Thr43. For example, De Jonghe et al. ®” and Ancolio et al. (1999)

found that mutations within the TM cluster of FAD mutants increased x-Ap42. x-Ap42
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are peptide isoforms that start with cleavage at amino acid 11 (alternative B-sectretase

cleavage) @ or 17 (a-secretase cleavage) % *7.

The FTIR data presented in Figure 7-2 provide evidence for a change in the
structure of the extracellular sequence of C55 upon mutation of Thr43. We observe
reproducible changes in the intensities of the 1626 cm™ and 1657 cm™ bands. We have
recently suggested that B-sheet/strand structure in the extracellular sequence influences the
level of AP40 secretion by influencing y-secretase cleavage (in Chapter 4 and 5). For
example, mutations of the LVFF sequence disrupt the -sheet structure in the extracellular

domain and result in increase in the secretion of AP peptides.

Solution NMR studies suggest that the series of mutations at Thr43 all influence
the structure of the B-CTF in the region of Gly37 and Gly38. These glycines have both
been implicated in dimerization of the TM domain and destabilize the secondary structure.
There are several lines of evidence indicate that dimerization may influence processing by
the y-secretase complex. In chapter 3, I have showed that TM peptides alone formed

% Mutation of GxxxG motifs in neuronal cell

dimers mediated by their GxxxG motifs
lines “ or in CHO cells *” gave different results. Munter ez al. “” found that mutations
of Gly29 and Gly33 of the GxxxG motif gradually attenuate the strength of TM
dimerization strength, reduce the formation of AB42 and increase AB38 and shorter AP

species, while leaving the level of AB40 unaffected. Gorman et al. *”

using model
peptides found that the mutations in the TM cluster of FAD mutations exhibited weaker
dimerization than the wild-type sequence. Our results agree with Gorman et al. ?” in

context of dimerization of APP TM T43I mutant. The mutations appear to influence both

the G37-G38 and the extracellular regions.
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7.3.2 Structural changes between Thr43 and €-cleavage site induced by Thr43

One of the puzzling aspects of the TM cluster of FAD mutations involves how
mutations in four consecutive amino acids (T43, V44, 145, V46) within one helical turn
can lead to an increase in AP42 relative to AP40. The emerging consensus for the
processing of APP to different length A} peptides is that proteolysis occurs by progressive
cleavage of the TM domain of the B-CTF from the &- to the y-cut site /. The e-cut site
lies at the boundary between the hydrophobic core and the polar headgroup region of the
bilayer. One of the first indications that the y-secretase complex was able to cleave the (3-
CTF between the y- and e-cut sites was the isolation of AB46 peptides /¥, More recently,
the AB43 and AP49 peptides have been detected "7, Using the DAPT inhibitor that

suppresses AP40, Qi-Takahara et al.

observed an intracellular buildup of AP43 and
AP46. They proposed an oa-helical model in which the B-CTF is cleaved at every three
residues. Along with the detection of other longer intracellular AP peptides, including
AP45 and AP48 and AICD 49 (49 residues), another product line starting from AP48 is
sequentially to generate generate Af342 where is cleaved every three residues. The model
suggests that the FAD mutations are responsible for increasing the number of peptides
undergoing a shift from one product line to another. Our results show that there are
irregular C=0O chemical shifts of Ile45 and Ala42 of the wild-type within TM helix and the
T431 mutation can positively shift this uncommon C=0O frequencies of Ile45 and Ala42

along with a positive shifting of Gly38 and Val40 C=0O. These observations are consistent

with two distinct cleavage pathways.

7.4 Conclusions

The familial T431 mutation within the TM domain of the B-CTF leads to an

increase in the ratio of the AP42 peptide relative to AB40 by decreasing the AP40
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secretion. AP42, the most toxic spices to neuronal cells is the principal component of
amyloid deposits within the brain parenchyma, and the Ap42/ AB40 ratio is correlated
with the onset age of Alzheimer’s disease. FTIR measurements on C55, a 55-residue
peptide corresponding to the extracellular and TM regions of the B-CTF, reveal an
increase in f-sheet structure within the extracellular sequence. Solution and solid-state
NMR measurements reveal structural changes both upstream and downstream of Thr43.
Solution NMR measurements show the mutations at Thr43 lead to changes in the chemical
shifts of Gly37 and Gly38 within the transmembrane domain. The T431 mutation leads to
a local change at Ile45, located two residues toward the C terminus of the TM domain.
Difference in the carbonyl and Coa carbon resonances of Ile45 (positive shift), Ala42
(positive shift), Val40 (negative shift) and G38 (negative shift) are consistent with an
increased trend in local helical structure upon mutation that leads to the preference on the

production of Af42 or AR40.

