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SUMMARY

This thesis is comprised of five connected research projects on Cu**-bound amyloid
proteins inspected by solid-state nuclear magnetic resonance (SSNMR) spectroscopy and
development of novel methodologies for biomolecular SSNMR. After a brief introduction of the
research background in Chapter I, the SSNMR methods used in this thesis are outlined in
Chapter II. In Chapter III, we exmine the structures of Cu*-bound amyloid fibrils of
Alzheimer’s P (AP) peptides. Cu”" binding to AP in amyloid fibrils has attracted broad attention,
as it was shown that Cu ion concentration elevates in Alzheimer’s senile plaque and such
association of AB with Cu®" triggers the production of neurotoxic reactive oxygen species (ROS)
such as H,0,. However, detailed binding sites and binding structures of Cu*" to AP are still
largely unknown for AP fibrils or other aggregates of AP. In this work, we examined molecular
details of Cu®" binding to amyloid fibrils by detecting paramagnetic signal quenching in 1D and
2D high-resolution *C Solid-State NMR for full length 40-residue AP(1-40). Selective
quenching observed in >C SSNMR of Cu*-bound AP(1-40) suggested that primary Cu®"
binding sites in AB(1-40) fibrils include Ne in His-13 and His-14 and carboxyl groups in Val-40
as well as Glu sidechains (Glu-3,Glu-11, and/or Glu-22). "*C chemical shift analysis
demonstrated no major structural changes upon Cu’” binding in the hydrophobic core regions
(residues 18-25 and 30-36). Although the ROS production via oxidization of Met-35 in the
presence of Cu”” has been long suspected, our SSNMR analysis of *CeHs-S-in Met-35 showed
little changes after Cu®" binding, excluding the possibility of Met-35 oxidization by Cu®" alone.
Preliminary MD simulations on Cu”>*-Ap complex in amyloid fibrils confirmed binding sites
suggested by the SSNMR results. The MD simulations also indicate the coexistence of a variety

of Cu®"-binding modes unique in AP fibril, which are realized by both intra- and inter-molecular
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SUMMARY (continued)
contacts and highly concentrated coordination sites due to the in-register parallel B-sheet
arrangements.

In Chapter IV, the redox reactions on Cu®" ion bound to AP fibrils were examined. The
interaction of redox-active Cu®" ion with misfolded AB has been linked with the production of
ROS, which have been associated with the oxidative stress and neuronal cell damages in
Alzheimer’s disease (AD). Despite intensive studies, it is still not conclusive how the interaction
of Cu®" with misfolded AB leads to ROS production, even at the in-vitro level. In this study, we
examined the involvement of Cu*" ions bound to AB(1-40) amyloid fibril in the production of
ROS and the interaction between reduced Cu” and A fibrils at the in-vitro level by SSNMR and
other methods. Our photometric studies confirmed the production of ~60 uM H,O, from a
solution of Cu®"-Ap(1-40) fibril complexes at 100 pM within 2 hours of incubation after the
addition of biological ascorbate at a physiological level (~I mM). Our SSNMR 'H T,
measurements demonstrated that during the ROS production, the conversion of paramagnetic
Cu’" into diamagnetic Cu” was likely to take place while the Cu ions remain bound to the
amyloid fibrils. >C SSNMR chemical shift analysis suggested that this conversion to Cu” did
not alter the overall molecular conformations of AB(1-40) in fibrils. Furthermore, SSNMR 'H T}
measurements result showed that O, was required for rapid recycling of Cu’ back to Cu®", which
allows the continuous production of H;O. BC SSNMR analysis revealed that Met-35 was not
oxidized during the redox cycle, excluding the involvement of Met-35 in ROS production or
redox reaction. C and "N SSNMR results show that Cu" ions specifically bind His-13 and

His-14 of AP(1-40) fibrils. These results present the first detailed evidence on how the full-
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SUMMARY (continued)
length AP in amyloid fibrils offers Cu metal centers that continuously produce ROS through
redox reactions.

In Chapter V, we studied the molecular level structure of amylospheroid (ASPD)
intermediate species associated with AD. Accumulating evidences suggest that many of
neurodegenerative diseases including AD are linked with cytotoxic diffusible aggregates of
amyloid proteins, which are metastable intermediate species of protein misfolding. This work
presents a site-specific structural study on ASPD intermediate species for 42-residue AB(1-42),
which is known to correlate with the severity of AD. We demonstrate that detailed structural
examination by °C SSNMR is possible on synthetic ASPD that well mimics morphologies and
conformations of native ASPD isolated from an extract of a brain affected by AD. '*C SSNMR
chemical shift analysis over 20 residues demonstrated that ASPD is made of a single conformer
that is largely composed of B-sheet secondary structure. An inter-strand *CO-">CO distance
measurement suggests that the ASPD involves a parallel B-sheet arrangement despite the fact
that ASPD does not bind to fibril specific dyes such as thioflavin T. (Preliminary comparison of
BC shifts between ASPD and amyloid fibril samples of AP(1-42) suggest that ASPD has
distinctive conformation from that of the amyloid fibril). The approach presented here is likely
to open an avenue to examine structural details of various amyloid intermediate species
pathologically relevant to AD and other amyloid diseases, for which structures have been poorly
characterized.

In Chapter VI, we demonstrate the sensitivity and resolution enhancement in SSNMR by
paramagnetic relaxation assisted condensed data collection (PACC) and ultra-fast magic angle

spinning (UFMAS) in a high magnetic field (18.8 T) with low power decoupling for a metallo-
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SUMMARY (continued)

protein and describe the optimal choice of paramagnetic dopants for the PACC approach. One of
the main bottlenecks in the field of SSNMR is the limited sensitivity, particularly for
biomolecules, which are often available only in minimum amount. To overcome this problem
our group recently demonstrated PACC, in which the 'H T of the sample is reduced to 50-100
ms and the spectrum is acquired by rapid recycle delays without compromising the resolution.
In the PACC approach, Cu-EDTA has been used as an effective paramagnetic relaxation agent
to decrease the 'H T for sensitivity enhancement. To apply this technique to a wide variety of
systems, it is necessary to have different choices of relaxation agents. Here, we discuss the 'H T}
paramagnetic relaxation enhancement effects and line broadening (°C T%) for proteins doped
with various paramagnetic complexes such as Ni(I[)-EDTA, Gd(IIT)-DETPA, and Co(I1)-EDTA
complexes. We also discuss sensitivity enhancement in °C SSNMR for Cu®"-Ap fibrils with
PACC method by taking advantage of short 'H T} for this paramagnetic protein aggregates in an
ultra high field ("H NMR frequency of 800 MHz) under UFMAS of 50 kHz. A comparison of
1D/2D "*C SSNMR of Cu*"-Ap fibrils by conventional methods with high-power 'H decoupling
at 'H frequency of 400 MHz and by PACC methods with low-power decoupling at 800 MHz
showed that sensitivity per unit sample can be enhanced by a factor of 4-8 by a combination of
an ultra high field and the PACC method. Advantage of low-power decoupling under very fast
MAS in an ultra high-field will be discussed.

Finally, in Chapter VII, we present the possibility of enhancing sensitivity of "*C SSNMR
for amino acids and proteins by 'H indirect detection in a high magnetic field by a combination
of UFMAS over 70 kHz and stereo-array isotope labeling (SAIL) [Kainosho M. et al.,Nature

440, 52-57, 2006]. UFMAS at 78 kHz enhanced the resolution of '"H line widths for SAIL-Ile
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SUMMARY (continued)
(~0.24 ppm) by up to 3-4 folds compared with those for uniformly *C- and '*N-labeled Ile. 'H
detected 2D *C/'H correlation SSNMR showed improved sensitivity by ~6 and ~3 folds over
BC detected 2D "*C/'H correlation and ~1.2-1.4 folds compared with the 1D *C SSNMR for the
SAIL-Ile. Significant sensitivity enhancement was observed by 'H indirect detection of "C
SSNMR for SAIL-Ubiquitin (Ubq) protein crystals labeled at 7 Ile residues by 2D 'H/"C
correlation NMR over °C 1D direct detection demonstrated for the first time enabled us to get
high resolution 'H detected multidimensional experiments. The 'H detected high resolution 3D
BC/PC/'H correlation experiment for the SAIL-Ubq provided us valuable *C chemical shift
informations for the 7 SAIL-Ile sidechains inspite of overlapping >C/ Bc crosspeaks in the 2D
spectrum. The approach is likely applicable to general proteins to examine side chains as well

as main-chain for signal assignments and structural elucidation.
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I) INTRODUCTION

A) High resolution Solid-State Nuclear Magnetic Resonance of biomolecules

1) General introduction to Nuclear Magnetic Resonance spectroscopy

Over the last fifty years, the Nuclear Magnetic Resonance (NMR) method has become
the most powerful spectroscopic technique for molecular characterization.' It can provide three-
dimensional structural information on any molecule as long as the nuclei of interest in the
molecules are NMR active.” > NMR is generally a non-destructive technique but requires large
amounts of sample than other common spectroscopic techniques. In the case of biological
macromolecules either in solution or solid phase, the most common applications involve nuclei
such as ]H, 13 C, 15N, YF and *'P which have a nuclear spin (I) of /2 and are NMR active. In a
magnetic field, these nuclei possess 2I+1 spin states and transitions are induced between the
energy levels by irradiating the nuclei with electromagnetic waves of appropriate frequency. This
condition enables the magnetic component of the radiation to interact with the nuclear dipoles.
The transition from the lower energy to higher energy level corresponds to absorption of energy
and those in the reverse direction correspond to emission of energy. Due to the excess spin
population in the lower energy level, the absorption of energy from the applied secondary
electromagnetic field is the dominant process. This process is observed as signal in NMR and the
signal intensity is proportional to the total number of spins or simply the concentration of the

sample.

2) Solid-State Nuclear Magnetic Resonance spectroscopy

SSNMR using magic angle spinning (MAS) is a powerful technique for the
characterization and structural analysis of systems in solids including non-crystalline organic

materials and biomolecules.” > °C and "N SSNMR has been the most widely used methods for



organic solid materials and biomolecules in contrast to the "H NMR which is commonly used in
solution NMR.®® In solids, spatial proximity between two nuclei gives rise to orientation-
dependent anisotropic interactions, which modifies the nuclear spin energy levels contributing to
severe line broadening in the spectra. These anisotropic features limit the spectral features in
biomolecular SSNMR. The anisotropic features in SSNMR can be suppressed by spinning the
solid sample in an angle 0,, = 54.74 oriented with respect to the magnetic field called “magic
angle”. In order to have isotropic peak shapes in the SSNMR, the sample needs to be spun on the
order of or faster than (several thousands of Hz) the magnitude of the dipolar coupling arising

between two nuclei in solid state (see detailed description in Chapter II).

3) High-resolution Solid-State Nuclear Magnetic Resonance Spectroscopy

SSNMR spectra of static solid samples are often broad due to the anisotropic or
orientation-dependent interactions. High-resolution SSNMR achieved by MAS combined with
multiple-pulse sequences that manipulate the nuclear spin interactions can provide similar
information that is available from corresponding solution NMR experiments. A number of other
methods apart from MAS and multiple-pulse sequences have been developed for attaining high
resolution in SSNMR. Cross polarization coupled with MAS is frequently used in biomolecular
SSNMR experiments for sensitivity and resolution enhancement.'” Special sample preparation
protocols involving 'H spin dilution methods (via replacement by “H) have been established for
biomolecules to remove 'H heteronuclear dipolar interactions to get high resolution SSNMR

11-13

spectra. The prerequisite for the high-resolution SSNMR of biomolecules requires highly

homogeneous sample, and numerous investigations have established that generally long-range
structural order in the sample is required to observe the highest resolution in SSNMR of the nano

crystalline proteins, the amyloid fibers, and the sample of interest.'*'®



4) Recent applications of biomolecular Solid-State Nuclear Magnetic Resonance

Biomolecular NMR spectroscopy is often associated with biomolecules in solution state.
Since late 1980°’s SSNMR spectroscopy has become a powerful method in biology and is
suitable for the characterization of insoluble proteins and protein aggregates such as amyloid
fibrils, membrane—lipid complexes, and precipitated proteins. The availability of high-field
instruments dedicated for SSNMR, advancement in probe designs, pulse sequences, sample
preparation and other areas have greatly expanded the utility of SSNMR in the investigation of
large molecular systems to bridge the gap between the traditional structural methods such as X-
ray crystallography and solution NMR. SSNMR has become a successful structural method to
study the amyloid fibrils. Three-dimensional structures or detailed structural models have been
obtained for medium size amyloid proteins such as a-synuclein,'’ full-length HET-s prion,'®
AP(1-40) fibrils." *° Apart from the complete structure determination, SSNMR has been widely
used for studying the disease related meta-stable intermediate species, which provide crucial

insights into the folding of amyloid and other aggregating proteins.zl'23

Membrane proteins have
been the subject of SSNMR investigations, which are hard to study by other structural tools.
SSNMR has played a dominant role in the characterization of the structure and function of M2
channe1,24’ % histidine kinases,26 ABC transporters,27 bacterial outer-membrane proteins,28 G-
protein-coupled receptors.”’ SSNMR has been used to study rigid cell walls of bacteria (E.coli
peptidoglycal sacculi), bacterial peptidoglycal and its interactions with protein partners under in
situ conditions.®® In particular, SSNMR spectroscopy has been very effective in studying the

drug interaction with intact cells and cell wall preparations of pathogenic bacteria.’'™**



B) Amyloid f protein and Alzheimer’s Disease

1) Neurodegenerative disorders associated with amyloidosis

Neurons are vital building blocks of the brain and the central nervous system in normal
functioning of the human body. When the neurons are damaged, it leads to severe cognitive
impairment such as problems in thinking, judgment, memory, issues related to behavior, loss of
language function, inability to do calculations, and depression. Progressive loss of the structure
and function of neurons in human brains causes neurodegenerative disorders. The damaged
neurons are irreparable by the body’s defense mechanism and these diseases are commonly not

4
curable.** 3’

Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD), Prion
diseases are common forms of neurodegenerative disorders, which are associated with the
abnormal accumulation of misfolded protein deposit called amyloid. **** Risks of these
neurodegenerative diseases are genearlly increased upon aging.*® The protein deposits, which are
considered to cause the neurodegenerative disease, are mostly insoluble and fibrous in nature
commonly referred as misfolded amyloid proteins. Misfolded aggregates of amyloid  (AP)
peptide, a-synuclein, Huntington protein with polyQ expansion are likely responsible for AD,
PD and HD. The amyloid protein aggregates share a common [-sheet structural motif
conformation, and the aggregation process is seeded by the misfolded proteins.” This is the
common hallmark of the neurodegenerative disorders. The proteins in their native state are

. 41,42
unfolded and are nontoxic to the neurons.™

2) Alzheimer ’s disease

AD is the most common form of neurodegenerative disease, which leads to severe

cognitive impairment. The disease was named after German physician Alois Alzheimer who



treated the first documented case of the disease in 1906. AD is found to occur upon aging, and a
majority of people with AD are 65 and older. In the early stages of the AD, memory loss is mild,
but individuals lose the ability to carry on a conversation and respond to their environment when
the disease progresses.” Those with AD live an average of eight years after their symptoms
become noticeable to others, but survival can range from four to 20 years, depending on age and
other health conditions (http://www.health.ny.gov/diseases/conditions/dementia/). AD is the
fifth leading cause of death in the United States over the age of 65 or more.** Worldwide AD
cases are currently estimated at 36 million and will triple by 2050.*> The total cost in the
treatment, research, patient care, etc., for AD are ~ $ 200 billion annually.44 The current
treatments cannot stop AD from progression but can temporarily slow the dementia and improve
quality of life for those with AD and their caregivers. AD does not just affect the people with the
disease but also has a great financial and emotional impact on the family members. There are
intensive worldwide efforts under way to find better ways to treat the disease, delay its onset, and

prevent it from progression.

3) Neuropathology of AD

The pathological hallmarks of AD are neuronal loss, extracellular senile plaques and
neurofibrillary tangles. The neurofibrillary tangles are formed by hyperphosphorylation of
microtubule-associated protein “tau”. The aggregates of tau protein form an insoluble
intracellular accumulation in human brains of AD patients.36 Senile plaques are characterized by

the extracellular deposition of amyloid-B (AB) peptides*® ¥/

as shown in Figure 1. The AP
peptides that deposit in the senile plaques are comprised of 39-43 residue isoforms, which are

cleaved from the amyloid precursor protein (APP) by B- and y-secretases. Among the AP

peptides, 40-residue AP(1-40) and 42-residue AP(1-42) are the two major species found in the



plaque deposits. The peptides in the plaque deposits are found as insoluble fibrillar aggregates
called amyloid fibril. Previous studies indicate that amyloid fibrils of AP showed neural

toxicity”' and has been long believed that amyloid fibrils of Ap are responsible for AD.

Alzheimer’s

The medical illustration is provided by courtesy of Alzheimer's disease research, a program of
the American Health Assistance Foundation. (c) 2012 http://www.ahaf.org/alzheimers

Figure 1. Cartoon showing the comparison of the healthier neurons in normal human brains and
the AD affected human brains.

Most cases of AD are sporadic and ~5 % of cases are of genetic origin with early onset of
the AD symptoms and are known as familial AD (FAD).* FAD affects at least two generations
of the family and affects people in their early thirties and forties. These are caused by mutations,
which change the rate of production or the primary structure of AP. Several FAD related
mutations such as English (H6R), Tottori (D7N), Flemish (A21G), Dutch (E22Q), Italian

(E22K), Arctic (E22G) and Iowa (D23N) have been extensively studied for the varied



pathogenesis of different forms of FAD.* 3052

Each of these mutations alters peptide assembly
or metabolism. N-terminal mutations such as English (H6R) and Tottori (D7N) do not affect the

AP production but tend to accrelerate fibril assembly in the absence of increased protofibril

formation.*’

4) Diffusible amyloid intermediate assemblies of A

Recent studies show that intermediate oligomeric species are more toxic species than
later stage fibrils and are considered as potential therapeutic target.> Various forms of synthetic
and natural intermediate assemblies have been reported, ranging from dimeric species to ~1 MDa
multimeric toxic species.”® The common structural motif present in the self-assembled
aggregates of AP has mainly B-sheet conformation; however, the supramolecular structures and
their correlation to the neural toxicity are not well understood until now.>

The self-assembly of AP peptides into amyloid fibrils in AD is likely to involve a range
of differently structured transient assemblies. Shift in research interests from fibrils to these
intermediate assemblies was strongly ignited by the in-vitro experimental data demonstrating
that many amyloid intermediates have higher toxicity to neural cells than amyloid fibrils.
Different classes of neurotoxin assemblies have been identified, including oligomers,
protofibrils, and high mass assemblies ranging from dimers up to multimers of ~ 1 MDa.>®
Specific aggregates were shown to disrupt the lipid membrane architecture causing an imbalance
in cellular ion homeostasis mechanism leading to cell death. The exact mechanism of neural
toxicity of the intermediate AP assemblies is not clearly understood in spite several efforts from
various research groups.

The AP assemblies are differentiated according to their sizes. Figure 2 summarizes the

size overlap of the natural and synthetic Ap oligomers. Dimers and trimers are often called low



molecular weight oligomers,”” 3-24 mer AP(1-42) termed as Ap-derived diffusible ligands
(ADDLs),”® 12-mers termed globulomers or AB*56, 15-20-mer AP assemblies termed AP
oligomers,” 150-mer or higher assemblies termed B-sheet intermediates have been reported

recently.”!
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Reprinted by permission from Macmillan Publishers Ltd, Nature Neuroscience, 15, 3, March 2012, 349-
357, copyright 2012

Figure 2. Size overlap of the natural and synthetic AP oligomers.