152



Chapter 8. General discussion and future plans

8.1 General discussion

The dissertation is mainly on the structural studies of C55 corresponding to
extracellular and transmembrane domains of f—CTF in membrane bilayers. The in vivo AP
secretion experiments by our collaborators set up a platform to monitor the correlation
between structure and processing by the secretases, where we propose that structural
variation of substrates can alter the substrate-enzyme interaction and leads to change in

enzymatic cleavage.

8.2 Summary of results

8.2.1 The helix-to-coil transition at the TM-JM boundary is required for the
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intramembranous cleavage

Processing of APP by the y-secretase complex is the last step in the formation of
the AP peptides associated Alzheimer's disease. In our structural studies of APP TM
peptides in bilayers, we show that the TM domain forms an a-helical homodimer mediated
by consecutive GxxxG motifs, but not GxxxA. We find that the APP TM helix is
unraveled at the intracellular membrane boundary near the e-cleavage site. Also, this
helix-to-coil transition is required for y-secretase processing; mutations that extend the
TM o-helix inhibit e-cleavage, leading to a low production of AP peptides and an
accumulation of the a- and B-CTF. Our data are consistent with a progressive cleavage
model where B-CTF proteolysis depends on the helix-to-coil transition at the TM-JM

boundary and unraveling of the a-helix of TM substrate.

8.2.2 The Thr43 mutations decrease homodimerization with the secondary structure

change between the y-cut and g-cut site

The familial T431 mutation within the TM domain of the B-CTF leads to an
increase in the ratio of the AP42 peptide relative to AP40. AP42 is the principal
component of amyloid deposits within the brain parenchyma, and the AB42/Ap40 ratio is
correlated with the onset age of Alzheimer’s disease. FTIR measurements on C55, a 55-
residue peptide corresponding to the extracellular and TM regions of the B-CTF, reveal an
increase in (-sheet structure within the extracellular sequence. Solution and solid-state
NMR measurements reveal structural changes both upstream and downstream of Thr43.
Solution NMR measurements show that mutations at Thr43 lead to changes in the

chemical shifts of Gly37 and Gly38 within the TM domain in micellar environments but
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not bilayers. The T43I mutation leads to a local change at Ile45, located two residues
toward the C- terminus of the TM domain in bilayers. Large shifts in the carbonyl and Ca.
carbon resonances of Ile45 are consistent with an increase in local helical structure upon
mutation. These results argue that the mutations at Thr43 can influence both the

extracellular and TM structure of B-CTF in micelles and bilayers.

8.2.3 Conformational change induced by the A21G mutation leads to increased AP
secretion in Alzheimer's Disease

Solid-state NMR and Fourier transform infrared spectroscopy show that in
membrane bilayers the extracellular sequence from Leul7 to Ala21 has [-secondary
structure and that the transmembrane region is helical starting at Gly29. The familial
A21G mutation reduces the p-structure near the site of the mutation and increases o-
helical structure in the region from Gly25 to Gly29 at the junction between the
extracellular and transmembrane domains. To further verify the role of extracellular -
structure, several mutations at A21 are made. The mutation of Ala2l to Leu or Phe
reduces AP40 and AP42 production consistent with the hydrophobic character of these
residues inhibiting the y-secretase complex activity. In contrast, substitution of Ala21
with Glu similar to the downstream ED sequence, largely does not affect AB40 secretion,

although it increases AP42 and decreases APB38 secretion.

8.2.4 Cholesterol and A21G mutation have the similar influence on the structure of
B-CTF
Analogous to the familial A21G mutation which reduces the B-structure near the

site of the mutation and increases a-helical structure in the transition region from Gly25 to
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Gly29 at the junction between the extracellular and transmembrane domains, the changes
in the structure of C55 upon incorporation of cholesterol into model lipids can also extend
the TM helix and promote the formation of stronger C55 homodimer. The influence of the
A21G mutation on structure and processing is similar to that caused by the membrane
incorporation of cholesterol providing a common link between familial mutations and the

cellular environment.