5) Amylospheroid (ASPD) intermediate

Recently, Hoshi and co-workers ®' selectively immunoisolated intermediate species from
AD plaques which tend to coexist along with the fibrils. These amyloid intermediates are highly
toxic and exhibit spherical morphology having a diameter of ~10-15 nm, which was defined by
transmission electron microscopy (TEM) are termed as Amylospheroids (ASPD). The ASPD’s
found in the AD are called as native amylospheroids (native ASPDs). The native ASPDs are high

mass (> 100kDa) assemblies having a distinct surface tertiary structure different from other



assemblies which induces toxicity to the mature human neurons in-vitro. Also, the severity of
AD was well correlated with the level of native ASPD found in brains. ASPD is gaining
importance as a biomarker and a potential cause of AD, structural details of ASPD are still

unknown and are unexplored to a large extent. See Chapter V for detailed description.

6) Accumulation of metal ions in amyloid plaques in AD

AD is characterized by the deposition of amyloid plaques, the plaque deposits encompass
metal ions such as copper, iron, zinc, and these metals are strongly coordinated to the AP
peptides.®> ©* Elevated concentrations of Cu (400 uM) and Zn (1 mM)® ions in senile plaques
reach ~ 10-fold compared with the regions outside the plaque. Fe is found to be concentrated in
the vicinity of amyloid plaques®™ but the role of Fe in AD is not well established. The normal
levels of Cu and Zn in humans are 70 uM and 350 uM respectively. The metal ion homeostasis
mechanism appears to be severely damaged® in AD leading to the imbalance and accumulation
of metal ions in the brain. Significant amount of metal ions in the senile plaques indicates that
the metal ions might trigger the promotion of amyloidal fibril formation and accumulation in
human brains leading to AD. However, the exact mechanism of the metal-ion acumulation has
not been understood. Thus, intensive efforts have been made to understand the molecular details
of Cu*"-binding to AP, which could suggest another potential therapeutic target in AD. On the
other hand, most of the structural studies on Cu*"-AB binding were performed on soluble model

66-70

. . 1- .
peptides or monomeric APB;’""> however, some of these reports are controversial due to the

absence of direct site-specific structural evidence of Cu®* binding to AB peptides.

7) Redox reactivity of Cu-Ap complex and its role in the oxidative stress

The major pathological event in an AD brain is the excess oxidative stress.”® '’ Oxidative

stress is a condition in which there is an imbalance between the production of reactive oxygen
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species (ROS) and detoxification of ROS by antioxidant defense system. Redox active metal ion
Cu*" is found to mediate the production of ROS resulting in oxidative stress leading to the neural
cell deaths. It was shown that in association with Cu®*, Ap produces ROS such as hydrogen
peroxide (H,0,), hydroxyl radicals (OH’) in-vitro, reportedly through the reduction of Cu®" to

57% and/or biochemical reductants.”® The role of these metal ions in

Cu' in association with Met-3
the neural toxicity may be highly significant, since trace amounts of metals are believed to be
sufficient for the generation of ROS. 7 ! It was also found that Cu*" bound on the AP fibrils
gets reduced to Cu’ during the ROS production with the involvement of Arg, His, Tyr, Met
residues leading to a variety of oxidation products in the presence of biological reductants such
as ascorbic acid, cholesterol or dopamine.®

Met-35 residue in the AP peptide has been long suspected to participate in the electron
transfer redox reaction along with Cu®" to produce ROS.” Indeed, it was shown in a recent
report that AP isolated from plaques contains oxidized form of Met-35.> However, the
mechanism of the redox reaction and the involvement of A in the production of ROS are still
unclear. It is known that ascorbic acid is a strong biochemical reducing agent and found in high
concentrations ranging from 0.2 to 10 mM in human brains.* ® Ascorbic acid has dual redox
properties which acts as both reducing and oxidizing agent.*> *> A recent in-vitro study showed
that Cu-AB complex enhances the oxidation of ascorbic acid and generates OH' radical.* In
addition to ascorbate other biological reductants like cholesterol, progesterone, epinephrine,
norepinephrine, serotonin, dopamine, L-DOPA, NADPH* could initiate the redox process
involving Cu-AfB complex. Several research groups have shown the generation of ROS in the

83, 87, 88

presence of Cu”"-Ap and also linked ROS as the major cause of neural cell loss in AD.””

89



IT) GENERAL METHODS

A) Nuclear Magnetic Resonance (NMR)

1) Nuclear Spin and Boltzmann Distribution

The phenomenon of NMR was first studied by Zeeman™ in 1896 and later the NMR in
bulk condensed phased was studied independently by Purcell’’ and Bloch®® in 1946. Dramatic
progress in the field of NMR started with the development of pulsed Fourier transform NMR
spectroscopy by Ernst' in 1966. Currently NMR is an indispensible analytical tool in the analysis

of molecules in the gas, liquid and solid phase.

The theory of NMR spectroscopy is based on the manifestations of nuclear spin angular
momentum (I) and it is characterized by nuclear spin quantum number (I). The spin quantum
number I value for all the nuclei in atoms may have values equal to or greater than zero. The
nuclei with I = 0 has no nuclear spin and are NMR inactive nuclei. Generally, nuclei with an
even mass number and even atomic number have no nuclear spin. Nuclei with odd mass numbers
have half-integral spin quantum numbers and nuclei with even mass number and odd atomic
number have integral spin quantum numbers. For the NMR spectroscopy of organic molecules or
bio-molecules, the most important nuclei are H, 13C, N, F and *'P  which possess I = 12
nuclear spin quantum number. The intrinsic angular momentum I, is a vector quantity with

magnitude given by

) = [L0Z2 = AU+ D, e (1)

in which # is the Planck’s constant divided by 2. The z-component of I is specified by

L=Rm, .. )
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where m is the magnetic quantum number which can take values of m = (-1, -I+1,...., I-1, I).
Thus, for I, there exist (2/ + 1) possible spin states. Nuclei that have non-zero spin angular
momentum possess nuclear magnetic moments, p, which is collinear with the vector representing

the nuclear spin angular momentum defined by

y is the gyromagnetic ratio, which is different for nuclei of different isotopes and atoms. The
nuclear spin angular momentum (I) and the magnetic moment (p) are vector quantities and in the

presence of an external magnetic field, the spin states of the nuclei have energies given by

where By is the external magnetic field vector. In an NMR spectrometer, the external static

magnetic field is along the z-axis and the energy (E) for this geometry reduces to
E=-y,Bop=-mhyBy ..cccuu.us (5).

So for a spin % nuclei such as 'H or "*C, there are two possible energy states denoted by + ¥ and
- V4, while for I =1 nuclei (*H, "*N), the three equally spaced energy states are denoted by + 1, 0
and - 1 as shown in Figure 3. These energy levels which are quantized are known as Zeeman

levels. The transition energy between the two Zeeman states is given by
AE (+ %2 — - 5) =yhBy = h(yBo/2m), .......... (6)

which is directly proportional to the strength of the magnetic field (Bg). By Plank’s law, the

angular frequency o and the frequency v of the NMR transition is given by
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andv=0/2n=yBy/2n .cceeuuees (8)
in units of s™.
ok Applied magnetic Applied magnetic
field field
___________ m = -1/2 e Y
>
g No Field No Fied ~ m=0
L
----------- m=1/2 cemeemeeee-mM =1
B,(T) B,(T)
| =1/2 =1

Figure 3. Energy level diagram for I =% and I = 1 nuclei in presence of a magnetic field.

Now consider a collection of spin ’2 nuclei in an applied external static field. At
equilibrium, the + 2 and - '% states are unequally populated. The orientation of the magnetic
dipole vector parallel to the applied magnetic field has slightly lower energy than the vectors in
the anti-parallel orientation for nuclei with positive y. The relative population of the state is

given by Boltzmann distribution
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in which N,, is the number of nuclei in the m™ state and N is the total number of spins, T is the
absolute temperature and kg is the Boltzmann constant. The differences between the Zeeman spin
energy states are very small therefore the population differences between them are similarly
small. This is why NMR is a very insensitive technique in comparison to other spectroscopic
techniques such as IR and UV. The small population excess in the lower energy level gives rise
to a resultant magnetization vector My along the z-axis. The static field By imposes a torque on
the resultant magnetic moments My along the z-axis; My takes a circular path about the applied
magnetic field which is called as precessional frequency or Larmor frequency (wo) and is given

by

The transition from the lower energy state to the higher energy state for the observation
of the NMR signals is achieved by a oscillating secondary magnetic field B;(t) which will be

discussed in the following section.

2) Radiofrequency Pulse

The radio frequency (RF) pulse is simply described as an oscillating magnetic field B;(t)
with an angular frequency ;s that imposes a tilt on the equilibrium magnetization vector My in
the direction that is perpendicular to the direction of the B(t) field. Consider an RF pulse

applied to a single spin -'4 nuclei in a static field By. The Hamiltonian for the pulse is written as
H= —u.[B,+B (D] =H,+ Hyf .euuuen. (11)

= wol, + W[l cos(w,pt + @) + I, sin(wyrt + B)]  wevevnnnn. (12)
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where I, I, and I, are the spin angular momentum operators along x, y, z axes respectively and
o, ® are given by — yBg and — yB,. m¢l, is the precession of the spin under the influence of the

static field which is the Zeeman Hamiltonian and the second term in eqn. 12 is the RF pulse.93

3) Chemical Shift

In the presence of an external magnetic field (By), currents are induced in the electron
cloud, which generates an induced or secondary magnetic field (B;). The sum of the external
magnetic field (By) and the secondary magnetic field (B;) is felt by the nuclei. In a molecule,
different nuclei encounter different local magnetic fields, and thus the resonance frequency of
each nucleus is different for each chemical species causing dispersion in the NMR spectral

frequency which is called the chemical shift.
B°=B,+ B;"*d ... (13)
In general, the induced field can be written in the following form:
B =§ By e (14)

& is the second rank chemical shift tensor and is expressed in the following by a 3 x 3 matrix

form as

o

8L, 681, 6,{2\
J
53/

\ x 6;y 5.;? / .......... (15)
S 83y O

where X, y and z are the axes of the laboratory frame in which the shielding tensor is expressed.
In a high field approximation, the induced field is proportional to the external magnetic field. In

this case, assuming By is applied along the z-axis,
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B =577 By eeneenn. (16)

The shielding tensor matrix can be diagonalized to obtain the chemical shielding tensor principal
values (611j, Szzj, 633j). Under isotropic molecular tumbling (i.e. in solution), the observed

chemical shift is given by the following form

B . . Lo .
8 = 5 (8kx + 85y + 832). = 5 (811 + 8 + 833). wovrereens (17)

Variations in the 8}50 are observed due to the different electronic environment in the molecule.

Typically for an organic molecule 8jsovaries from 0 - 200 ppm in "*C spectrum or 0 - 15 ppm in

a'H spectrum.

4) Magic Angle Spinning

In SSNMR, magic angle spinning (MAS) is a technique which is often used to remove
chemical shift anisotropy and homo/hetero nuclear dipole-dipole couplings. MAS technique was
first demonstrated by Andrew and co-workers in 1958 and independently by Lowe in 1959 by
spinning the sample at an angle 6, = 54.74" with respect to the static magnetic field. This
imposes a cubic symmetry to the solid sample when the movement of the sample over a whole
sphere is restricted. Broad resonances on the order of kHz collapse to sharp signals under MAS,
dramatically improving the resolution for better identification and analysis of the spectrum. With
the advancement in MAS technology commercial, ultra-fast MAS probes which have the

capabilities to spin > 80 kHz are available.
In order to understand the MAS experiment, the following Hamiltonian is considered

H = Heg + HY + HY  .......... (18)



17

where Hcg is the chemical shielding term, HY and HY represents the heteronuclear and
homonuclear dipolar couplings. The electrons that surround a nucleus contribute to a secondary
field, which changes the resonance frequency of the nucleus. The chemical shielding is
determined by the Zeeman interaction between a nuclear magnetic moment () and the external

magnetic field (By).

i is expressed in terms of the nuclear spin operator I as p = yhl and the eqn. 19 can be rewritten

as
Hy=-yhLBo.  eeveeune. (20)

The Zeeman interaction is the most dominant interaction in the above Hamiltonian. The chemical

shielding Hamiltonian is expressed as

Hes = {aisoyBO + %8 [3 cos?0 — 1 — n sin?6 cos(Z(D)]} S (21)
Oiso = %(0{’1‘45 + offS + 0P85 . (22)
5= 08 — 05 wevrerenn (23)
n= M .......... (24)

where 0 and ¢ describe the orientation of the shielding or dipolar tensor with respect to applied
field By. The chemical shielding and anisotropy are represented by a tensor ¢ that is most
conveniently represented in the coordinate system in which it is diagonal. The principal axis

system which is an axis frame defined in such a way that the symmetric part of the shielding
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tensor is diagonal, and the principal values of the shielding tensor can be given as oy, (the

isotropic value), 9 is the anisotropy and 1) is the asymmetry parameter as shown in eqn. 22 -24.

The hetero-nuclear dipolar Hamiltonian is given by

1,,S P
HE = —¥ny, 3,5 %(3coszeij — 1) 2IS] e (25)
while the homo-nuclear dipolar Hamiltonian is expressed as

41T

2 . 3 . .
HY = —ﬂhzizj%g(?scoszeij— ) GBL - L) e, (26)

The molecular orientation dependence in the above equations is expressed in the form of
(3COS26ij - 1) where 0 is the angle that describes the orientation of the spin interaction tensor,
which could be the chemical shielding interaction, or the dipolar coupling tensor in the case of

the dipolar coupling interaction and r is the vector between point magnetic dipoles.

The anisotropic interactions described above are averaged out by MAS, producing an
isotropic spectrum. The MAS experimental setup is shown in Figure 4, a solid sample is placed
in the rotor and mechanically rotated at high spinning frequency about the magic angle 6, =
54.74" with respect to the applied magnetic field By which leads to the narrow peaks in the

94
spectrum.
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Spinning axis

Applied
Magnetic Field B,

Figure 4. Schematic diagram of the orientation of the sample rotor with respect to the applied
magnetic field in a MAS experiment.

B) Fast and Ultra-fast magic angle spinning for sensitivity enhancement in Solid-State
NMR

In recent years, SSNMR has advanced greatly as a structural and dynamic probe for
bimolecular solids. Two, three or four dimensional homonuclear and heteronuclear correlation
experiments have been routinely used for structural and dynamic studies. The recent
development of MAS probes capable of spinning so called fast (> 30 kHz) and ultra-fast (> 60
kHz) has revolutionized the SSNMR field. Under ultra-fast MAS (UFMAS) the 'H dipolar
couplings are heavily weakened which facilitates the use of low-power 'H nuclear decoupling
and selective CP opening up various new perspectives in the analysis of a larger range of

proteins by high-resolution proton-detection SSNMR methods.”>"'*

Sensitivity enhancement by indirect detection >C and "N SSNMR in biological solids
and polymers through 'H signals has been demonstrated more than a decade back by Ishii et.al.,
at fast MAS g = 31 kHz at high magnetic field (17.6 T). " ' The sensitivity enhancement

factor (£) by 'H indirect detection over direct detection of a dilute X-nuclei depends on the line
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width in the "H dimension Wy as well as the efficiency of polarization transfer (f) between "*C

and 'H for "H detection as shown in eqn. (27),'*"'*
3 1 1
I (ru\z (Wx)2 (Qu)2

§= 75 (VX) (WH) (QX) .......... (27)

where vy and yx represent the gyromagnetic ratios of the nuclei H and X, Wx and Wy are the line
widths observed, Qy and Qx is the quality factor for the sample coil for the 'H detection. f is the
polarization transfer efficiency and « is a constant. The factor k ~ 1 for comparison with 1D "°C
CPMAS SSNMR assuming apodization with matched window functions, while k = 1/2 for
comparison with °C detected 2D "*C/'H correlation. Thus, there is approximately 2.5 times

factor difference between £ values for comparison with 1D and 2D experiments.

C) Solid-State NMR of paramagnetic proteins

Over the last 10 years or so paramagnetic SSNMR has emerged as a powerful tool for the
investigation of structure and dynamics of bio-molecules. In particular, use of paramagnetic
relaxation enhancement (PRE) and attenuation of NMR signals by paramagnetic metal ions have
been used to determine the structure and metal binding sites of microcrystalline proteins, fibrils,
membrane proteins and in particular metalloproteins.'® '®* The PREs arise from the magnetic
dipolar interaction of the nucleus of interest with the unpaired electron of the paramagnetic
center. The Hamiltonian for a coupled electron-nucleus system in an external magnetic field By

is given by the following equation

H=%5gB— 22 1B+ LAS ........ (28)
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where I and S are spin angular momentum operators of nuclear and electron spins. Be and fn are
the Bohr magneton and nuclear magneton, g, is the nuclear g-factor specific to nucleus I, g is the
electron g-tensor and A is the hyperfine coupling tensor which describes the interaction
between the electron and nuclear spins and contains a through-space magnetic dipole-dipole
contribution as well as the through-bond Fermi contact part. In the above equation, for
simplicity, S = 2 and I = '; are assumed. The Curie spin relaxation mechanism which is
observed in paramagnetic systems in solution arising from the interaction of the nuclear spins
with the net magnetic moment of the unpaired electrons is absent in solid paramagnetic systems.

(See relaxation definition in Chapter VI)

In this thesis, paramagnetic Cu(Il) ion binding to AP peptides have been studied
extensively due to the biological significance of the system in the AD. Cu(Il) has relatively short
electron spin relaxation time (1-5 x 10 s) and small g-tensor anisotropy which introduces
moderate line broadening and small isotropic pseudo contact shifts which enabled us to
characterize the Cu(Il) binding sites to the AP peptide. The findings are discussed in the Chapter

I1I.

D) The NMR spectrometer

The NMR spectrometer consists of magnet, RF electronics, receiver, transmitter, MAS
controller and computer. The magnet consists of a superconducting solenoid immersed in liquid
helium, which is surrounded by a thermal radiation shield, a vacuum space, and an outer layer
dewar filled with liquid nitrogen. The RF electronics component consists of pulse programmer,
frequency synthesizer and an RF transmitter. The RF pulses are fed in to the probe which
accommodates the sample, is positioned in the room temperature bore of the magnet in NMR.

The NMR signals from the probe are sent to the receiver, which consists of a preamplifier,
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phase-sensitive detector and analog-to-digital converter. The data acquisition and the processing

of the signals are done by computer, which controls the various components of the spectrometer.

All the SSNMR experiments in this thesis were performed using a 9.4 T ('"H NMR
frequency of 400 MHz) Varian Infinity Plus/Bruker Avance spectrometer and 18.8 T (‘H NMR
frequency of 800 MHz) Bruker Avance spectrometer. The probes used for these experiments are,
2.5-mm double/triple probe built in our lab by Drs. Nalinda Wickramasinghe and Yoshitaka
Ishii, 1.8-mm double/triple resonance probe purchased from Dr. Ago Samoson in National
Institue of Chemical Physics & Biophysics, Tallinn, Estonia and a 1.0-mm double resonance
probe provided by JEOL. The numbers 2.5, 1.8 and 1.0 indicate the outer-diameters of the MAS
sample rotors. The experimental conditions are presented in this thesis are either indicated in the

method section of every chapter or in the figure captions.