8.3 Future plans and current working model
8.3.1 The anti-parallel B-sheet structure on the extracellular sequence of f-CTF and

its potential roles on the processing

FTIR spectra show that the B-CTF globally adopts TM a-helix and extracellular f—
sheet structures. The ratio of integration on a-helix peak (at 1657 cm™) and extracellular
B—sheet band (at 1626 cm™) is ~ 2.4: 1 corresponding to the numbers of 24 residues versus
10 residues (TM residues of G29 to L52). One explanation is the LVFFA sequence is part
of the B—structure. Observation of 1695 cm™ and Tri-Alanine scanning in the extracellular
sequence is consistent with an intramolecular anti-parallel p—sheet conformation. Our
latest AP secretion data on the FRH to AAA (i.e. leading to an increased AP secretion),
HHQ to AAA (i.e. no effect AB-structure) and LVFF to AAAA (i.e. leading to an
increased AP secretion and reducing the B-structure) B—CTF mutants support a registry of
the region of RHDSGY --- LVFFAE in anti-parallel p—sheet formation with a
complimentary interaction of positive charge of R5 and negative charge of E22 on both —
sheet ends. Those preliminary results raise the possibility of whether this intramolecular
anti-parallel B—sheet structure can lead to the extended B-helix supramolecular structure

9 that has been observed in AP fibril formation. To further identify the potential roles on
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influencing the processing, e.g. oligomerization, dimer-to-monomer equilibrium, higher

resolution structures within this region can be established with more distance constraints.

8.3.2 The influence of liquid ordered domain (raft) on the structure of f-CTF

In my thesis studies, I found that the high concentration of cholesterol added in
POPC: POPS model bilayers (unsaturated side chain) can influence the structure of B-CTF
in two aspects, 1) the extended TM helix ii) stronger TM dimerization on both wild-type
and A21G C55. We infer that adding cholesterol increases the thickness of the bilayer /¥
by 10 % (i.e. ~ 3 A) and that this induces an increase in the helical structure between
Gly25 and Gly29, in a fashion similar to that of A21G mutation. However, much less
influence has been found on the extracellular B-sheet structure, e.g. the chemical shifts of
Phe19 and Phe20 only show slightly shifting where the A21G mutation is just next to. To
further verify whether the thickness induced by the rich cholesterol in bilayers influence
the TM structure of B-CTF, incorporation of peptides into thicker bilayer (e.g. with longer
acyl chains of C18, C20 or C22) or saturate acyl chains (e.g. DPPC) should also lead to
TM structural variation and dimerization. FTIR (i.e. serve to monitor the sample
homogeneity) and solid-state NMR (i.e. serve to monitor the TM structure) are used to
investigate the structure change. In physiological aspect, the accumulation of cholesterol
in Neiman Pick type C (NPC) cells promotes the aggregation of APP or B-CTF in lipid

order domains (raft) where the secreted A peptides generated 7.

8.3.3 The Thr43 mutations can influence the structure of f-CTF between y—and &—
cut site
In Chapter 7, I found that the Thr43 mutation can influence the secondary structure

at Gly37-Gly38 upstream y—cleavage site and Ile45 between y— and e-cleavage site either
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in micelles or bilayers. The DARR constraints show that the mutation influences the
dimer-to-monomer equilibrium of T431 mutant TM peptides toward monomer. To
establish the structure variation at the TM-JM boundary caused by the T431 mutation, we
need full chemical shift information of T431 mutant B-CTF in this region. Previously, we
have successfully assigned 78 % of wild-type C55 proteins with a few residues missing
backbone nucleus frequencies. The 3D data for assignment are collected at 'H frequency
of 600 MHz. To optimize the resolution and sensitivity of spectrum, the spectrum can be
taken in higher field of 850 MHz (at 'H frequency) with cryoprobe (~ 2-3 fold). The
successful assignment on the wild-type C55 can extend the structure studies between y—

and e—cut site upon the Thr43 mutations.