E) Stereo array isotope labeling method in 'H resolution enhancement in Solid-State NMR

'H SSNMR is primarily hindered by poor resolution due to homo-nuclear dipolar
coupling between the 'H spins in the sample. Though, ultra-fast MAS probes with spinning
frequencies exceeding the dipolar couplings (MAS > 80 kHz) have been developed to
significantly improve the 'H linewidths, 'H SSNMR still suffers from residual dipolar
broadening. Homo-nuclear 'H-"H decoupling pulse sequences have been tried to remove the
remaining dipolar coupling at ultra-fast MAS; the pulse sequence requires several conditions to
be satisfied.'” With the advancement in the chemical and bio-synthesis, it is easier to selectively
replace the 'H’s in the sample with heavier isotope Deuterium (*H) which simplifies the 'H
SSNMR spectrum. Several deuteration labeling strategies have been proposed such as random

12

fractional deuteration,'” perdeuteration,'" residue-selective'”’ and segmental labeling.'®®

These methods have few drawbacks, random fractional deuteration produces numerous
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isotopomers which introduces chemical shift heterogeneity and reduced signal intensities.
Perdeuteration protocol removes all the carbon-bound 'H’s leading to loss of >C back bone
connectivity by 'H detection, this drawback holds for the residue-selective and segmental
labeling strategies. A novel and alternative optimal labeling pattern for protein NMR has been
developed by Kainosho and co-workers ' ' in which one 'H in methylene groups, two 'H’s in
methyl groups are stereo-selectively replaced with “H. In the prochiral methyl groups of Leu and
Val *H is incorporated in the following manner; one methyl group is completely deuterated -
2C(*H); and the other is partially labeled -"*C'"H(*H),. Finally, the aromatic rings are labeled by
alternating '>C-"H and "*C-"H moieties. Figure 5 shows the design concepts embodied in the
SAIL amino acid. This labeling strategy was employed in all the 20 amino acids and structures
of different proteins have been solved using solution NMR methods.''*'"* Though the SAIL
labeling strategy was successfully used in protein structure analysis by solution NMR, it has not
been employed in protein structure determination by SSNMR. SAIL, Ultra-fast MAS and high
magnetic field would be an ideal combination for the resolution enhancement in '"H SSNMR

which would help sensitivity enhancement in C, "N SSNMR and eventually in protein

structural studies.
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Figure 5. Design concepts embodied in the SAIL amino acid



II) MOLECULAR-LEVEL EXAMINATION OF Cu** BINDING STRUCTURE FOR
AMYLOID FIBRILS OF 40-RESIDUE ALZHEIMER’S B BY SOLID-STATE NMR
SPECTROSCOPY

Adapted with permission from S Parthasarathy, F Long, Y Miller, Y Xiao, D McElheny, K
Thurber, B Ma, R Nussinov, Y Ishii, J. Am. Chem. Soc., 2011, 133 (10), 3390-3400. Copyright
2011, American Chemical Society

A) Introduction

AD is characterized by the deposition of senile plaques and neural degeneration. A}
peptides are the primary components of senile plaques.”® ''> Among AB peptides ranging from
39 to 43 residues, 40-residue AP(1-40) and 42-residue APB(1-42) are the two major species found

115

in plaque. ” In AD, the metal ion homeostasis mechanism appears to be severely damaged,

resulting in increased concentrations of Cu and Zn ions in senile plaque, which reach 400 uM
and 1 mM respectively® or ~10-fold excess compared with the region outside the plaque.®> '
More interestingly, it was shown that in association with Cu*", Ap produces ROS such as H,O,
in-vitro,""” reportedly through the reduction of Cu*" to Cu” in association with Met-35 and/or
biochemical reductants such as ascorbate.” The toxicity of AP can be greatly attenuated by H,0,
scavengers® and metal chelators in-vitro."'” ''® Indeed AP fibrils strongly bind Cu®" ions.'"”'*!
Although the mechanisms of neural cell deaths and oxidative stress in AD are still debated, these
events may be explained by the ROS generated on the redox-active Cu®" ions bound on the Ap
fibrils which was observed in-vitro. Small molecules which target metal-Af interactions have

122
1.

been tested as potential therapeutic agents, including one in a clinical tria Thus, intensive

efforts have been made to understand the molecular details of Cu*" binding to Ap.%*¢% 7174 78-123-

1 On the other hand, most structural studies on Cu>*-Ap binding were performed on soluble

66-69, 125-127

: : 7173, 131
model peptides or monomeric AB; " however, some of these reports are

controversial.

25
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Solution NMR studies by Hou and co-workers” on monomeric AB(1-40) indicated
specific binding of Cu®" to sidechains of His-6, His-13 and His-14 by their upfield 'H shifts,
while suggesting the lack of association of Asp-1 and Tyr-10 with Cu®" through the perturbation
on their 'H sidechain shifts.”” The Cu®" binding to the N-terminal region is consistent with a
recent NMR study indicating paramagnetic relaxation enhancement on the residue 3-16 upon the
addition of Cu*" to monomeric AP(1-40).”" Electron Paramagnetic Resonance (EPR) spectra of
Cu*"-bound AB(1-16), AB(1-28) and AP(1-42) monomers show quite similar spectral features for
Cu”";%%* it has been proposed that these EPR spectra suggest the presence of two types of Cu®"
binding sites, both of which are likely to have 4-coordination geometries such as 2N/20 and

2+ 66-68

3N/10 coordination to Cu~". This is consistent with the solution NMR results” since two

nitrogen’s of His imidazole rings typically offer coordination to Cu*"."*?

More detailed isotope-
edited EPR studies on AB(1-16) suggested Cu®" coordination to Asp-1, His-6, His-13 (or His-14)
for one spectral component (component I; A, = 162 =3 G and g, = 2.272) and the second Cu*
coordination to Ala-2, His-6, His-13, His-14 for the other minor spectral component at a neutral
pH (component II; A, = 148 £ 3 G and g; = 2.227).°* ® In contrast, a recent EPR study on
monomeric AB(1-28) suggested octahedral coordination by Asp-1, Asp-7, His-6, His-13, His-14
for an EPR spectrum having similar yet distinguishable EPR parameters (component I: A, =170
G and g, = 2.27; component II: A, = 156 G and g, = 2.22).®® Although these AB monomer and
fragments may have different metal binding modes, a conclusive structural model of Cu*"-Ap
complex has not been established even for the soluble model systems (see Table 1 in Faller

et.al.,78

). More importantly, monomeric AP is nontoxic; a question relevant to the mechanism of
AD is, therefore, Cu®" binding structure in AP aggregates. Recent EPR studies on Cu*"-bound

amyloid fibril of AB(1-40) and AP(1-42) report the presence of, at least, two types of binding
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sites that also have 4-coordination geometries.®® ™ 127- 129

However, beyond the similarity of the
EPR spectra of the AP fibrils with those of more well studied soluble AP fragments, scarce site-
specific information on metal binding modes has been obtained for AP fibrils. A recent EPR
study on AB(1-28) showed no notable changes in the EPR by H6A or H14A mutations.®® Thus,
similarity in conventional continuous wave (cw) EPR spectra among Cu®"-bound AP with varied
sequences may not be sufficient to deduce Cu® coordination structure uniquely. Rather,
coordination to Cu®" involving different His residues and other ligands can yield very similar 1D
EPR spectra as long as the local environments around Cu®" are similar. On Cu®" binding to

71, 127

oligomeric AP, there were some interesting studies, yet the nature of these oligomeric

species has not been well-defined. A recent study by SSNMR, a powerful method for structural

17, 19, 21, 133-140

. . . - . . +
analysis of protein aggregates and other proteins,'® ** 2> 13 indicated Cu’

binding to AP in membrane environments.'>* Despite the broad attention and the intense efforts

66-69, 71, 73, 74, 78, 123, 125-127, 155 /ST TH
LT3 7 T8, 123, 715 the exact Cu®" binding sites of AP

presented in the previous studies,
fibrils have not been identified with any site-specificity. Lack of site-specific structural
information has also severely limited our molecular-level understanding on structural changes of
AP fibrils upon Cu®* binding. Such detailed structural information would be highly valuable for
revealing still unknown mechanisms of the toxicity for AP aggregates and designing metal
binding inhibitors for amyloid aggregates.'*®"'**

Here, we present the first systematic study to address molecular details of Cu®* binding
on amyloid fibrils of full-length AB(1-40) by SSNMR. With the recent advancement in SSNMR

: . 95, 139, 141, 159-161
for paramagnetic proteins, > 7

we examine the possibility of identifying site-specific
Cu”" binding to AB(1-40) fibrils and molecular-level structural changes upon the binding. Our

SSNMR data show a lack of perturbation to ">C chemical shifts by Cu*" binding and for the first
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time suggest that the parallel B-sheet structures in the hydrophobic core regions of AB(1-40)
fibrils are not reorganized into different structures by Cu** binding. Molecular dynamics (MD)
simulations that take account of the amyloid fibril structure suggest that Cu*" binding to AP in
fibril is likely to involve novel binding modes that are not possible in soluble fragments or

monomers of A.

B) Results and Discussion

First, we examined the morphological changes of amyloid fibril after Cu®" binding.
Although it has been proposed that Cu® or Zn®* binding to AP monomers may modulate

3, 127, 128, 162, 163 - . 2+
73, 127 128 162163 i) this work, we focus on structural changes due to Cu

misfolding kinetics,
binding after the fibril formation. Figure 6a and b shows transmission electron microscopy
(TEM) images of A fibrils without and with 0.4 mol. eq. CuCl,, respectively. The fibrils
without Cu®" have a diameter of ~9 nm and a length of > 1 pm, which are consistent with
previous reports."” The morphology of the AB fibrils is retained after Cu*" was bound to fibrils.

Although it is difficult to deduce any molecular-level structural changes from the data, it is likely

that Cu*" binding does not substantially destabilize the amyloid fibril structure.
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Figure 6. TEM images of AP(1-40) fibrils (a) without and (b) with Cu?*, which is 0.4 mol. eq. to
AB. Cu”" ions were added after the fibril formation throughout this work.

Binding of Cu®* to AP fibrils was determined by photometric assay using N,N,N’ N’-

164 We confirmed that less than 5% of

tetracthylthiuram disulfide (TETD) as a Cu®" indicator.
Cu”" was unbound to AP(1-40) for both CuCl, and CuGly when the ratio of Cu®" to AB (fcwap)
was 0.5 or less . However, at fcyap = 1.0%, 5.3% and 15% of Cu*" ions were not bound to AP
fibrils for CuCl, and CuGly, respectively, as shown in Figure 7. On the basis of these results, we

selected fcyap = 0.4 throughout the following SSNMR study as a condition where nearly all cu*’

ions are strongly bound to AP fibrils.
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Figure 7. Fractions of Cu”" ions that were not bound to AB(1-40) fibrils in a mixture of 500 uM
AP(1-40) fibril solution with CuGly or CuCl, (0.25-1.0 mM) at three molar ratios of Cu*" to Ap
(fcwap) 0f 0.5, 1.0, and 2.0. The unbound Cu”" concentration was photometrically monitored with
TETD as a Cu®" indicator for the supernatant obtained after centrifuging the mixture at 16.1 x
10° g for 30 min.

Next, we examined whether any site-specific binding of Cu*" can be detected by SSNMR
for AP(1-40) fibrils. Figure 8 show a comparison of the aliphatic region of 1D *C CPMAS
SSNMR spectra of AB(1-40) amyloid fibrils (black) without and (red) with 0.4 mol. eq. of Cu?*”
to AB. The AP(1-40) samples were isotope labeled with uniformly *C- and °N-labeled amino
acids at Val-12, Phe-20, Ala-21, Ile-31, Gly-33, and 13Cz—:—selectively labeled Met-35 (See

materials and methods section for sample preparation, P.51).
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Figure 8. Comparison of 1D >C CPMAS spectra of AB(1-40) fibrils without (black) and with
(red) 0.4 mol. eq. of Cu®’, together with signal assignments. The samples were labeled with
uniformly 13C-,ISN-labeled amino acids at Val-12, Phe-20, Ala-21, Ile-31, Gly-33 and with
13 CeHs selectively labeled at Met-35.

Interestingly, most sites display no significant changes in the signal intensities. This
includes "*Ce of Met-35 (magenta arrow), which has been long suspected as the site that is
responsible for the production of H,0, through interactions with Cu®". ' '® If the Met-35
sidechain (-SCeHs) is oxidized into -SO-CHj as hypothesized previously,” *Ce shift at 15.6
ppm should be altered to ~40 ppm.'®” However, no major changes in the signal intensity or

chemical shift were observed for ?Ce Met-35 after a month. In contrast, signal intensities drop
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by 36% and 27% selectively for *Cy and *CB of Val-12 (orange arrows), respectively, upon
Cu”" binding. The site is nearby to His-13/His-14, which were reported to interact with Cu®" for
AP(1-40) monomer.” These results suggest that the effect of Cu®* binding to fibrils is site-
specific, quenching the signals for sites in the vicinity of Cu*" (Val-12 in this case). In a recent
SSNMR study of Cu, Zn SOD, signal quenching of *C within a ~5 A radius of Cu®*" was
reported.'”" Here, we utilize such paramagnetic quenching to identify Cu®" binding sites in the
aggregated form of the AP proteins.

Figure 9 shows a comparison of 2D *C/"*C spectra of the same AP fibril samples (black)
without and (red) with Cu®" bound to AP in a superposition. Most of the signals are well resolved
without signal overlap. Remarkably, the Cu*"-bound fibrils have nearly identical chemical shift
positions (within 0.2 ppm) and intensities with those for the Cu*'-free fibrils, except for the
Val-12 signals (orange arrows). Since °C chemical shifts are a probe very sensitive to protein
conformations, this presents interesting evidence that the site-specific Cu”" binding does not alter
the conformations of A in the B-sheet cores, including Phe-20, Ala-21, Ile-31. Additional results
below support this finding. Thus, we concluded that Cu®"-binding does not introduce major
conformation changes except for the N- and C-terminal regions, where binding is likely to take

place, as will be discussed.
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Figure 9. Comparison of 2D "*C/**C correlation spectra for the same fibril samples as in Figure 8
without (black) and with (red) Cu®". The spectra were obtained at MAS of 20 kHz with fpRFDR
sequence of 1.6 ms during *C/**C exchange.'®®

On the basis of the above results, we hypothesized that Cu®" ions are interacting with His-
13 and His-14 side chains in the AP fibril, and with other neighboring residues. To test this, we
performed B3C SSNMR of APB(1-40) fibril samples in which one of these residues was uniformly
BC-labeled. Figure 10a and b show 1D "*C CPMAS spectra of (a) His-13 and (b) His-14
sidechains for Ap fibrils (black) without and (red) with Cu® bound to AP, together with signal
assignments. Clearly, the signals for both His-13 and His-14 are quenched considerably by Cu*".
Spectral analysis of the aromatic sidechains shows that signals for *Ce and *C8 in His-13/His-
14 are quenched by 30-60%, while those for *Cy are quenched less (by <15%) as indicated by
orange arrows. This suggests that the Cu>" ion favors coordination to Ne in His-13 and His-14,

which is one bond away from"C8 and 13Cs, over that to No. As a control, we examined
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paramagnetic quenching for Phe-20 (Figure 10c), which shows nearly no quenching. Previous

studies indicated the involvement of the N&/Ne of Histidine in AP(1-40) in Cu®" binding.”* > '’
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Figure 10. Aromatic regions of C CPMAS spectra for (a) His-13, (b) His-14, and (c) Phe-20
sidechains for AB(1-40) fibrils in the hydrated state (black) without and (red) with Cu®".

Raman spectroscopic studies’> shows that AB(1-40) precipitates obtained by the addition
of Cu®" to a A solution display Cu®" coordination to Ne in His, while Ap(1-40) monomers in a
solution show Cu®" coordination to N§ at pH 7.4. Barnham et al.,'® reported that AB(1-40)
having N-methylated His for N at position His-6, -13, and -14 has weaker metal-ligand
interaction than WT A or AB(1-40) having N-methylated His for No. The results are consistent
with our finding. To the best of our knowledge, this is the first experimental data that directly
demonstrate the association of Cu®" with His-13 and His-14 of AP(1-40) in amyloid fibrils with
site resolution.

Figure 11 shows relative signal intensity for *C resonances of AB(1-40) fibril bound to

Cu”" with respect to the corresponding signal intensity for AP without Cu®*. The signals are
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attenuated as much as by ~ 60 % for the residues in the N-terminus, including Phe-4, Val-12,
His-13, His-14, particularly for °C sites in the side chains. The signals for Val-39 were also
quenched probably through the association of Cu?" with the carboxyl terminal of Val-40. More
than 20% of the signal intensity was quenched for the side chains of Val-24 (Ca, CB) and Leu-34
(C3). The observed quenching of Val-24 side chain may be attributed to association of Cu*" with

Glu-22. The source of the signal quenching at Leu-34 is not clear.
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Figure 11. Relative signal intensity of °C resonances in AB(1-40) fibril after Cu** binding. The
error bars indicate the uncertainty due to the noise level. The intensities were measured from 1D
BC CPMAS for selectively labeled samples.

Figure 12 shows the summary of the residues quenched by Cu®" binding for six AP
samples selectively isotope-labeled at different sites. The average of the signal quenching was

calculated for each residue from the data, and categorized into three levels. Only a limited
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number of aliphatic side chains were quenched by Cu®" bound to AB. Apart from the significant
changes in the N-terminal region, Val-24, and Val-39, other sites in the residues 17-38 show very

limited perturbation from Cu®" on the signal intensities.

>
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Figure 12. Amino acid sequence of AB(1-40) and the extent of signal quenching by Cu** binding
(green <15%; orange 15-25%; red >25%). The quenching is the average of all the observed "*C
sites for each residue. The arrows denote B-sheet regions reported in the previous studies by
Tycko and co-workers [Proc. Natl. Acad. Sci. U.S.A. 2002, 99,16742—-16747].

Importantly, we also found that *C chemical shifts are not altered upon Cu®" binding by
more than 0.2 ppm for the hydrophobic core regions (residues 18-25 and 30-36) except for the
moderate perturbation (~0.35 ppm) on some sites of Phe-19 and Gly-33 (see Table I). The results
provide the first crucial experimental evidence that Cu®" binding does not reorganize or alter the
parallel B-sheet structures of the hydrophobic core regions for AP(1-40) fibril with site
resolution.

To identify other binding sites, we further performed 2D *C/"*C correlation SSNMR
(Figure 13) of uniformly *C- and ""N-labeled AP(1-40) fibrils (black) without and (red) with
Cu?". Surprisingly, as shown in the slices (Figure 13a-c), considerable signal quenching by 45 +
11% and 59 + 9% due to Cu®" (orange arrows) was observed for *CO, of (c) Val-40 in the C-

terminus and (a) Glu side chains, respectively. The extent of the quenching due to Cu®" is
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comparable to those for His-13 and His-14. Although Glu signals were not assigned to individual
residues, the results clearly suggest Cu®" bindings to the carboxyl terminus of Val-40 and side
chains of Glu. Whereas binding to Glu was hypothesized in previous studies,”™ such Cu®*
binding, including that to the C-terminus, has been difficult to examine for AP fibrils until this
work. Although site-directed mutations may be effective for short AP fragments,”” such
mutations on the full-length AP may alter the structure of the amyloid fibril. The data in Figure
13a also indicate signals for other side chain carboxyl groups at 175-180 ppm are likely
quenched by Cu®" binding; further studies will be needed for signal assignments and detailed

analysis.
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Figure 13. 2D *C/"C SSNMR spectra between aliphatic and *CO regions for uniformly *C-
and ""N-labeled AB(1-40) fibrils (black) without and (red) with Cu®", with 1D slices at @, = (a)
34.6, (b) 43.9, and (c) 59.8 ppm. The spectra were obtained at a MAS of 40 kHz with an
fpRFDR mixing of 1.6 ms.'®®

Multiple Cu®" binding sites in the AB(1-40) fibrils are further confirmed by SSNMR
studies of AB(1-40) H14A mutant with and without the addition of the Cu”" ions. Foremost, the
TEM analysis of AB(1-40) HI4A showed the mutation doesn’t alter the fibrillization process.
Figure 14 shows the comparison of the AB(1-40) and AB(1-40) H14A fibrils generated under the
same condition. (See the materials and methods section for the sample preparation protocol). The
morphology of the AB(1-40) HI14A fibrils are similar to that of AP(1-40) fibrils with the
predominant species being ~ 10 nm diameter but coexistence of ~ 6 nm diameter fibrils is clearly

visible in the TEM image indicating heterogeneity of the AB(1-40) H14A fibrils.
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a) Ap(1-40) fibrils

Figure 14. TEM images of (a) AP(1-40) fibrils (b) AP(1-40) H14A fibrils

Figure 15 shows the comparison of the *C CPMAS spectra of AP(1-40) H14A fibrils
labeled at Val-12, Phe-21, Ala-21, Ile-31, Gly-33, and Met-35(¢'*CH;) with and without Cu®".
The molecular level structure of the AP(1-40)HI14A fibril is different from AP(1-40) fibrils
generated under same conditions though the morphology was similar from TEM analysis. The
difference in the structure is clearly distinguishable from the comparison of the *C CPMAS
spectrum in Figure 15 (black) and Figure 8 (black) of the fibril samples without Cu®". In spite of
the structure of AP(1-40)H14A fibrils being different, the Cu®" ions strongly binds to the fibrils
which is clearly seen from the signal quench from the *C CPMAS spectrum of AB(1-40) H14A

fibrils (Figure 15 (red)).
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Figure 15. Comparison of 1D *C CPMAS spectra of AB(1-40) H14A mutation fibrils without
(black) and with (red) 0.4 mol. eq. of Cu®", together with signal assignments. The samples were
uniformly labeled with BC- and "°N- labeled amino acids at Val-12, Phe-20, Ala-21, Ile-31, Gly-
33 and with 13CsH3 selectively labeled at Met-35.

With these SSNMR results, we conclude that the N-terminal region including His-13,
His-14, and Glu sidechains and the CO;," in the C-termius are highly likely to play major roles in
Cu”" binding to the AP(1-40) fibril. The Cu®" binding is likely to make very little or no changes

on the basic structural units in the hydrophobic cores of the AP amyloid fibril. To elucidate
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possible Cu®" binding structures to AP, we performed two sets of MD simulations of AB(1-40)
fibrils with Cu®" in collaboration with Dr. Dan McElheny at University of Illinois at Chicago
(UIC) and Prof. Ruth Nussinov at National Cancer Institute (NCI), Frederick, MD. As the initial
structure, we adopted a structural model from Tycko’s group® with a fixed geometry for the
residues 15-39 for oligomeric AP with 12 strands. In the first set of the MD simulation, we used
cationic dummy atom (CaDa) approach for Cu®" ions in order to identify possible Cu®" binding
ligands.'” On the basis of our SSNMR results, Cu”>" ions were non-covalently bound to Ne of
His-13 (or His-14 in Figure 17) by ionic interactions in the initial structure. Indeed, the final
structure with implicit solvents after three thermal annealing cycles demonstrated that CO*/CO
sidechains of Asp-1, Glu-3, Glu-11, GIn-15, and the CO?* terminal of Val-40 coordinate to Cu2+,
despite the absence of such interactions in the initial structures (Figure 16). While previous EPR

studies for monomeric Ap fragments®® ¢"- 778

predicted two major coordination modes, here we
suggest that a variety of coordination structures are likely to coexist in the amyloid fibril. Many
of these observed binding modes are realized by the parallel B-sheet arrangements, in which
Cu**-coordination sites at the N-terminal are concentrated via aggregation. For example, some
Cu”" ions were bridged by two His-13 (or His-14) rings of each two peptides (orange circles in
Figures 16a and 17a). Such a binding mode is not possible in a monomer, although the
possibility of Cu*'-mediated intermolecular His bridge was proposed for an AP dimer
previously.'® Also, the Cu®" ions bridge carboxyl terminal of Val-40 and His-13 (or Glu-11);
such a binding has not been reported for monomeric AP. It should be noted that the above MD
simulation results do not necessarily exclude the previously proposed coordination models by

EPR and other studies.”* > Our SSNMR results indeed indicate substantial relaxation on Phe-4,

which is consistent with the Cu®" coordination to His-6, which was proposed by the previous
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EPR and NMR studies.” ™ In our preliminary MD simulations in Figures 16 and 17, such long-
range coordination may not be completely reproduced probably because of the restricted time

frame of the simulations (20 ns) and the limited ensemble of the initial structures.
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Figure 16. Final MD structure of Cu*’ bound APB(1-40) fibril viewed from (a) one of the N-
terminal sides and (b) the fibril axis after three thermal annealing cycles. In the initial structures,
Cu”*" was bound to Ne of His-13 via non-covalent interactions. Blue and red arrows indicate B-
sheet regions in residues 16-24 (red) and 30-39 (blue) of AB. The MD structure shows that Cu®"
(yellow) are bound to His-13 (green), Glu-3, Glu-11 (pink), Asp-1 (purple), Gln-15 (blue), and
Val-40 (red) after the thermal cycles. The radius of the Cu®” ion's sphere is ~ 2 A
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Figure 17. Final MD structure of Cu®" bound AB(1-40) fibril viewed from (a) one of the N-
terminal sides and (b) the fibril axis after three thermal annealing cycles. In the initial structures,
Cu”" was bound to Ne of His-14 via non-covalent interactions. Blue and red arrows indicate p-
sheet regions in residues 16-24 (red) and 30-39 (blue) of AB. The MD structure show that Cu*"
(yellow) are bound to His-14 (green), Glu-3, 11 (pink), Asp-1 (purple), GIn-15 (blue), and Val-
40 (red) after the thermal cycles. The radius of the yellow sphere is ~2 A from the Cu®" ion.

Our MD simulation starting from a different initial structure with some Cu®" ions
coordinated to Ng of His-6, His-13, His-14 showed that a common Cu*" ion can be coordinated
to His-6 and His-14 of AP fibril. The results are consistent with our findings from SSNMR and
MD that side chains of His-13 and His-14 and other carboxyl side chains are major coordination
sites. It is possible that the various unique coordination modes presented here for the amyloid
fibril coexist with those proposed for the monomeric/fragment AP at different population and
perhaps in a dynamically exchangeable manner. Figure 18 shows the structural parameters for

few selected Cu®* geometries.
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Figure 18. Structural parameters for selected Cu®* coordination geometries in the MD simulation
in Figure 16. The color coding of the atoms in the ligands are carbon (cyan), nitrogen (blue),
oxygen (red), hydrogen (white).

The simulations presented here are intended to provide insights into the possible ligands
coordinated to Cu®" in the AP amyloid fibril. At this point, universal force fields are not available

155, 171,172 - -
> 171172 Development of more optimized force fields is

for MD simulations involving Cu®" ions.
likely needed to reproduce more accurate coordination geometries for detailed comparison with
EPR spectra. Despite the limitation, the MD simulation results allowed for the evaluation of Cu*"
coordination modes for more realistic Cu**-Ap fibril model based on our SSNMR results, which
suggested that the structural changes by Cu®" binding are restricted to the N-term and C-term
regions. It is encouraging that the two separate sets of MD simulations both suggested the

previously unexpected unique coordination modes that are consistent with our SSNMR

relaxation data.
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A schematic of the Cu®*" coordination sphere with possible 4-coordination modes
involving 1/2 N and 2/3 O are shown in Figure 19 a. Previous studies on various full-length AP
peptides in monomeric or fibrillar forms and AP fragment peptides showed Cu”" coordinates to
AP either in square-planar, square pyramidal, distorted tetrahedral or octahedral geometry.®® 7

173 . 2+ . . . . .. . .
7 Several dynamic Cu®" coordination modes were proposed involving imidazole coordination

in both the axial and equatorial positions have emerged as shown in Figure 19 b.'”*
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Figure 19. (a) A schematic of 4-coordination Cu®" (yellow sphere) sphere involving 1/2 N and
2/3 0. (b) Cu*" coordination modes involving coordination in both the axial and equatorial
positions.

In our studies, four conformers were constructed based on Tycko’s fibril model'® with
intra-peptide copper-binding. In Conformer 1, Cu®* binds to His-6, His-13 and His-14 (Figure 20
a) and in Confomer 2, Cu®" binds to Asp-1, His-6 and His-14 (Figure 20 b). In Conformer 3, 4
Cu”" ions interact with Asp-1, His-14 and Val-14 (Figure 20 c) and Asp-1, His-13 and Val-40
(Figure 20 d). The bond angles and lengths suggest that these conformers are consistent with

distorted square-planar Cu”"-coordination geometry.
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Figure 20. Cu’" coordination geometries to (a) His-6, His-13, His-14, (b) Asp-1, His-6, His-14,
(c) Asp-1, His-14, Val-40 (d) Asp-1, His-13, Val-40

i. Structural studies of Cu** binding to AB(1-42) fibrils

Next we studied the Cu®" binding to the AB(1-42) fibrils. AB(1-42) peptide differs from
the AB(1-40) in the C-terminal region with two additional hydrophobic residues Ile-41 and Ala-

42. AB(1-42) peptide is highly prone to aggregation and is more neurotoxic than the AB(1-40)
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fibrils. AP(1-42) peptides are shown to bind Cu®" ions, however the molecular level structure of
Cu*"-AB(1-42) could be different from Cu’"-AB(1-40) complex. Preliminary SSNMR
investigations show that the Cu*"-Ap(1-42) fibrils have similar N-terminal Cu*" coordination as
Cu”**-AP(1-40) fibrils. Figure 21 shows the comparison of the 1D *C CPMAS spectra of the
APB(1-42) fibrils uniformly "C- and "N labeled Phe-4, Val-12, Leu-17, Ala-21 and Gly-29.
Figure 21 a) is the fibrils without Cu®" and (b) is with 40% mol. eq. of Cu®" with respect to AB(1-
42) fibrils. No major spectral changes were observed for Leu-17, Ala-21 and Gly-29 in Cu*'-
APB(1-42) fibrils. But the Phe-4 and Val-12 residues were quenched ~ 40-50% upon Cu*" binding
which is consistent with the signal quenching observed for the Cu2+-A[3(l-4O) fibrils indicating
that the N-terminal binding sites are similar as observed for the AB(1-40) fibrils. Figure 22 is the
comparison of the °C/">C fpRFDR (finite pulse Radio Frequency Driven Dipolar Recoupling)
spectra of the same AP(1-42) fibrils described above a) without Cu*" and (b) with 40% mol. eq.
Cu®". The "C chemical shifts were not altered upon Cu** binding suggesting no major alteration
of the fibrils structure with the metal binding. The cross peaks for the Phe-4 and Val-12 are
diminished in (b) suggesting the possible involvement of N-terminal residues such as Glu-3, His-
6, Glu-11, His-13 and His-14. Extensive structural studies are required in order to characterize
the Cu®" - binding structure to the AP(1-42) fibrils since the molecular level structure of the

fibrils are not known.
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Figure 21. Comparison of 1D B3C CPMAS spectra of APB(1-42) fibrils (a) without (black) and (b)
with (red) 0.4 mol. eq. of Cu®", together with signal assignments. The samples were labeled with
uniformly BC-and '"N-labeled amino acids at Phe-4, Val-12, Leu-17, Ala-21, and Gly-29.
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Figure 22. Comparison of 2D *C/"*C correlation spectra for the same fibrils samples as in Figure
21 (a) without (black) and (b) with (red) Cu®". The spectra were obtained at MAS of 20 kHz with
fpRFDR sequence of 1.6 ms during *C/"*C exchange.'®®

C) Conclusion

In conclusion, this study has presented molecular details of Cu*"-bound AB(1-40)
amyloid fibril system by SSNMR. Three chemically and biologically novel aspects are presented
in our work. First, this study has demonstrated the first systematic approach to examine binding
of Cu”" to insoluble amyloid aggregates at a site-specific level by SSNMR, based on the recent

progress in SSNMR for small paramagnetic compoundswo’ 175-178

and for paramagnetic

. 139, 141, 142, 161 .
proteins by our groups and other. We have shown that uses of paramagnetic
quenching and chemical-shift perturbation in SSNMR can be effectively employed in order to

examine possible Cu®" binding sites and structural changes upon Cu*" binding for insoluble

amyloid system. Second, this study has, for the first time, provided detailed site-specific
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structural information on Cu®* bound full-length AB(1-40) in amyloid fibrils. Despite the linkage
of the Cu*"-Ap fibril with AD and its significance as a potential pharmaceutical target,'*> '>"- 1%
Cu”"-Ap association has been examined mostly for smaller and early stage model systems such
as soluble AP fragments or AR monomers. Our study has offered a solution to this situation by
overcoming the difficulties in the sample preparation and the lack of suitable structural analysis
methods for Cu®"-Ap in amyloid fibrils, for which structural information has been very scarce.
Third, our SSNMR data experimentally demonstrated various novel features of Cu’"
coordination to the A fibril. Besides offering experimental evidence of the Cu®" coordination to
Ne of His-13 and His-14, this study has revealed previously unexpected ligands such as the
carboxyl group of Val-40 at the C-terminus and Glu sidechains. Our chemical-shift perturbation
data suggested very little structural changes for the hydrophobic core regions (residues 18-25 and
30-36) of the AP fibrils upon Cu’" binding. The unique coordination modes suggested by
SSNMR were confirmed by the two sets of MD simulations on sophisticated AP oligomer
models reflecting realistic amyloid fibril structures. Unlike previous MD studies on Cu*"-Ap
binding,' both MD simulations incorporated intermolecular parallel B-sheet structure that is
characteristic of the AB(1-40) amyloid fibril as well as the nonconvalent bonding models for
Cu”*-ligand interactions. Although further studies are needed to fully understand Cu*" binding
structure to AP, including its relation to the previous EPR studies and a ROS production
mechanism, the combination of SSNMR analyses and MD simulations have provided insights
into previously unknown detailed structural features of Cu®"- bound AB(1-40) in amyloid fibrils.
The new SSNMR approach presented here may be also applicable to examine binding of small
paramagnetic ligands, such as drugs, to amyloid proteins. It has been proposed that metal ions

such as Cu”* and Zn*" may trigger the formation of AP oligomer or fibril, modulating
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1, 128, 162 sttt
71, 128, In this initial work, we focused on

misfolding kinetics and aggregation states of A.
establishing SSNMR structural analysis of AP(1-40) fibril upon Cu** binding after fibril

formation. A similar approach is likely useful for SSNMR characterization of the structures of

AP oligomer and AP fibril that are formed in the presence of Cu®" or other metal ions.

D) Materials and methods

1) Synthesis and Purification of AB(1-40) Peptide.

AB(1-40) peptide (NH,-DAEFRHDSGY-EVHHQKLVFF-AEDVGSNKGA-
IIGLMVGGVV-COOH) was synthesized and purified as reported previously. Briefly, AB(1-40)
was synthesized using solid phase peptide synthesis with standard Fmoc synthesis and cleavage

121 The crude peptide was purified by HPLC using acetonitrile and water gradient

protocols.
with 0.1% trifluoroaceticacid. >C- and '°N-labeling was introduced as described previously by
incorporating Fmoc-protected uniformly *C- and N-labeled amino acids at selected residues.
The Fmoc protection of the uniformly *C- and '*N-labeled amino acids (Isotec/Sigma-Aldrich,
Miamisburg, OH) was performed at the Research Resource Center (RRC) at UIC using the
protocol of Fields et al.'”” The purities of the peptide samples were determined by MALDI-TOF
mass spectra performed at UIC RRC, and the purities were approximately 95% after the HPLC
purification. The purified samples were stored as lyophilized powder at -20 °C before they were
used. The labeling schemes for the six samples used are as follows: (1) His-14, Ile-32, Val-36,
Gly-37; (2) His-13, Ala-30, Gly-38, Val- 39; (3) Val-12, Phe-20, Ala-21, Ile-31,Gly-33, Met-
35(13C8H3); (4) Phe-4, Gly-9, Val-12, Leu-17, Ala-21; (5) Phe-19, Val-24, Gly-25, Ala-30, Leu-
34; (6) Val-18, Phe-19, Ala-21, Ile-31, Gly-33. Uniformly *C- and '“N-labeled AB(1-40) was
prepared by Dr. Fei Long in our group. The sample was expressed as a fusion protein with

Glutathione S-Transferase (GST) tag connected by a Factor Xa recognition site (IEGR1) in E.
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coli. The GST tag was removed by Factor Xa enzymatic cleavage, and then, the peptide was
purified by HPLC as described above. The yield of uniformly ’N- and/or *C-protein AB(1-40)
was ~1.5 mg from 1 L of the cell culture.'®’

AP(1-42) peptide (NH,-DAEFRHDSGY-EVHHQKLVFF-AEDVGSNKGA-
IIGLMVGGVVIA-COOH) was synthesized by standard Fmoc synthesis and cleavage protocols
as described above. The purification of AB(1-42) was performed by following the method from

Dr. Hoshi and co-workers.'®!

2) Preparation of AB(1-40) Fibrils for Cu’’ -Binding Assay and Solid-State NMR
Experiments

For Cu*"-binding assay with AP(1-40) fibrils using UV-vis spectroscopy, a solution of 5
mM AB(1-40) was prepared by first dissolving AP(1-40) peptide in 50 mM NaOH."*’ The
peptide mixture was then briefly vortexed and diluted to a final peptide concentration of 500 uM
with deionized water containing 0.02 % NaNj;. The pH of the solution was adjusted to 7.4 by
using 100 mM HCI. The AB(1-40) solution was sonicated for 5 min in an ice bath, and this
solution was then centrifuged at 16.1 x 10’ g for 5 min to remove any preformed aggregates. The
peptide solution was divided into several 1.5 mL microvials for Cu’"-binding assay. The
concentration of AP(1-40) was measured using UV-vis spectroscopy.”’ The AB(1-40) solution
was then incubated for 14 days with constant agitation in the sample tube at room temperature.
APB(1-40) fibril formation was confirmed by thioflavin T (ThT) fluorescence assay.

For SSNMR studies, amyloid fibril samples were prepared as described above, but with
selectively isotope-labeled or uniformly *C- and '"N-labeled AB(1-40) peptides. For the samples
used for Figures 8, 9, 10, 15 after incubation of an AP solution for fibril formation, the AB(1-40)

fibril with Cu®" was prepared by adding CuCl, solution (pH 7.4) to the AP solution in the mole
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ratio of 0.4:1.0 (Cu2+:A[3(1-40)) and incubated at 4 °C for 24 h with initial vortexing. The control
sample without Cu®" was prepared in the same manner except for the addition of CuCl,. The
samples were then centrifuged at 16.1 x 10° g for about 1 h (20 min at a time), and the
supernatant was removed. The gel-like pellet at the bottom was then lyophilized. The lyophilized
APB(1-40) fibril samples with and without Cu®" were packed in to 2.5 mm MAS rotors with
rubber O-rings on the spacer and cap. The lyophilized samples were rehydrated with deionized
water (3 pL water/mg AB(1-40)) in the rotor with 3 pL of water added at one time and
centrifuged at 2.0 x 10°g for 2 min. The hydrated samples were incubated overnight at 4 °C
before running the SSNMR experiments.