8.3.4 Current working model

In this thesis, several structure elements have been characterized to influence the
processing of B—CTF. The Thr43 mutation can influence the secondary structure at Gly37-
Gly38 upstream y—cleavage site and residues, e.g. Ile45 between y— and e-cleavage site
either in micelles or bilayers that have been attributed to the different monomer-to-dimer
equilibrium. Those structure variations within transmembrane domains also affect the
extracellular structure that has been identified as f—structure in bilayers and proposed as
an intramolecular anti-parallel B—sheet in the region of HDSGY - - - LVFFA with the
complementary ionic interactions between Arg5 to Glu22 and Glull to Lys16. Our FTIR
results support an increasing P-structure propensity upon Thr43 mutations. The A
secretion in double mutations at A21G and T431 shows higher AB42/ AB40 ratio without

increasing the total AP generation is similar to the phenotype of single T431 mutation and
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further implicates the T43 mutations show the inhibitory effect of extracellular sequence
with an induced stronger f—structure. Furthermore, the well-defined anti-parallel f—sheet
in the region of RHDSGYE - - - KLVFFAKE within single C55 peptide is of interesting
since the anti-parallel p—sheets of AP peptide constitute to the B-helix formation of fibrils.
In surface of bilayers, the formation of this supramolecular structure can have influence on
the oligomerization state, TM dimer-to-monomer equilibrium, secondary structure
variation of B-CTF and interaction with membranes those can attribute to the regulation of
AP secretion. The future plans can be focused on 1) establishment of intramolecular anti-
parallel P-sheet with more distance constraints. ii) supramolecular structure of
extracellular anti-parallel f—sheet. iii) interaction of extracellular domains with lipid
bilayers 1iv) structure comparison of B—CTF in different lipid compositions between

cholesterol-rich lipids and lipid raft microdomain.
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Appendix

A.1 Averaged BC Chemical shift values

(updated on 23/05/2013 from BMRB database)

Amino acid type | Atom [Number |Averaged chemical shift (ppm) | Deviation (ppm)
ALA C | 32958 177.72 3.3
ALA CA | 45121 53.17 2.1
ALA CB | 42930 19.07 2.47
ARG C | 21348 176.38 3.27
ARG CA | 29802 56.77 242
ARG CB | 27819 30.73 2.19
ARG CG | 18515 27.23 1.73
ARG CD | 18753 43.16 1.47
ARG (074 467 160.46 4.28
ASP C | 26455 176.39 2.69
ASP CA | 36270 54.69 2.13
ASP CB | 34461 40.9 2.08
ASP CG | 704 178.42 11.8
ASN C | 17903 175.21 3.51
ASN CA | 24979 53.54 2.01
ASN CB | 23770 38.71 2.05
ASN CG | 1883 176.44 6.76
CYS C 7157 174.84 3.69
CYS CA | 10230 58.2 3.37
CYS CB | 9657 32.85 6.22
GLU C | 34861 176.81 3.74
GLU CA | 47369 57.33 2.18
GLU CB | 44617 30.04 2.19
GLU CG | 31217 36.12 1.65
GLU CD 717 181.8 7.8
GLN C | 18333 176.3 3.23
GLN CA | 25426 56.59 2.2
GLN CB | 23993 29.22 2.1
GLN CG | 16885 33.78 1.88
GLN CD | 1778 179.39 6.74
GLY C | 32448 173.84 3.21
GLY CA | 44985 45.38 1.66
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Amino acid type|Atom|Number|Averaged chemical shift (ppm) [ Deviation (ppm)
HIS C 9494 175.15 4.3
HIS CA | 13518 56.56 2.84
HIS CB | 12762 30.29 2.42
HIS CG 141 131.32 6.24
HIS CD2| 5218 119.9 5.8
HIS CE1| 4109 137.28 5.39
ILE C | 23590 175.81 3.62
ILE CA | 32127 61.62 2.75
ILE CB | 30185 38.61 2.23
ILE CG1| 20799 27.71 2.07
ILE CG2 | 22166 17.56 2.02
ILE CD1| 22286 13.49 2.48
LEU C | 38604 176.97 3.34
LEU CA | 52871 55.65 2.2
LEU CB | 49837 42.3 2.06
LEU CG | 32621 26.81 1.57
LEU CD1 | 35667 24.72 2.04
LEU CD2 | 34018 241 2.12
LYS C | 31384 176.59 6.35
LYS CA | 43294 56.94 2.26
LYS CB | 40799 32.81 2.06
LYS CG | 27502 24.92 1.61
LYS CD | 26052 28.97 1.55
LYS CE | 25242 41.88 1.37
MET C 9378 176.18 2.8
MET CA | 13202 56.15 2.31
MET CB | 12254 33 2.49
MET CG | 8073 32.04 1.73
MET CE | 6114 17.19 2.51
PHE C | 16573 175.42 3.46
PHE CA | 22574 58.12 2.65
PHE CB | 21355 40 2.38
PHE CG 248 136.93 13.06
PHE CD1| 9369 131.34 4.1
PHE CD2| 6648 131.38 3.93
PHE CE1 | 8246 130.48 3.83
PHE CE2 | 5844 130.57 3.36
PHE CZ | 6315 129.02 3.93
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Amino acid type| Atom |Number |Averaged chemical shift (ppm) | Deviation (ppm)
PRO C 17323 176.61 4.62
PRO CA 25033 63.32 2.27
PRO CB 23639 31.88 1.79
PRO CG 16967 27.24 1.81
PRO CD 17101 50.3 1.95
SER C 28442 174.61 2.6
SER CA 39364 58.72 2.22
SER CB 36773 63.72 5.68
THR C 24312 174.52 2.34
THR CA 33749 62.25 2.66
THR CB 31584 69.61 6.99
THR CG2 22730 21.59 2.03
TRP C 5320 176.14 2.6
TRP CA 7263 57.68 2.66
TRP CB 6860 30.12 2.82
TRP CG 191 110.28 6.92
TRP CD1 3615 126.3 4.02
TRP CD2 129 128.17 1.93
TRP CE2 164 138.38 7.07
TRP CE3 3083 120.22 3.76
TRP Cz2 3476 114.04 4.04
TRP CZ3 3110 121.2 3.36
TRP CH2 3260 123.62 3.71
TYR C 13494 175.36 3.38
TYR CA 18839 58.13 2.63
TYR CB 17669 39.33 2.71
TYR CG 237 128.12 12.18
TYR CD1 8528 132.42 4.85
TYR CD2 5735 132.42 4.78
TYR CE1 8460 117.71 3.92
TYR CE2 5671 117.78 3.02
TYR Cz 184 154.65 17.33
VAL C 30803 175.63 2.41
VAL CA 42092 62.53 2.92
VAL CB 39626 32.75 2
VAL CG1 29219 21.53 1.93
VAL CG2 28192 21.33 2.07
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A.2 Chemical shift table of the extracellular region of B-CTF