For the uniformly *C- and '"N-labeled AP(1-40) fibril sample used for Figure 13, after
incubation for fibril formation, we centrifuged the sample at 16.1 x 10°g for ~1.0 h (20 min at a
time) and removed the supernatant. The gel-like pellet at the bottom of the centrifugal vial was
transferred into the 1.8 mm MAS rotor of 10 pL. volume by centrifugation. The fibrils were then
packed into a 1.8 mm rotor by fitting a 200 pL pipet tip to the rotor with the fibrils and
centrifuging the rotor pipet tip mounted in a microcentrifuge tube with a minimum amount of the
supernatant for 2-4 min at 6 x 10°g. Then, the rotor cap was glued with Krazy Glue (Krazy Glue,
Columbus OH) with a small piece of Teflon tape between the cap and the sample to avoid
interaction of the glue with the peptide. This cap can be removed easily by immersing it in liquid
nitrogen. The AB(1-40) fibrils with Cu*" was prepared by adding a 26.5 mM CuCl, solution in
the mole ratio of 0.4:1.0 (Cu*": APB(1-40)) into the rotor. First, the hydrated AB(1-40) sample in a
rotor was lyophilized, and then a CuCl, solution was introduced directly into the 1.8 mm rotor by
centrifugation and the cap was glued as described above. The rotor was then incubated at 4 °C

for 24 h before the SSNMR experiments.
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3) Solid-State NMR Experiments

All the SSNMR experiments were performed with an Infinityplus SSNMR spectrometer
from Varian (Fort Collins, CO) with a home-built 2.5 mm MAS triple-resonance probe or a 1.8
mm MAS triple-resonance MAS probe developed at Dr. Samoson’s lab (National Institutes of
Chemical Physics and Biophysics, Tallinn, Estonia) at 9.4 T ('H frequency of 400.2 MHz) in the
double-configuration. For the data in Figures 8, 9, 10 and 15, the spinning speed was set to 20
000 + 3 Hz throughout the experiments with cooling air at -10° C supplied through a Varian VT
stack at a flow rate of ~ 140 standard cubic feet per hour (scth), which kept the sample
temperature at ~11° C. Approximately, 2.0-3.5 mg of labeled AB(1-40) fibril samples were used.
In the 1D °C CPMAS experiments for Figures 8, 10 and 15 adiabatic CP transfer was used.
During the CP period, the C RF field amplitude was linearly swept from 45-65 kHz during a
contact time of 1.0 ms while the '"H RF amplitude was kept constant at 75 kHz. During the
detection period, "H Two Pulse Phase Modulation (TPPM) decoupling of 90 kHz was employed.
The recycle delays for the 1D experiments were 1.8 s. The 1D spectra in Figure 8, 10c and 15
were collected with 1024 scans and were processed with Gaussian broadening of 20, 150 and 50
Hz, respectively. The 1D spectra in Figure 10a and b were collected with 4096 scans and
processed with Gaussian broadening of 150 Hz. In the 2D experiments for Figure 9, a 2D °C/"°C
correlation pulse sequence with the fpRFDR mixing was used.'” '°® After the adiabatic CP,
signals were recorded during the #; period, and then a real or imaginary component of the
magnetization was stored along the z axis. Then, during the mixing period, a f{pRFDR Be/te
dipolar recoupling sequence with a mixing time of 1.6 ms and a °C n-pulse width of 15 ps was
used. "H TPPM decoupling of 90 kHz was employed during the ¢ and #, periods, while cw

decoupling of the same amplitude was used during the mixing period. For each # point, 192
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scans of signals were accumulated with an acquisition period of 10 ms. A total of 180 complex ¢,
points were recorded with a #; increment of 33.4 ps. The obtained NMR data were processed by
NMRPipe software.'®? Gaussian window functions of 110 and 90 Hz were applied along the #,
and ¢, time domains. An overall experimental time was 35 h. The experiments were performed
for the six AP samples listed above in which different residues are uniformly BC- and PN-
labeled. °N-labeling was introduced for experiments to be performed in the future. The spectra
in Figure 13 were acquired at a spinning speed of 40 000 + 10 Hz with cooling air at - 20 °C
supplied through a Varian VT stack at a flow rate of ~140 scth with cooled bearing air (1 °C),
which kept sample temperature at ~12 °C. The 2D C/"C correlation spectra were obtained
using fpRFDR mixing of 1.6 ms with ">C 7- pulse widths of 13 ps. Approximate amount of the
AP fibril sample (excluding water) was ~0.6 mg. The n/2-pulse for proton excitation was 2.5 ps.
During the 1 ms CP period, the "°C rf field was swept from 48-76 kHz, while the 'H rf field was
kept at 102 kHz. The signal was collected during an acquisition period of 10 ms with low-power
TPPM (IpTPPM) 'H decoupling while the rf field intensity (w1/2n) at 7 kHz was applied with
phase alternation between + 17°. A total of 126 complex #; points were recorded with a #
increment 48 ps. For each ¢ point, 728 scans of signals were accumulated. For the uniformly
BC- and "“N-labeled AP fibril sample without Cu®", total experimental time was 72 h with
recycle delays of 1.4 s. For the sample with 0.4 mol. eq. of Cu®*, the experiment was collected
using PACC method'*® with a total experimental time of 8 h and recycle delays of 150 ms. The
details of the pulse program and IpTPPM are described elsewhere."** '™ The obtained NMR data
were processed by NMR pipe software. Lorentz to Gaussian window functions with inverse
exponential width of 30 Hz and Gaussian broadening of 80 Hz were applied for both ¢, and #,

time domains.
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4) Determination of Cu’" binding to AB(1-40) fibrils using UV-VIS spectroscopy

The AB(1-40) fibrils were mixed with CuCl, and Cu-glycinate (CuGly) in the molar ratio
of Cu®" to AP monomers in fibrils (i.e. [Cu*')/ [AB(1-40)]) of 0.5, 1.0, 2.0. Concentrated solutions
of CuCl,, CuGly at 50 mM were prepared, and 2, 4 or 8 uL of the solution was added to 500 uM
APB(1-40) fibril solution (concentration in monomer equivalence) of 400 pL to obtain the
required mole ratio of Cu** to AB(1-40). The solution was vortexed briefly and incubated at 4°C
for 24 h. The concentration of Cu®>” bound to the AB(1-40) was indirectly determined by the
concentration of unbound Cu®* with TETD, which is a photometric indicator of Cu*". 1> '** The
Cu”" incubated AP(1-40) fibril solution of 0.4 mL was centrifuged in a 1.5 mL centrifuge tube at
16.1 x 10° g for 30 min with Eppendorf 5414D (Hamburg, Germany). The supernatant of 150 pL
was collected from the top of the solution, and mixed with 50 pL of 2M HCI and allowed to
stand for 10 min after brief vortexing. TETD indicator was prepared by mixing 0.04 % TETD
solution in acetone and water in the ratio of 4:1. The TETD indicator solution of 25 uL. was
added to the acidic peptide supernatant solution. After 15 minutes for the color change, the
absorbance at 420 nm of the solution was monitored with a Varian Cary 300 UV-Vis
spectrometer (Palo Alto, CA). The unbound Cu®" concentration in the solution was determined
by comparison with a calibration curve obtained with a standard CuCl, sample.

Figure 7 in Results and Discussion shows the percentage of Cu®" that was not bound to
APB(1-40) fibrils for a varied molar ratio of Cu*' to AB (fcwap). As indicated above, a solution
containing AB(1-40) fibrils (500 uM at monomer equivalent unit) was mixed with CuCl, or
CuGly, and the solution was incubated overnight. Then, the concentration of unbound Cu*" was
measured for a supernatant after centrifuging the solution. Figure 7 shows that for both CuGly

and CuCl,, less than 5% of Cu?" was unbound to AB(1-40) when fcyap = 0.5 (i.e. added Cu?
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concentration was 250 pM). However, at fcyap= 1.0, 5.3 £0.1% and 15.2 £1.0% of Cu?" was not
bound to AP fibrils for CuCl, and CuGly, respectively. Thus, the binding of Cu*” to AB is weaker
in the presence of competing glycinate ligand. The concentration of unbound Cu®* was not
negligible even for CuCl,. The unbound Cu®" ions was increased to 31.1 £1.4% and 9.7 +£1.0% at
fewap = 2.0 for CuGly and CuCl,, respectively. Based on the results, we selected fcyap = 0.4 as
the condition for SSNMR experiments where nearly all Cu”" ions are strongly bound to AP

fibrils.

5) Analysis of "H 7 values for Cu**-bound AB(1-40) fibrils

To examine the possibility of Cu** binding from NMR parameters, we analyzed 'H T} of
the hydrated A fibril. The 'H 7} values of the AP fibril sample was reduced from 401 (+ 24) ms
down to 77 (+ 6) ms after Cu®" binding. Although we reported that doping Cu-EDTA with A(1-
40) fibril significantly reduced 'H T}, selective signal quenching on particular "*C sites was not
observed. Moreover, comparable 'H T) value (77+1 ms) was obtained with Cu-EDTA at 200
mM, which is 9 fold higher than the effective Cu*" concentration used here (~22 mM). This

evidence confirms that unlike Cu-EDTA, Cu®" is likely bound site-specifically to AB in the fibril.

6) Chemical shift analysis of Cu**-bound and Cu’**-unbound Ap(1-40) fibrils

In order to examine the possible structural changes of AB(1-40) in amyloid fibrils upon
Cu”" binding, we compared "*C chemical shifts of the A fibril samples with and without Cu*".
These chemical shifts were measured from 2D *C/"*C correlation fpRFDR spectra, which were
collected in similar conditions to those in Figure 9 with experimental times of 14-57 hours.
Interestingly, most of the sites show little chemical shift changes (< 0.3 ppm in absolute value)
upon Cu”” binding (see Table I). Although Leu-17, Phe-19, and Gly-33, in particular side chains

of Leu-17, show notable shifts (0.3-0.7 ppm; highlighted by underline), little structural changes
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upon Cu®" binding were suggested from the *C shift data for other residues in the hydrophobic
cores, including Val-18, Phe-20, Ala-21, Val-24, Gly25, Ile-31, 32, Leu-34, Met-35, Val-36.
This suggests that parallel B-sheet structure in the AB(1-40) fibrils should be largely retained for
these sites after Cu”* binding. The B-sheet core in the AP(1-40) fibrils was confirmed by TALOS
dihedral angles predicted using ">C chemical shift information. The data show noticeable but
limited shifts (0.3-1.7 ppm) upon Cu”" binding mostly in the N-terminal region (Val-12, His-13,
His-14) and the C-terminal region (Gly-37, Gly-38, Val-39), for which Cu®" binding is suggested

from our signal quenching data.
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TABLE 1. *C CHEMICAL SHIFTS FOR THE Ap(1-40) FIBRILS IN THE PRESENCE AND
ABSENCE OF Cu*". THE SHIFTS WERE REFERENCED WITH TMS.

Residues Chefnical Szilift (.?hen.lical Difference (ppm in Dihedral angle;from
and sites with Cl:) Shlsz w1th01:f absolute value)” TALOS for Cu” free
(ppm) Cu™ (ppm) sample
Phe-4 -132+20, 146139
Ca N/A Y 55.58 (+£0.04) -
CB N/A P 40.73 (£0.20) -
Cs 129.50 (£0.16) | 129.53 (£0.03) 0.03 (+0.17)
Val-12 -118+13, 13110
C=0 172.82 (£0.04) | 172.58 (x0.07) 0.24 (+0.08)
Ca 58.66 (£0.09) | 58.68 (x0.07) 0.02 (+0.11)
CB 33.19 (£0.10) | 32.76 (£0.18) 0.43 (+0.21)
Cy 19.37 (£0.01) | 19.40 (£0.00) 0.03 (+0.01)
His-13 -99+12, 143+36°
Ca 52.18 (£0.01) | 52.11 (x0.20) 0.07 (+0.20)
CB 29.71 (£0.26) | 30.10 (x0.38) 0.40 (+0.46)
Cy 128.80 (£0.05) | 29.16 (£0.16) 0.36 (£0.17)
Cs 116.68 (£0.05) | 16.68 (£0.09) 0.00 (+0.10)
Ce 135.32 (£0.06) | 35.66 (£0.10) 0.34 (+0.12)
His-14 -57+7, -43+6
Ca b) 58.79 (+0.14) _
CB b) 22.29 (+0.04) _
Cy 128.14 (£0.14) | 128.90 (£0.05) 0.76 (+0.14)
Cs 117.22 (0.07) | 118.95 (x0.09) 1.72 (20.12)
Ce 133.63 (20.21) | 133.83 (£0.11) 0.20 (+0.24)
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TABLE 1. *C CHEMICAL SHIFTS FOR THE Ap(1-40) FIBRILS IN THE PRESENCE AND
ABSENCE OF Cu*". THE SHIFTS WERE REFERENCED WITH TMS.

Residues Chefnical Szilift (.?hen.lical Difference (ppm in Dihedral angle;from
and sites with Cl:) Shlsz w1th01:f absolute value)” TALOS for Cu” free
(ppm) Cu™ (ppm) sample
Leu-17 -139+10, 134+12
C=0 172.81 (£0.04) | 172.92 (+£0.03) 0.10 (£0.05)
Ca 52.52 (+0.08) 52.80 (+0.04) 0.27 (x0.09)
Cp 44.66 (+£0.05) 44.06 (£0.08) 0.60 (£0.09)
Cy 26.97 (£0.17) 27.20(x£0.03) 0.22 (x0.17)
Cdl 24.86 (£0.01) 25.36(x0.02) 0.50 (x0.02)
Cd2 23.10 (£0.02) 2.47(x£0.01) 0.63 (£0.03)
Val-18 -129+8, 136+13
Ca 58.87 (+0.10) 58.75 (+0.06) 0.12 (0.11)
Cp 32.98 (+0.03) 33.05 (£0.03) 0.08 (+0.04)
Cy 19.02 (£0.09) 19.06 (+0.09) 0.03 (x0.13)
Phe-19 -121+12, 149+11
C=0 172.53 (£0.17) 172.88 0.36
Ca 52.38 (+0.01) 52.60 0.22
Cp 42.67 (£0.07) 42.33 0.34
Cd 128.76 (+0.05) 128.34 0.42
Phe-20 -133+14, 137+14
C=0 170.88 (£0.05) | 171.06 (£0.07) 0.18 (£0.09)
Ca 54.52 (+0.03) 54.55 (+0.01) 0.03 (+0.03)
Cp 41.80 (£0.16) 41.77 (£0.20) 0.03 (0.26)
Cd 129.48 (+0.02) | 129.56 (£0.01) 0.08 (+0.02)
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TABLE 1. *C CHEMICAL SHIFTS FOR THE Ap(1-40) FIBRILS IN THE PRESENCE AND
ABSENCE OF Cu*". THE SHIFTS WERE REFERENCED WITH TMS.

Residues Chefnical Szilift (.?hen.lical Difference (ppm in Dihedral angle;from
and sites with Cl:) Shlsz w1th01:f absolute value)” TALOS for Cu” free
(ppm) Cu™ (ppm) sample
Ala-21 -136+16, 143+14
C=0 173.22 (20.05) | 173.42 (£0.02) 0.20 (£0.06)
Ca 47.76 (£0.13) 47.91 (£0.03) 0.15 (x0.14)
Cp 21.62 (£0.01) 21.66 (£0.01) 0.04 (x£0.01)
Val-24 -126+14, 150+9
C=0 174.36 (£0.02) 174.28 0.08 (+0.02)
Ca 57.01 (£0.02) 56.96 0.04 (+0.02)
Cp 33.81 (+£0.05) 33.74 0.07 (x0.05)
Cy 19.53 (£0.01) 19.50 0.03 (+0.01)
Gly-25 -107+22, 165199
Ca 40.46 (£0.05) 40.42 0.04
Ala-30 -132+16, 156+9
C=0 172.17 (£0.02) 172.14 0.03
Ca 47.93 (£0.01) 47.95 0.02
Cp 20.98 (£0.01) 21.20 0.21
Ile-31 -120+18, 1279
Ca 59.32 (+0.01) 59.34 (£0.01) 0.02 (x0.01)
Cp 38.22 (+£0.00) 38.21 (£0.07) 0.01 (+0.07)
Cyl 26.12 (£0.01) 26.24 (£0.02) 0.01 (x0.05)
Cy2 17.34 (+0.02) 17.38 (£0.00) 0.04 (+0.02)
Cd 11.85 (+£0.00) 11.87 (£0.01) 0.03 (+0.01)
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TABLE 1. *C CHEMICAL SHIFTS FOR THE Ap(1-40) FIBRILS IN THE PRESENCE AND
ABSENCE OF Cu*". THE SHIFTS WERE REFERENCED WITH TMS.

Residues Chefnical Szilift (.?hen.lical Difference (ppm in Dihedral angle;from
and sites with Cl:) Shlsz w1th01;f absolute value)” TALOS for Cu” free
(ppm) Cu™ (ppm) sample
Ile-32 -130+13, 148+15
Ca 56.14 (+£0.06) 55.91 (£0.10) 0.23 (£0.11)
Cp 40.44 (0.07) | 40.41 (£0.03) 0.04 (+0.08)
Cyl 25.10 (£0.01) | 25.20 (x0.03) 0.10 (+0.04)
Cy2 16.45 (£0.06) 16.42 (£0.04) 0.02 (£0.07)
Cd 12.47 (£0.01) 12.57 (£0.05) 0.11 (£0.05)
Gly-33 -149+33, 160:£40°
C=0 168.96 (+0.02) | 169.31 (£0.07) 0.35 (x0.07)
Ca 42.96 (£0.03) | 43.15(£0.16) 0.19 (0.16)
Leu-34 -125+25, 138+14
Ca 52.33 (£0.05) 52.29 0.04 (+0.05)
Cp 44.46 (+0.05) 44.47 0.01 (+0.09)
Cy 27.01 (£0.18) 27.06 0.05 (£0.18)
Cdl 24.45 (£0.01) 24.43 0.02 (+0.01)
Cd2 22.40 (+£0.00) 22.37 0.03 (+0.00)
Met-35 N/A
Ce 15.60 (£0.01) 15.64 (£0.00) 0.04 (+0.01)
Val-36 -122+49, 134+24°©
C=0 173.09 (20.07) | 172.89 (£0.07) 0.20 (£0.10)
Ca 58.73 (+£0.08) 58.81 (£0.07) 0.09 (0.11)
Cp 31.57 (£0.04) 31.56 (£0.01) 0.01 (£0.04)
Cy 18.98 (+0.0) 18.92 (+£0.03) 0.12 (£0.04)
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TABLE 1. *C CHEMICAL SHIFTS FOR THE Ap(1-40) FIBRILS IN THE PRESENCE AND
ABSENCE OF Cu*". THE SHIFTS WERE REFERENCED WITH TMS.

Residues Chefnical szilift (.?hen.lical Difference (ppm in Dihedral angle;from
and sites with Cl:) Shlsz w1th0|g absolute value)” TALOS for Cu” free
(ppm) Cu™ (ppm) sample
Gly-37 Not predicted®
Ca 42.66 (£0.07) 43.22 (£0.05) 0.56 (£0.09)
Gly-38 Not predictedc)
C=0 170.33 (20.11) | 170.53 (£0.15) 0.20 (£0.19)
Ca 42.55 (£0.10) 43.13 (£0.09) 0.58 (£0.14)
Val-39 -130+24, 143+16°
C=0 172.08 (+0.14) | 172.31 (£0.07) 0.24 (£0.16)
Ca 59.49 (+£0.03) 59.80 (+0.10) 0.32 (£0.10
Cp 33.39 (+£0.15) 33.29 (+£0.23) 0.10 (+0.28)
Cy 19.39 (£0.02) 19.36 (£0.00) 0.03 (£0.02)

* The numbers in parentheses denote errors in the measurements. The errors in the shifts were

the standard deviation of the chemical shifts from three data sets. The ranges of the error were

found to be within 0.15 ppm. For some of the residues, for which the errors are not reported

above, the measurements were made only one time. The estimated errors are in a range of + 0.2

ppm and + 0.3 ppm for the Cu®"-free and Cu”"-bound samples respectively, based on the above

reported standard deviations.

® The signals were broadened and the chemical shifts are not reported.

9 TALOS predictions for these residues reported 9 or less best matches from the TALOS

database; the predictions that report 8 or less best matches are denoted as “Not predicted”.




IV) NMR BASED CHARACTERIZATION OF STRUCTURES, REDOX REACTIONS,
AND REACTIVE OXYGEN SPECIES (ROS) PRODUCTION MECHANISM IN Cu-
ION BOUND 40-RESIDUE ALZHEIMER'’S p AMYLOID FIBRILS

A) Introduction
Progressive accumulation of amyloid plaques in the brain is a major pathogenic event

184, 185

that characterizes the AD, which is a multi-symptom neural disorder. The primary

components of the plaque deposits are amyloid fibrils of 40- and 42-residue AP peptides.'” As

misfolded AP has been shown to exhibit cytotoxicity to neuronal cells in-vitro, it has been

proposed that misfolding of AP triggers the onset of AD.>> !> 186-188

The AD plaques are
reported to contain high concentrations of redox-active metals such as Cu®" (~400 pM) and Fe’*
(~950 uM),* and AP has been shown to bind these metals with high affinity.**® Accumulation
of the redox-active metal ions by these aggregates has been proposed to promote the formation
of reactive oxygen species (ROS), which may lead to oxidative damages, a common disruption

122, 189-192

. . . . . . . g 2+ . .
observed in AD brains. Indeed, previous in-vitro experiments indicate that Cu” ions in

sub-micromolar concentration along with AB peptide are sufficient for the generation of ROS. **
83. 89, 117 193. 194 Recent studies demonstrated the redox activity in AD lesions, which was
inhibited by prior exposure of the tissue sections to copper and iron chelators."”>"” Thus,
intensive efforts have been made to understand the molecular level structural details and redox

66-68, 73-75, 78, 104, 123, 124, 198

reactions of Cu>* bound AP, which can be a potential therapeutic target.

Oxidative stress caused by ROS is believed to be one of the key events in the
pathogenesis of AD."* " 2% Several reaction mechanisms have been proposed for the ROS
generation by Cu-Ap, but the exact mechanism is experimentally unknown.” A compelling

hypothesis from recent studies by mass spectroscopy and other techniques is that the Cu®" ion

64
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complexed to AP fibrils can be reduced to Cu" by biological reducing agents such as ascorbic
acid, cholesterol, or dopamine ** and that Cu" may play a vital role for the production of ROS

0, 89, 117, 122, 201-203
70, 89, 117, 122, It was recently

with subsequent oxidation of His or Tyr residue in Ap.
proposed that during the production of ROS, redox-active Cu®" ions bound to AP aggregates
undergo a redox cycle (i.e., Cu?'<>Cu’") in the presence of O, and biological reductant ascorbate,
which is present in brain between 0.2-10 mM. ® Alternatively, it was also suspected that the
oxidizable sulfur group on the sidechain of Met-35 in AP aggregates may participate in the
electron transfer redox reaction with Cu”*" to produce ROS such as H,0,, which in turn has been

62,70, 202,204

proposed to oxidize the sidechain sulfur group to sulfoxide. Indeed, it was shown that

62. 205 However, the redox reaction

AP isolated from plaques contains oxidized Met-35.
mechanism and associated structural changes involving Cu-bound AP aggregates in the
production of ROS are not well understood due to the lack of structural studies correlating the
Cu-Ap complex to the generation of ROS.

Although a variety of structural studies of aggregated AB by NMR, EPR, X-ray

diffraction and other methods have been performed, including those for Cu**-bound Ap,>* 7

72, 104,133, 206218 5]y a few studies focus on the functional aspects of Cu*"-bound Ap aggregates

and the mechanism involved in the ROS production.zw’ 27

It is also imperative to reveal the
interaction between less stable Cu’ ions and AP in order to understand a detailed redox
mechanism of Cu-ion bound AP in the generation of ROS. Thus, in spite of the significance of
the problem, only a limited number of such studies have been reported because of the challenges
in capturing the transient Cu’ species with heterogenous amyloid aggregates for analysis. A

recent extended X-ray absorption fine structure spectroscopy (EXAFS) study showed that the N-

terminal AP fragments AP(6-14) binds Cu” through two adjacent His residues 13 and 14.*'®
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9

Additional studies by EPR,*'” molecular dynamics simulation,””® and ab initio modeling **°

proposed a linear, bis coordination of Cu’ to N§ of the two His-13 and His-14 on the AP

peptide. 221,222

However, these previous studies have focused mainly on soluble A monomers
or their fragments of A, rather than physiologically relevant aggregated AB(1-40) or AB(1-42),
78, 83, 89, 216-218. 223 qogpite implications of the interactions of the metal ions with AP fibrils in the
AD plaques. ® This is largely due to technical difficulties in the analysis of insoluble and non-

crystalline AP fibrils with less stable Cu’. As a result, direct structural evidence is lacking on the

redox reactions and the Cu" interaction for Cu-bound A fibrils.

In this study, we present an in-vitro study on the structures and functions for Cu-bound
AP fibrils in the redox reaction that is responsible for the ROS generation. We show that the
APB(1-40) fibril-bound Cu*" produces a major ROS, H,0,, under acrobic conditions with
ascorbate. Redox conversions between Cu’" to Cu' are clearly demonstrated by SSNMR.
SSNMR results also suggest that Cu’ remains complexed to AP fibrils and that the overall
conformations of the AP fibrils is not altered by Cu'-binding or the redox reaction. Our results
demonstrate the first site-specific structural evidence of Cu" binding to AP(1-40) fibrils and its

involvement in the redox cycle.

B) Results

1) ROS production by Cu-Af

The production of ROS, such as H,0,, by the redox chemistry of Cu*"-Ap complexes
was observed when one or more physiological reducing agents is available.* ''” However, only
a limited number of previous studies report the interaction between Cu®" and AP fibrils, and their

roles in ROS production in the reports are somewhat contradictory. ** Thus, we first tested the
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redox capability of the Cu*"-AB(1—40) fibril complex in generating H,O, in the presence of a
reducing agent ascorbate. The reaction studied is summarized below,
40uM Cu*" + 100pM AP (in fibrils) + 0.1-1mM Asc = Cu-Ap + H,0, + Oxd.Asc.

In Figure 23, we monitored the H,O, concentration by incubating Cu*-bound AP(1-40)
fibril sample (100 uM AP and 40 pM Cu®" ions) in the (green bars) presence and (red bars)
absence of ImM ascorbate by photometric assay as described in the materials and method. The
data clearly demonstrated the production of ~ 60 uM H,0O, within 2 h in the presence of
ascorbate. In contrast, in the absence of ascorbate, no detectable H,O, was produced. We
previously confirmed 0.4 mol. eq. of Cu®" ions are strongly bound to AP(1-40) fibril.'®* Thus,
there is no effect from the excess or unbound free Cu®" in the production of H,O,. The ascorbate
concentration at 1 mM was chosen based on the estimated physiological ascorbate concentration
of 0.2-10 mM in a brain. ** The concentration of Cu®" is one order of magnitude lower than
the Cu ion concentration found in the AD plaques (0.4 mM).* Nevertheless, sub mM level H,O,
was generated within several hours by the Cu*'-AP(1—40) fibrils and ascorbate. We also
confirmed the generation of another destructive ROS, hydroxyl radicals (Figure 24). Although it
is known that free Cu®" ions generate H,O, in the presence of ascorbate, the rate of H,O,
production from Cu®*-AB(1-40) fibrils is twice, compared with that from the free Cu®" (Figure
25). Under a physiological environment, high concentration of free Cu®" ions is unlikely to be
present. AP’s high affinity to Cu®" is likely to allow the recruitment of trace amounts of free ions

up to sub-mM concentrations.
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Figure 23. Time-dependent production of ROS H,0, by AP(1-40) fibrils alone (blue), with 40
uM Cu”* (red), and in the presence of 1 mM ascorbate (green). The concentration of Ap fibrils
is 100 uM (based on monomer concentration). With these concentrations of Cu”" and ascorbate
available, AP(1-40) fibrils can efficiently catalyze the production of 60—70 uM H,O, within the
first 4 hours of incubation (green). In the absence of reducing agent ascorbate, both A fibrils
with and without Cu®" only generated baseline amount of H,O, (blue and red). The H,0, assay
was performed by colorimetric method in which the H,O, generated reacts with horse radish
peroxidase (HRP) in presence of OxiRed probe to produce a product with absorption at 570 nm.

i. Hydroxyl radical detection by fluorescence

A major variant of ROS is OH" radicals, the free radicals are believed to be intermediates
during the ROS production. Several mechanisms showing the involvement of OH" radicals in the
oxidation of AP peptides have been proposed earlier. Here in this study, we present the
generation OH" and its interaction with the AP peptides. Coumarin-3-carboxylic acid (3-CCA)
assay was used to quantify OH" production. Upon reaction with hydroxyl radicals, the 3-CCA
forms a fluorescent active compound, which has a characteristic emission at 450 nm. The data in

Figure 24 clearly shows that in the (a) absence of the AP peptides, continuous production of free



69

radicals were observed but in the (b) presence of AP peptides only a constant amount of OH’
radicals were detected by 3-CCA assay indicating the participation of the free radical with Af

peptides.
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Figure 24. Time-dependent production of hydroxyl radical (OH") by 40 uM Cu®" alone (orange)
and 100 pM Cu”"-AB(1-40) fibirls (green) in the presence of 1 mM ascorbate. The generated
OH’ reacts with 3-CCA to form an adduct that shows fluorescent emission at 450 nm.

ii. Comparison of the ROS production between free Cu>" and Cu*'-AB(1-40)
complex

The comparison of the H,O, generation by the free Cu>" (orange bars) and Cu*"-AB(1-40)

(green bars) complex ions in the presence ascorbate in Figure 25 convincingly proves the
participation of the AP(1-40) peptide in the ROS production. Ascorbate is a well known

reducing as well oxidizing agent in presence of trace metal ions and is shown to oxidize Met side
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chains. ¥ Within the first 3-4 h of the treatment of ascorbate with AB(1-40) peptide produces

nearly twice the H>O,.
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Figure 25. Time-dependent generation of H,O, by 40 uM Cu”" (orange) and 100 uM Cu*"-AB(1—
40) fibrils (green) after the addition of 1 mM ascorbate. The molar ratio between AP fibrils, Cu,
and ascorbate is 1:0.4:10, respectively. Cu’" alone can only generate approximately half the
amount of H,O», highlighting the involvement of A fibrils in the production of ROS.

2) In-situ NMR Detection of Redox Cycling for Cu-bound A fibrils

Mechanistically, the existence of redox cycling between Cu®" and Cu’ is a strong
evidence for subsequent hydrogenation of molecular oxygen that results in the H,O, generation.
82. 8386, 117. 24 Hence, we next examined the possibility of detecting the redox state of Cu ions
after the addition of ascorbate by SSNMR. In general, it is difficult to examine the redox state of
a metal ion when the ion is bound to an insoluble protein such as amyloid fibril. SSNMR is one

of very few methodologies that provide an access to detailed molecular structures of amyloid

fibrils.”*> In addition, NMR relaxation parameters are very sensitive probes of paramagnetic ions
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2+ 226
such as Cu™".

By utilizing paramagnetic 7} and 75 relaxation enhancements by Cu®" in 'H and
B3C SSNMR, we recently reported that AB(1—40) fibrils bind Cu®" via amino acid residues His-
13, His-14, Val-40 CO, terminus, and Glu-3/11 CO," side chains.!® On the other hand, the
diamagnetic Cu" ions yield no paramagnetic relaxation enhancements. Thus, the redox reaction
from Cu®" to Cu” can be monitored by examining NMR relaxation parameters. Figure 26 shows
incubation-time (¢) dependence of 'H longitudinal relaxation time (77) for Cu*"-bound APB(1-40)
fibril after the addition of ascorbate in a time span of (a) 6 h and (b) 100 h. The 'H 7 relaxation
time was monitored by an inversion recovery pulse sequence on 'H spins followed by a cross-
polarization (CP) transfer to detect °C signals under MAS conditions.”?’ The APB(1-40) fibril
sample used in the measurements was uniformly BC- and ""N-labeled at His-14, Ile-32, Val-36,
and Gly-37 and was incubated with 0.4 mol. eq. of Cu®>". The initial 'H 7 value of hydrated
Cu*"-AP(1-40) fibrils without ascorbate was 96 + 3 ms. When one mol. eq. of ascorbate with
respect to AP was added to Cu®"-AB(1-40) fibrils, the 'H T} value showed approximately 6-fold
increase to 576 £ 13 ms after the incubation time (¢) of 1.5 h (Figure 26 a). The T, value at ¢ =
1.5 h is comparable to that of Cu”*-free Ap fibril. Thus, the data indicate that paramagnetic Cu®"
bound to amyloid fibril was completely reduced to diamagnetic Cu’ by ascrobate. Interestingly,
after 70 h, the 7' value gradually decreased to 60% of the highest value (Figure 26 b). It is likely
that Cu” was oxidized back to more redox stable Cu2+, when the concentration of ascorbate
became gradually decreased. However, we found difficulties in quantitatively reproducing the

re-oxidization; the incubation time required for the 'H 7 decrease varied considerably in each

trial.
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Figure 26. (a) 'H T} of the Cu*"-AB(1-40) in presence of 1 mol. eq. of ascorbate for 8 h. (b) 'H
T, of the Cu®"-AB(1-40) in presence of 1 mol. eq. of ascorbate for 100 h. An overall
paramagnetic relaxation effect was determined by averaging the observed 'H 7, values for
several °C CPMAS signals over the spectral region.

After realizing the possibility that this re-oxidation reaction of Cu” may require oxygen
from air, we performed a modified experiment shown in Figure 27 with Ap(1-40) °C- and "N
labeled at Val-18, Phe-19, Gly-29, Ile-31. First, to speed up the redox reaction, we used 5 mol.
eq. of ascorbate to AP; the observed 'H T} rapidly increased from 83 + 3 ms to 577 + 29 ms in 2
h. Second, in the modified experiment, after observing that the 'H T) reflected the complete
conversion of Cu®" to Cu’, we made oxygen accessible to the sample by halting the 'H T}
measurement, and exposing to air by opening the cap of the MAS rotor. Then, after overnight
incubation at 24°C (orange arrows), we resumed the 'H 7) measurements. We repeated this
process three successive times. As indicated by the orange arrows, the 'H 7; dropped
considerably to 364 + 23 ms during the first incubation with oxygen, suggesting that Cu’ was
reoxidized to Cu”" in the presence of oxygen. At this point, the excess ascorbate was still likely
to prevent the complete oxidization of Cu” ions. Nevertheless, the 'H T, value was reduced
much faster than that for Figure 26 without the exposure to air. Subsequent cycles of 'H T}

monitoring and exposure to air confirmed the rapid redox recycling between Cu®" and Cu” in
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association with the amyloid fibrils. As 'H T; of the amyloid fibril is only affected when Cu®" is

bound to AP, the data clearly suggest that Cu®" is bound to AP throughout the redox cycle.
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Figure 27. 'H Ty of the Cu*-AP(1-40) in presence of 5 mol. eq. of ascorbate. Orange arrows
show the period during the rotor was exposed to the air.

In the above experiment with 5 mol. eq. of ascorbate, we used a considerably higher
concentration of ascorbate (~ 487 mM) as a pellet of hydrated amyloid aggregate was used as a
sample for the SSNMR analysis. The experiment confirmed the spontaneous reoxidization of
Cu" to Cu® even at the high ascorbate concentration. To confirm the reduction from Cu®*" to Cu”
at a physiological ascorbate concentration, we performed a complementary photometric assay
with a lower ascorbate concentration (1 mM) for a solution containing suspended Cu*"-Ap fibril
complex (fcwap = 0.4) at a molar concentration of A at 100 pM (in monomer equivalence).
After 15 min of the incubation of Cu”>"-Ap with ascorbate, nearly complete reduction of Cu*" to
Cu' (~98 %) was confirmed by BCS, a Cu" selective indicator (Figure 28). We also indirectly

confirmed that ~97% of Cu" was bound to AP fibril by monitoring Cu” concentration for the
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supernatant after removing the A fibril from the solution by centrifugation. Although previous

studies implied Cu"” association with AP, these studies used either fragments of Ap or AP in

monomeric forms rather than AP aggregates.®'’ *!% 22 228

To the best of our knowledge, our
SSNMR and photometric results demonstrated a continuous redox cycling between Cu®’-bound

AP fibril and Cu'-bound A fibril for the full-length AP in the presence of ascorbate and oxygen

for the first time.
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Figure 28. Quantification of Cu’-Ap(1-40) fibrils resulting from reduction of Cu®" by ascorbate.
The concentrations of AP fibrils, Cu2+, and ascorbate are 100 uM, 40 pM, and 1 mM
respectively. The reduced Cu" species was detected by BCS, a Cu'-specific indicator that shows
a new absorption at 483 nm upon binding. The Cu®"-Ap fibril sample incubated with ascorbate
shows a near complete conversion of Cu?" to Cu” (red) based on UV-vis quantification. Both
Cu?"-AP(1-40) fibrils (blue) and the supernatant of ascorbate treated Cu”-AB(1-40) fibrils (after
AP fibrils have been removed by centrifugation, green) only showed baseline absorbance values
or amounts of Cu’.
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3) Redox reaction and structural information of Cu’ binding to AB(1-40) fibrils
probed by “C SSNMR

Next, we attempted °C SSNMR experiments in order to reveal molecular-level structural
details and dynamics of Cu*-AP(1-40) fibrils during the redox cycling. Figure 29(a, b) shows
C CPMAS spectra of (a) Cu-free and (b) Cu*"-bound AP(1-40) in fibrils that were labeled with
uniform "C- and '"N-labeled amino acids at Val-12, Ala-21, Gly-33, and with selectively Be-
labeled Met-35 (at eCHj3 position). Compared with the spectrum for the metal-free sample in (a),
Figure 29 b showed selective loss in signal intensities of “Ca, *CPB, and "*Cy of Val-12 (blue
arrows), while the chemical shifts or signal intensities of Ala-21 and Gly-33 were unaffected.
The corresponding 'H 7} value of Cu*"-bound AP(1—40) fibrils were 55 + 3 ms, which was much
shorter than that of AB(1-40) fibrils without Cu® (370 + 18 ms). The selective quenching of
Val-12 signals (Figure 29 b) and 'H T) reduction are consistent with Cu*" binding at the
sidechains of His-13, His-14 and other residues of AP in fibrils.' Then, we incubated the Cu®'-
AP fibrils with one mol. eq. of ascorbate with respect to AP at room temperature. Aftert=1.5h,
we collected a >C CPMAS spectrum for this sample (Figure 29 c). Clearly, °C signals for Val-
12 were recovered to the original intensities (~95%) for AB(1-40) fibrils without Cu* (Figure 29
c, red arrows). We attribute this to the reduction of paramagnetic Cu®" bound to AP to
diamagnetic Cu’. The 'H T, value at 1.5 h after the incubation with ascorbate (351 + 14 ms) is
also consistent with the reduction of Cu*" to Cu”. Based on the assumption that paramagnetic
relaxation enhancement in 'H T is proportional to Cu*" concentration, approximately 95% of
Cu”" was converted to Cu” after incubation with ascorbate. Although it is possible to explain the
observation by the removal of Cu>" from AP due to the addition of ascorbate, our >C SSNMR
data suggest that this is not the case, as will be discussed below. Thus, it is most likely that Cu

ions are subject to redox cycling between Cu”" and Cu” while being coordinated to the A fibril.
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Figure 29. 1D C CPMAS SSNMR spectra of (a) AP(1-40) fibrils uniformly “C- and ""N-
labeled at residues Val-12, Ala-21, Gly-33 and selectively °C labeled Met-35 at (¢°CHs) (b)
with 0.4 mol. eq. of Cu®’, and (c) with both 0.4 and 1 mol. eq. of Cu®" and ascorbate
respectively. The presence of Cu®" attenuates *Co, *CP, and "*Cy signals of Val-12 (b, blue
down arrows), whereas, addition of ascorbate recovers the signal intensities (c, red up arrows).
The loss in signal intensities suggests the close proximity of Val-12 to the paramagnetic Cu®"
center. However, when Cu®" is converted to diamagnetic Cu” by ascorbate, a recovery of signal
intensities was observed. In addition, a minor peak at 40 ppm (indicated by #) has been
previously assigned to the methyl C of the sulfoxide group, an oxidized sidechain of
methionine residue.'®’

Besides ascorbate, Met-35 has been previously proposed to play a significant role in the
redox chemistry of Cu ions and AB. " The methyl *Ce of Met-35 has been assigned to a signal
at ~15 ppm,'™ but the signal overlapping with methyl °C of Val-12 and Ala-21 (Figure 29) did
not allow for unambiguous determination of the paramagnetic influence from Cu”". The fact that
the intensity of this signal did not change after the Cu is added to the fibrils suggests no
additional oxidation of Met-35 had occurred during the redox cycle (Figure 29 c¢). This small
population of oxidized methionine probably resulted from the initial dissolution of AP peptide in
a dilute sodium hydroxide solution (10 mM) or during the incubation period. " '®’ In a separate

solution NMR experiment, free amino acid methionine was incubated with free Cu®" and
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ascorbate; a significant oxidation of free amino acid was observed (Figure 30).% It is possible

that the unique structural arrangements of AP fibrils limit solvent accessibility of the Met-35

104

sidechain, " thus preventing its involvement in the redox reaction.
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Figure 30. "C DEPT-45 solution state NMR spectra of (a) 2 mM methionine, (b) 2 mM
methionine with 0.8 mM CuCly, (c) 2 mM methionine with 0.8 mM CuCl, and 2 mM ascorbate,
and (d) 2 mM methionine with 2 mM ascorbate. The methionine sample was selectively *C
labeled at the e-methyl carbon (S-CeH3). Stock solution of methionine was prepared in 10 mM
phosphate buffer at pH 7.4 with 10% D,0O. The samples were incubated at room temperature for
24 h prior to NMR measurements. The S-CeHj signal in spectra b and ¢ is weaker due to the
presence of paramagnetic Cu” ions in solution. However, the signal for the methyl *C; attached
to the oxidized sulfur group appears only after incubation with ascorbate (c), clearly suggesting
the role of ascorbate in promoting the redox reaction of Cu>". (*) represents a minor impurity in
the sample. The results here imply that methionine can be oxidized by Ccu* only when it is in
direct interaction with the Cu center and when an external reducing agent is present.