— wild type C55
Table 1 —  A21G mutant

Carbonyl Carbonyl Carbonyl Ca Ca Ca

Residue DMPC/PG POPC/PS POPC/PS/Chol DMPC/PG  POPC/PS POPC/PS/Chol

Leu" 1743 1745 174.6 535 53.8 53.7
173.9 174.6 53.3 53.6
18 173.9 61.0
Val
1736 60.5
Phe 1726 172.6 1732 56.1 56.5 57.6
1745 57.1
Phe? 1711 171.3 171.4 55.2 54.6 54.6
174.4 56.0
Ala’' 174.5 496
Gly ? 172.5 45.1
2 1753 173.1 61.5 61.0 60.8
Val
1757 63.2
Gy 1723 1725 44.4 44.1 44.0
y 175.7 176.2 456 47.6
Gly® 175.4 1747 1747 47.0 46.6 46.7
175.2 47.3
Ala 178.6 179.0 178.6 54.8 55.0
178.8 178.9 54.9 54.8
lle ¥ 177.8 178.5 178.3
177.9

* The chemical shift values are referenced to Glycine

CO, and adjusted to DSS by adding 2.01 ppm.
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A.3 Chemical shift table of the transmembrane domain of B-CTF

— wild type APP TM peptide
— T43l mutant APP TM peptide

Residue Carbonyl Ca Cb
33 . ) N.D.
Gly 175.2 476
37 174.9 46.6 N.D.
Gly
174.9 47.7
38 175.5 46.8 N.D.
Gly
174.4 473
40 179.8 62.6 347
Val
177.5 67.5 31.1
lle 41 177.2 66.4 38.1
176.8 66.4 378
42 177.4 N.D. N.D.
Ala
178.7 55.8 18.2
44
Val 178.6 66.9 31.2
179.1 66.9 31.0
lle 49 174.3 69.5 36.2
176.8 66.6 37.4
46 177.2 67.8 315
Val
47 177.2 N.D. N.D.
lle
49 177.5 N.D. N.D.
Leu

* The chemical shift values are referenced to Glycine

CO, and adjusted to DSS by adding 2.01 ppm.

172



A.4 TH, 15N — TROSY HSQC spectrum of the wild-type C55 in LMPG micelles
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