Interestingly, 3C chemical shifts for Val-12, Ala-21, Ala-30, Ile-32, Gly-33, Val-36, Gly

-37, Gly-38 and Val-39 for the Cu'-bound AP fibril are essentially unaffected by Cu’ binding
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(see Figure 31 a, ¢ and C Chemical shift Table II). As "*C chemical shifts are sensitive probes
to conformations of a protein, the results suggest that the overall AP structures in fibril are
largely unaffected by the reduction of Cu®” to Cu’. Further analysis of these samples by 2D
BC/BC fpRFDR ' experiment showed well resolved, nearly identical chemical shift crosspeaks
(0.2 ppm) (Figure 31). The lack of change in chemical shifts suggests no significant alterations
to the overall structure in the hydrophobic core of the fibril, although the local binding modes

and conformations of the residues coordinated to ions may show structural difference at the local

level.
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Figure 31. 2D *C/"C fpRFDR spectra of (a) 100 pM AP(1—40) fibrils alone, (b) with 0.4 mol.
eq. of Cu®", and (c) with both Cu®" and 1 mol. eq. ascorbate. The AB(1—40) fibril sample was
uniformly *C- and '*N-labeled at Val-12 (Red), Ala-21 (green), Gly-33 (pink), and Met-35 “*C,.
Comparison among the spectra shows no noticeable difference (except for minor attenuation of
cross peaks due to paramagnetic Cu®" in (b)) in chemical shifts suggesting lack of significant
alteration in secondary structural organization upon Cu”” binding (b) or redox reaction (c).
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4) Histidine-coordination to Cu’ in AB(1-40) fibrils probed by BC and N
SSNMR

In order to understand the redox chemistry of Cu-AP fibrils, we investigated the
coordination modality of Cu” on AP fibrils by SSNMR with focus on the coordination to His-13
and His-14 residues. We recently reported that AB(1-40) fibrils bind Cu®" via side chains of
His-13, His-14, CO; terminus of Val-40, and carboxyl side chains of Glu, based on SSNMR and

* As for Cu” binding to AP, several studies using

molecular dynamic simulation studies.'®
monomeric AB(1-40) and AB(1-42), and shorter fragments have proposed Cu' binding at the
histidine residues (i.e. His-6, His-13, and His-14) 2'¢21%- 223 228 229 iy the N-terminus region of
AB. Nevertheless, no previous studies have demonstrated the interactions between Cu'" and AP

fibrils.  For this purpose, we conducted °C and "N SSNMR for AB(1-40) fibrils that were

labeled with uniform '*C- and '’N-labeled amino acids at His-13 and His-14.

Figure 32 compares (a, b) 1D C CPMAS and (c, d) 2D "C/"C correlation SSNMR
spectra of (a, c) His-13 and (b, d) His-14 for (black) Cu-free, (purple) Cu'-bound, and (green)
Cu*"-bound APB(1-40) fibril, where the data for the Cu2+—AB sample were omitted in (c, d) for
clarity. The assignments for Cu-free and Cu’-bound forms are based on 2D *C/"*C and PC/"°N
correlation SSNMR, as will be discussed below. The 1D C spectra for Cu-free His-13/14
(black) show two strong peaks for Ce (135 ppm) and C8 (116 ppm) with a broad peak for *Cy
(~132 ppm) with indications of some minor peaks. Upon Cu®" binding, the imidazole "*C signals
of His-13/14 were quenched with severe line broadening (Figure 32a, b green) due to Cu®’
coordination to His-13/14. '® After 4-h incubation with ascorbate for the Cu®"-bound AP, *C
CPMAS spectra (Figure 32 a, b purple) show almost complete recovery of these signals with
distinct alterations in the '*C chemical shifts from those for the Cu-free AP fibril (black). As the

pH was adjusted carefully (see the materials and method), the observed spectral changes are not
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attributed to the pH change. The BCe and BCy signals shifted downfield by 1.1-1.8 ppm and
3.1-5.9 ppm in His-13 and His-14, respectively (see Table II). These spectral changes
presumably due to Cu'-binding are more evident in the respective 2D spectra (Figure 32 ¢ and
d). Thus, we identified the samples as Cu'-bound AP fibril samples with Cu'-coordination to
His-13 and His-14. The chemical shift changes are most likely to reflect structural and chemical

environment alternations due to Cu’ binding to these His residues.
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Figure 32. 1D B3C CPMAS (a and b) and 2D "*C/**C correlation (c and d) spectra of two AP(1—
40) fibrils uniformly "*C- and '"N-enriched at residues His-13 (a and c) and His-14 (b and d),
respectively, without Cu (black), with Cu®" (green), and with Cu* (i.e. after incubation with
ascorbate) (purple). While Cu®" considerably broadens the signals (green), reduction to Cu’ by
ascorbate recovers the signals but a small downfield shift of the signals was observed (purple).
The assignments for Cg—C, and C,—Cj correlations are shown along the dash lines (orange and
blue for AB(1-40) fibrils alone and Cu'-Ap(1—40) fibrils, respectively) in ¢ and d. For clarity,
the 2D spectrum of Cu*"-Ap fibrils was not included in ¢ and d
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Next, we made signal assignments for °C resonances. The CB, Cy, and C§ signals of
His-13 and His-14 side chains can be assigned readily for the Cu-free and Cu'-bound forms from
the 2D C/"*C chemical-shift correlation SSNMR spectra by tracing single-bond “C/"*C
correlation (Figure 32 c,d). The Ce signals, which typically appear in a range of 134-138 ppm,
were assigned based on the 2D "*C/"°N correlation spectra in Figure 34 a and d, as will be
described below. '*C§ shift is known to be very sensitive to the protonation state of the
neighboring Ne. 13C3§ shifts for His having NeH and non-protonated Ne typically show ~115 and
~125 ppm, respectively. 2**' As shown in Figure 32(a, b), the Cu-free form at the neutral pH
shows *C8 shifts of ~116 ppm; thus, His-13 and 14 are likely to have t-tautomer with NeH.
Histidine having Cu” and Zn*" coordinated to Ne often yields *C8 shifts corresponding to non-
protonated Ne (see Table III). Since the Cu'-coordinated His-13 and His-14 show *C8 shifts of
115-116 ppm, which is consistent with protonated Ne, Cu’" is likely to be coordinated to N for
both His-13 and His-14. Figure 32(a, b purple) also shows weaker >C peaks at ~125 ppm for the
Cu'-bound form (indicated by * in a and b bottom). In our preliminary assignments, these peaks
are attributed to *C8 for a minor histidine species having m-tautomer His with N6H > or a
species having N6H and Ne-Cu’. Overall, the line widths for the His-13,14 residues in the 2D
spectra (Figure 32 c, d) are narrower for the Cu'-bound form than those for the Cu-free form,
suggesting that Cu'-coordination may make His coordination states and conformations more

homogeneous.

In order to determine which nitrogen (No/Ng) of the His side chain is involved in the
coordination of Cu’ ions, we performed the 1D "N CPMAS (Figure 33) and 2D "“C/"N
correlation experiments (Figure 34) on the same set of (a) Cu-free, (b) Cu*"-bound, and (c) Cu'-

bound "*C- and "°N-labeled AP fibrils. The "°N chemical shifts of the His side chains are highly



83

dependent on the tautomeric state of the imidazole ring which depends on the pH of the sample.
103, 230. 232 At neutral pH, the unprotonated N& and Ne in the t- and m-tautomeric state,
respectively, resonate at ~250 ppm, whereas their protonated analogues resonate at 160—190 ppm
(see Table III). 31.232 Por the Cu-free APB(1-40) fibrils (Figure 33 a, d), the N CPMAS spectra
show signals for His-13 at 228 ppm and 172 ppm (Figure 33 a) and those for His-14 at 250 ppm
and 164 ppm (Figure 33 d). 230. 232 Based on *C3 shift values, the signals at ~172 ppm was
assigned as protonated '*Ne in the t-tautomer while the signals at 228-250 ppm were assigned as
non-protonated ’N&. For His-14, some other minor peaks were observed at 177.9 and 197.7
ppm (* in Figure 33 d). Upon Cu’" binding, the Ne signals at ~164 ppm in the ’N CPMAS were
quenched by ~40 %, while the N signals at 240-255 ppm were unaffected in the intensities.

When Cu®" is reduced to Cu” by ascorbate, the Ne signals were recovered with new peaks at

~210 ppm, which we assigned to Cu™-bound "°’N&.
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Figure 33. 1D "N CPMAS spectra of AB(1-40) fibrils ('°N-labeled at His-13 (a—c) and His-14
(d—f)) alone (a and d), with Cu** (b and ¢), and with Cu” (Cu®" and ascorbate, ¢ and f). Addition
of Cu®" to AP(1-40) fibrils results in attenuation of the Ne signal at ~ 170 and ~ 169 ppm in both
histidine residues (b and ¢). Similarly, incubation of Cu**-Ap fibrils with ascorbate recovers the
signal intensity of Ne (¢ and f) and results in a new signal at ~ 212 and 208 ppm respectively,
which is assigned to the Cu’-N§ species (see text for further explanation). The peaks represented
by * in spectrum (d) could be due to N6 and Ne possibly from diprotonated tautomer.

These assignments are consistent with the connectivities observed in 2D “C/"°N
correlation experiments. In the 2D *C/"°N correlation spectra of Cu-free AR (Figure 34 a, d),
the '°Ne signal at 171.5 ppm in His-13 showed strong cross peaks with directly connected C&
and Ce, whereas the °’N§ signal at 227.6 ppm displayed cross peaks only to Cy and Ce. Thus
NeH (171.5 ppm) and No (227.6 ppm) were unambiguosly assigned for His-13. However, the
2D "C/PN spectrum acquired under identical conditions for the Cu-free Ap sample labeled at
His-14 (Figure 34 d) showed two sets of cross peaks. The first set of peaks showed correlation

of °Ne shifts of ~164 ppm with *Ce at 136 ppm and *C8 of 114 ppm as well as the correlation
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of ’N& at ~250 ppm with Ce at 136 ppm. Another set of cross peaks (Figure 34 d orange
dashed circles) were observed for the other °N signals observed in the 1D "N CPMAS at ~178
ppm and at ~198 ppm (indicated by * in Figure 33d). The "N resonance at 178 ppm is
connected with Cy (133.4 ppm) as well as C5 (117.8 ppm). The "°N signal at ~198 ppm shows
two overlapping cross peaks to Cy (133.4 ppm), suggesting that the second set of cross peaks that
include "N resonances at ~198 ppm could be attributed to biprotonated tautomeric form of
imidazole side chain in His-14. Most of these resonances were quenched by Cu*" binding to

His-13 and His-14 on AB(1-40) fibrils, which is in agreement with previous studies.'**

Next, we examined 2D '"N/"*C correlation experiments for Cu’-bound Af. In Figure 34
¢, the His-13 shows strong cross peaks connecting the '°Ne signal at 170 ppm with *C3 signal at
116 ppm and "Ce signal at 137 ppm, whereas the '°N& resonance at 212 ppm displays cross
peaks to *Cy at 136 ppm. The "°N§ resonance is distinctively shifted from ~228 ppm to 212
ppm most likely due to Cu” binding to N§. Other minor peaks (orange circle) were observed as
will be discussed below. Similar patterns were observed, for His-14. The spectrum in Figure 34
f indicate correlation of "N at 169 ppm with "*Ce at 136 ppm and *C8 at 115 ppm as well as
correlation from '°N§ at 208 ppm to *Cy at 139 ppm and “Ce at 136 ppm. ’N& signal for His-
14 shows a dinstinctively narrow peak at 208 ppm unlike the broader multiple resonances
observed in Figure 34 d. The "*C§ shift values of ~115 ppm are also consistent with Cu”
coordination to N§ for these cross peaks, as discussed above. A recent statistical analysis of the

' showed that for histidine residue

3Cs and “Ce chemical shifts of Zn®" binding proteins™
coordinated to Zn*" via N§, the average chemical shifts of >Cé and "*Ce are 119.1 + 1.5 and

138.9 = 1.3 ppm. In contrast, when His is coordinated to Zn>" via N§, the respective values are

1274 + 0.8 and 139.7 + 0.6 ppm. Thus, it was predicted that when Aed > 17 ppm, Zn>"
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coordination is likely to occur via the N& 2*', where Aed denotes the difference of *Ce and *C8

shifts. '*C chemical shift data for His coordinated to Cu’ 2% 23

appear to be consistent with this
observation for Zn>* coordination to His (see Table III). As Aed is 21.5 ppm for both His-13 and
His-14 in Figure 34 (c, f), our data suggest that Cu-coordinates to ’N& of His. Weak cross
peaks were observed in Figure 34 (c, f) at (on, oc) = (~170 ppm, ~125 ppm). The cross peaks
are probably attributed to correlation between '"NSH and *Cy or between "NSH and "*C5 for a
minor species for which Cu” is coordinated to '°Ng, although additional data are needed to
confirm the assignments. The data suggest that both N§ and Ne coordinations to Cu' are
possible with '’N§ as a primary Cu” coordination site. Taken the data together, the SSNMR

results provide strong structural evidence that Cu’ ions site-specifically coordinated to AP fibril

in the course of redox cycles, which potentially allow for the generation of ROS in AD.
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Figure 34. 2D B3C/N correlation spectra of AB(1-40) fibrils 13C- and "N- labeled at His-13 (a-c)
and His-14 (d-f) alone (a and d), with Cu®" (b and d), and with Cu" (Cu*" and ascorbate, ¢ and f).
The cross peaks corresponding to other tautomeric forms of No and Ne are shown in orange
dashed circles and are easily assigned based on their correlations to '>C neighbors (b and d). The
disappearance of the N§ cross peaks for the Cu®*-bound AP fibrils is due to the fact that the '°N
polarization is transferred to the paramagnetically quenched *C signals (b and e). The
appearance of a new signal (at ®; =~ 212 and 208 ppm and w, =~ 136 and 139 ppm) in ¢ and
after incubation with ascorbate indicates Cu’ binding at the N (based on correlations to Ce and
Cy) of the imidazole ring.

5) TEM analysis of the Cu-AB(1-40) fibrils with ascorbate

The H,0, produced locally by Cu**-Af(1-40) fibrils can potentially inflict oxidative
damage on the AP fibrils at the histidine, tyrosine and methionine residues " and disrupt the
structural integrity. As a result, any morphological change in the same Cu®"-Ap fibrils treated
with ascorbate was examined by TEM. Among the samples tested AB(1-40) fibrils alone, Cu®'-
APB(1-40) fibrils and Cu®"-AP(1-40) fibrils incubated with ascorbate for 24 h at room
temperature, no morphological difference was observed (Figure 35). The TEM images reveal
fibrils with diameter of ~10 nm and lengths of >1 uM; these values are consistent with those of
previous reports. > '® Thus, the ROS production by the addition of ascorbate did not yield

apparent morphological damage on the AP fibril in Figure 35 c.
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Figure 35. TEM (~10 nm diameter, length > 1 pM) images of the (a) AP(1-40) fibrils (100 uM
monomer concentration), (b) AP(1-40) fibrils incubated with 40 pM Cu*" for 24 h at 4 °C, and
(©) Cu2+-AB( 1-40) fibrils incubated with 1 mM ascorbate for 24 h at room temperature. The
width of the scale bar represents 100 nm in length. Both Cu-binding and redox reaction upon
addition of ascorbate does not alter the overall morphology of the AP fibrils.

6) Solution state NMR studies of Cu-Af(1-40) monomer

The interaction between Cu” and AP(1-40) monomer was assessed by solution state 'H
NMR. AB(1-40) monomer and Cu®" in a molar ratio of 1:0.4 was incubated with one mol. eq. of
ascorbate (with respect to AB concentration) for 30 min at room temperature, and the 'H NMR
spectra were obtained on a 21.2 T Bruker spectrometer. In a previous report by Zagorski et.al.,”
addition of Cu*" to AB(1-40) monomers resulted in loss of N-terminal backbone NH (Glu-3—
Val-18) and side chain (Arg-5 and Gln-15) signals on the HSQC spectrum. It is likely that Cu®"
is bound to AP via the side chains of histidine (i.e. at positions 6, 13, and 14) and/or acidic (i.e.
Asp-1, Glu-3, Asp-7, Glu-11, and Glu-22) amino acid residues on the N-terminus. Particularly,
if excess Cu is present, multiple binding modalities are possible; thus, a massive loss of NH
signals in the N-terminal region of the peptide is observed. Furthermore, a mere close proximity

to the paramagnetic Cu®" center can significantly enhance relaxation of 'H signals. To mitigate

such a global relaxation effect, only 0.4 mol. eq. of Cu®" was used in our studies. The aromatic



&9

region of AB(1-40) monomers with b) and without Cu®" (a) shows a sharp contrast with the
spectrum of the former (b) displaying severe line broadening. As anticipated, the side chain
signals of His residues are completely abolished, along with those of Tyr-10 and Phe residues.
With addition of ascorbate to reduce Cu*" to Cu’, most signals except those of His side chains
are recovered which imply AP binding of Cu’ at the His residues. Thus, the His residues of

AB(1-40) are involved in binding of both Cu” and Cu*".
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Figure 36. Solution state 'H NMR spectra (aromatic region) of (a) 92 uM AB(1-40) monomer,
(b) with 37 uM Cu*", and (c) with both Cu®" and 1 mol. eq. of ascorbate. The aromatic side
chain 'H signals of His and Tyr residues of AB(1-40) peptide are easily assigned based on a
previous report. ° As expected, Cu”" broadens signals, with some beyond detection (b). The
amino acid residues affected by Cu®" include Phe, His, and Tyr. Reduction of Cu®" to Cu" by
ascorbate recovers majority of the signals but some remained broaden, especially the side chain

protons of His residues, indicating the interactions between Cu" and histidine amino acids of the
APB(1-40) peptide.

C) Discussion

Redox-active transition metals such as Cu”” and Fe’" have been implicated to be

responsible for the extensive oxidative damages observed in the brains of AD victims.”™” ™ 7>

194. 235 Researchers have exhaustively studied the interactions between these metals and AD-
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: : 74, 82, 117, 121, 122, 163, 189, 191, 235, 236
associated AP peptides.

Nonetheless, a critical question remains
unanswered, given that these metals are isolated along with aggregated plaques/fibrils of Ap.
What is the role of these metal ions complexed to aggregated AP fibrils in regard to the oxidative
stress in AD? In this study, we have shown the ability of Cu”/Cu®" to complex with AB(1-40)
fibrils in order to generate harmful ROS such as H,O, and hydroxyl radical by photometric assay
and SSNMR. To the best of our knowledge, this study has showed the unique redox properties
and structure of Cu'-bound AP fibrils, which are likely to have relevance to the pathogenesis of
AD, for the first time. Quantitative analysis based on photometric assay suggest sub mM of
H,0, generation for a 100-uM AB(1-40) fibrils with only 0.4 mol. eq. of Cu®" in the presence of
ascorbate. Then, we have utilized various SSNMR experiments to show that the electron transfer

between Cu, ascorbate, and oxygen does occur and that both Cu?* and Cu” remain bound to the

fibrils during the redox reaction.

A generalized mechanism of the redox reaction entails initial reduction of Cu** to Cu” by
ascorbate, resulting in the H,O, formation; this is followed by an electron transfer from Cu' to

0, to oxidize back to Cu*". The redox cycle indicated by our study is as follows:

Cu™™-AP + Asc + 40, > Cu™-ApB + %H,0, + Oxd.Asc

Cu™-Ap+H"+ %40, > Cu*-Ap + % H,0

In the process, each O, can accept two electrons to generate H;O,. As a result, in the presence of
excess ascorbate and O,, a significant amount of H,O, can be accrued locally, potentially
inflicting oxidative damage. The requirements of cellular reductant and molecular oxygen for
the ROS production imply that diffusible AP aggregates, rather than immobile fibril, may be

more efficient agent for catalyzing such a reaction in terms of accessibility to cellular reducing
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agent. Such diffusible aggregates of AP have been reported to be more toxic to neural cells. *!
Furthermore, based on SSNMR data, we propose that the Met-35 residue on AP is not involved
in the redox cycle and that His-13 and His-14 of AB(1-40) fibrils may bind to Cu*” and Cu” in
different coordination modes through Ne and N9, respectively. Overall, the results in this report
indicate that AB(1-40) fibrils become a strong catalyst that attracts Cu ions and introduce cyclic
redox reactions involving Cu ions in a continuous manner, which may contribute to the oxidative

stress and a cascade of the downstream events in AD.
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TABLE II. *C CHEMICAL SHIFTS OF THE AP(1-40) FIBRILS, Cu>"-Ap(1-40) FIBRILS,
AND Cu®*-Ap(1-40) FIBRILS INCUBATED WITH ASCORBATE (Cu’-Af(1-40) FIBRILS).
THE CHEMICAL SHIFTS WERE REFERENCED TO TETRAMETHYLSILANE (TMS).

Residues | AP(1-40) fibrils | Cu**-Ap(1-40) | Cu"-Ap(1—40) | Difference A (ppm)“A =
(ppm)” fibrils (ppm)” | fibrils (ppm)® AB(1-40) fibrils — Cu'-
AB(1-40) fibrils
Val-12
C=0 172.3 172.3 172.2 0.1

Ca 57.8 58.1 58.1 -0.3

CB 33.2 33.5 33.2 0.0

Cy 18.6 18.6 18.8 -0.2
His-13

Co. 52.0 51.6 0.4

CB 29.7 31.2 -1.5

Cy 132.4 135.5 -3.1

&) 116.0 115.6 0.4

Ce 135.5 135.8 137.3 -1.8

N& 227.6 250.3 212.3,248.2" 15.3

Ne 171.5 168.4 170.3 1.2
His-14

Ca 58.9 59.6 -0.7

CB 22.4 25.2 -2.8

Cy 133.4 139.3 -5.9

[ 116.9 116.0 1152 1.7

Ce 135.3 136.3 136.4 -1.1

N§ 249.5 251.4 207.9, 248.5" 41.6

Ne 164.4 163.8 169.3 -4.9
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TABLE II. °C CHEMICAL SHIFTS OF THE AB(1-40) FIBRILS, Cu*"-A(1-40) FIBRILS,
AND Cu”**-AB(1-40) FIBRILS INCUBATED WITH ASCORBATE (Cu-AB(1-40) FIBRILS).
THE CHEMICAL SHIFTS WERE REFERENCED TO TETRAMETHYLSILANE (TMS).

Residues AB(1-40) fibrils | Cu’*-Ap(1-40) | Cu’-Ap(1-40) Difference A (ppm) YA =
(ppm)” fibrils (ppm)® | fibrils (ppm)® APB(1-40) fibrils — Cu'-
APB(1-40) fibrils
Ala-21
Cc=0 173.1 173.2 173.2 -0.1
Ca 47.8 48.0 48.0 -0.2
Cp 20.6 20.8 20.9 -0.3
Ala-30
C=0 173.4 17.4 173.4 0
Ca 50.0 49.9 50.0 0
Cp 17.4 17.9 17.4 0
Ile-32
Ca 56.4 56.0 56.0 0.4
Cp 40.3 40.3 39.9 0.4
Cyl 25.3 25.0 24.9 0.4
Cy2 15.7 15.9 15.9 -0.2
Co 12.5 12.3 12.3 0.2
Gly-33
C=0 168.2 168.4 168.4 -0.2
Ca 42.4 42.7 42.6 -0.2
Met-35
Ce 15.1 15.3 15.2 -0.1
Val-36
Ca 58.8 58.5 58.5 0.3
Cp 32.1 31.7 313 0.8
Cy 19.2 18.7 18.7 0.5
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TABLE II. °C CHEMICAL SHIFTS OF THE AB(1-40) FIBRILS, Cu*"-Ap(1-40) FIBRILS,
AND Cu”**-AB(1-40) FIBRILS INCUBATED WITH ASCORBATE (Cu-AB(1-40) FIBRILS).
THE CHEMICAL SHIFTS WERE REFERENCED TO TETRAMETHYLSILANE (TMS).

Residues AB(1-40) fibrils | Cu’*-Ap(1-40) | Cu’-Ap(1-40) Difference A (ppm) YA =
(ppm)” fibrils (ppm)® | fibrils (ppm)® APB(1-40) fibrils — Cu'-
AB(1-40) fibrils
Gly-37
C=0 169.6 169.5 170.1 -0.5
Ca 42.9 42.5 43.1 -0.2
Gly-38
Cc=0 170.1 169.2 169.9 0.2
Ca 42.5 42.6 42.5 0
Val-39
C=0 172.0 172.4 171.9 0.1
Ca 59.5 59.0 59.2 0.3
CB 335 33.6 335 0
Cy 19.4 19.4 19.5 -0.1
% Referenced to TMS.

® Unbound N& form in the His side chains
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TABLE III. SURVEY OF THE *C, ’N CHEMICAL SHIFTS OF Cu" AND Zn?* BOUND TO

HISTIDINE RESIDUES ALONG WITH THE °C, "N CHEMICAL SHIFTS OF HISTIDINE

TAUTOMERS
a) Cu,Zn Superoxide dismutase (SOD); PDB ID; 2kd4w, BMRB Entry 15112; Citation **
. Coordination Bcy BCe BCé | A=Ce-Cd N Ne
Residues
No Ne (ppm) | (ppm) | (ppm) (ppm)
His 67 N§-Cu” * 135.2 136.1 117.3 18.8 * 166.3
His 69 * Ne-Cu™ | 130.0 134.6 126.2 8.4 169.4 *
His 92 N&-Zn™" | Ne-Cu' | 135.0 | 1345 | 1147 19.8 * *
His 147 * Ne-Cu™ | 126.6 137.3 126.3 11.0 *
b) ba3 oxidase subunit Il of Thermus thermophilus in the reduced state; BMRB Entry 5819;
Citation ***
His 82 N3-Cu” Ne-H 133.5 135.9 118.2 17.7 224.6 163.0
His 125 N§-Cu” * 134.5 134.5 117.0 17.5 218.1 162.3
¢) Histidine tautomers >’
Anionic-1t No6-H Ne 129.2 135.8 125.4 10.4 171.8 248.2
Neutral-t Nb Ne-H 137.7 135.3 113.6 21.7 249.4 171.1
Anionic- T N§ Ne-H 136.8 135.6 113.0 22.6 252.7 167.3
Biprotonated | No-H Ne-H 128.7 136.3 119.4 16.9 190.0 176.3
d) C chemical shift analysis of Ensemble of Zn’* bound to His residues reported by Barraud '
Zn’'-His Ne * Ne-Zn*" * 137.7 | 1254 12.3 * *
Zn”-His N§ | N§-Zn*" * * 136.9 117.1 19.8 *
e) Cu+ bound on AB(1-40) fibrils (Current study)
His-13 N§-Cu” Ne-H 135.5 137.3 115.6 21.7 212.3 170.3
His-14 N§-Cu” Ne-H 139.3 136.4 115.2 21.2 207.9 169.3
" Not known

Yellow highlight - Cu” bound to N§
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D) Materials and Methods

1) Chemicals and reagents

Wang resin, fmoc protected aminoacids, and 2-(6-Chloro-1H-benzotriazole-1-yl)-1,1,3,3-
tetramethylaminium hexafluorophosphate (HCTU) were purchased from Peptide International
(Louisville, KY). N,N-Diisopropylehtylamine, N-Methylpyrolidone, and Dichloromethane were
purchased from Applied Biosystems (Foster City, CA). Piperidine, bathocuproine disulfonic acid
disodium salt (BCS), ascorbic acid, coumarin-3-carboxylic acid (3-CCA), sodium azide,
thioflavin-T, and selectively *Ce-labeled methionine were obtained from Sigma-Aldich (St.
Louis, MO). Sodium hydroxide, potassium phosphate, and sodium phosphate were acquired
from Fischer Scientific (Hanover Park, IL). DO was purchased from Cambridge Isotope
laboratories (Andover, MA). "“C- and "N-labeled amino acids were purchased from
Isotec/Sigma-Aldrich (Miamisburg, OH). H,0, assay kit (#K265-200) was purchased from

Biovision (Mountain view, CA).

2) Synthesis and purification of AB(1-40) peptide

AP(1-40) peptide was synthesized as reported in materials and methods section in
Chapter IIL, P.51. The ">C- and '"N-labeling schemes used for SSNMR experiments are (a) Val-
12, Ala-21, Gly-33, Met-35 (¢"°CHj), (b) His-13, Ala-30, Gly-38, Val-39, (c) His-14, Ile-32,

Val-36, Gly-37, and (d) Val-18, Phe-19, Gly-29, Ile-31.

3) Photometric hydrogen peroxide (H>O,) quantification

The quantification of H,O, was performed as per the instructions given in the assay kit.
A 50-pl aliquot of 100 uM Cu*"-AB(1-40) fibrils (fcwap = 0.4) was gently mixed with 1 mM
ascorbate solution. Then, 50 pl of the peroxide detection reagent mixture (46 ul assay buffer, 2

ul OxiRed probe solution, 2 pl horse radish peroxidase (HRP)) was immediately added and
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incubated at room temperature for 10 min, according to the manufacture’s instruction. In the
presence of HRP, the OxiRed probe reacts with H,O, to produce a product that can be detected at
Amax = 570 nm. The product was quantified by a Dynex microplate reader. Six duplicates were
performed for each trial. The concentration of H,O, produced from Cu*"-Ap(1-40) fibrils and

ascorbate was determined from the H,O, calibration curve.

4) Hydroxyl radical detection by fluorescence

Coumarin-3-carboxylic acid (3-CCA) assay was used to quantify hydroxyl radical
production. Upon reaction with hydroxyl radicals, the 3-CCA forms a fluorescent active
compound, which has a characteristic emission at 450 nm. The emission measurements were
done on a Fluorescence Hitachi F7000 spectrophotometer at the excitation wavelength of 388
nm. The emission spectra were recorded from 410-550 nm with the slit widths of 5 nm for both
excitation and emission. The assay constituted 100 uM AB(1-40) fibrils, 40 uM Cu**, 1 mM
ascorbate, and 2 mM 3-CCA and performed in 10 mM phosphate buffer at pH 7.4. For the
control experiment, the 10 mM phosphate buffer (pH 7.4) was used instead of A fibrils under

identical conditions. At least three replicates were performed for each time point.

5) Solution-state NMR

The solution 'H NMR studies were performed on a Bruker Avance 900-MHz
spectrometer equipped with a cryoprobe at the UIC Center of Structural Biology. The sample
temperature was set to 10° C in all the experiments. AP(1-40) monomer solution at pH 7.4 was
incubated with CuCl, for 15 min at 4 °C. Then, ascorbate was added to the mixture and
incubated for another 15 min. The mole ratios were fcyap = 0.4 and fisap= 1. '"H NMR and 'H
T\ measurements were performed for the all the samples. 'H 7; measurements were performed to

confirm the formation of Cu” from Cu®" ions. Three samples were prepared for the regular 'H
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and "H 7} NMR measurements: (a) AP(1-40) monomers, (b) Cu*"-Ap(1-40), and (c) Cu2+-AB(1—

40) with ascorbate.

6) Tranmission electron microscopy (TEM)

A JEOL JEM-1220 transmission electron microscope (TEM) at an accelerating voltage of
120 kV was used for the morphological analysis of AP(1-40) fibrils with Cu*" and ascorbate. A
10-pl aliquot of sample was spotted on a carbon-coated Formvar 200-mesh copper grid (Electron
Microscopy Sciences, Hatfield, PA) for 30 sec and wicked dry with a tissue paper. Then, the
grid was negatively stained with ~10 pl of 2% uranyl acetate solution for 1 min and again

wicked dry. Finally, the grid was air-dried and analyzed at the UIC RRC.

7) Solid-state NMR

All SSNMR experiments were performed on Varian Infinity Plus and Bruker Avance
spectrometers with a home-built 2.5-mm MAS triple-resonance probe at 9.4 T ('H frequency of
400.2 MHz) in a triple configuration. The spinning speed was set to 20,000 £ 3 Hz throughout
all experiments. Approximately 2.5-4.0 mg of labeled AB(1-40) fibril samples were used in
each experiment. In 1D °C CPMAS experiments, adiabatic CP transfer was used. During the
CP period, the "°C RF field amplitude was linearly swept from 45-65 kHz during a contact time
of 1.0 ms, while the "H RF amplitude was kept constant at 75 kHz. During the detection period,
'H TPPM decoupling of 90 kHz was employed. 1D spectra in Figure 29 (a-c) and Figure 32
(a,b) were collected with 512 and 1024 scans, and were processed with Gaussian broadening of
100 and 50 Hz respectively. The 1D "N CPMAS spectra were measured with the 'H spin-lock
field strength of ®;/2n = 50 kHz. During the CP period, the ’N RF field was linearly swept

from 25-35 kHz during a contact time of 900 ps. The spectra in Figure 33 were obtained with
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15360 scans and were processed with Gaussian broadening of (a-c) 2 and (d-f) 1 ppm
respectively.

For the 2D °C/"C correlation experiments in Figure 32 ¢, d, fpRFDR pulse sequence
with a mixing time of 1.6 ms and a "*C n-pulse width of 15 us was used '®*. After the adiabatic
CP, the FID was recorded during the #; period, and a real or imaginary component of the
magnetization was stored along the z-axis. For each t; point, 128 scans of FID were accumulated
with an acquisition period of 10 ms. A total of 100 complex #; points was recorded with a ¢
increment of 38.1 ps. The overall acquisition time was 6 h. Similarly, the 2D '°N/°C correlation
spectra in Figure 34 were measured by preparing the initial "N magnetization by adiabatic CP.
After the 1, evolution period, the real or imaginary component of "N magnetization was
transferred to °C by Be/PN CP, in which the sum of wc and oy was matched to twice the
spinning frequency. The "’C signals were detected during #, period. 'H TPPM decoupling of 90
kHz was employed during the # and #, periods, while cw decoupling of the same amplitude was
used during the mixing period or 2" CP period for the *C/"°C and "C/"°N experiment,
respectively. For each ¢, point, 1496 scans of FID were accumulated with an acquisition period
of 10 ms. A total of 70 complex ¢, points was recorded with a #; increment of 35.7 us. The FID
was processed by NMRPipe software '®* with Gaussian window function of 150 Hz applied
along the #; and #, time domains. The overall acquisition time was 49 h. The AB(1-40) fibril
samples analyzed were uniformly *C- and ""N-labeled at A) Val-12, Ala-21, Gly33, Met-

35(¢"*CH3), B) His-13, Ala-30, Gly-38, Val-39, and C) His-14, Ile-32, Val-36, Gly-37.

8) Sample preparation for SSNMR

A solution of 1 mM AB(1-40) was prepared by first dissolving the AB(1-40) peptide in 10

mM NaOH by a brief vortexing. Then, the peptide solution was diluted to a final concentration
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of 100 uM with 10 mM phosphate buffer containing 0.02 % NaNj3, sonicated for 30 s in an ice
bath, and filtered through an Amicon Ultra centrifugal filter (MWCO = 50 kDa) at 3200 g and —5
°C to remove pre-existing aggregates.” '*> The final pH of the AP(1-40) solution was ~ 7.4.
The concentration of AP(1-40) was determined based on the UV-Vis absorbance at A = 280 nm
and £ = 1280 M 'ecm '.*' The AP(1-40) fibril was prepared by incubating the filtered solution at
room temperature with constant agitation for 2 weeks. The fibril formation was monitored by
thioflavin-T (ThT) fluorescence assay.zl’ 139

The AP(1-40) fibrils were recovered by centrifuging the sample at 3200 g for 1.5 h (30
min at a time) at —5° C. The supernatant was removed, and the recovered fibrils were frozen in
liquid N, and lyophilized. The lyophilized sample was then packed into a 2.5-mm MAS rotor for
SSNMR experiments. The powder sample in the rotor was rehydrated by adding the supernatant
buffer (2 ul per mg of fibrils) and centrifuging down at 2000 g for 2 min. The rehydrated sample
was incubated overnight at 4 °C before data acquisition.

For the Cu2+—AB(1—40) fibril sample, 2 pL of a concentrated CuCl, solution (300 mM, pH
7.4) was added to 15 mL of the fibril solution (100 uM in monomer equivalence) to give a final
mole ratio fcyag = 0.4, and incubated at 4 °C for 24 h with a brief vortexing to mix the sample.
Then, the Cu®*-bound AB(1-40) fibril was recovered by centrifugation at 3200 g for 1.5 h (30
min at a time) at —5° C. The supernatant was discarded, and the resulting fibril pellet was frozen
in liquid N, lyophilized, and packed into a 2.5-mm MAS rotor for SSNMR analysis.

For the preparation of the Cu*"-Ap fibril sample incubated with ascorbate, a 340 mM
ascorbate solution (0.7 pl per mg of fibrils) was added to a 2.5-mm MAS rotor packed with ~ 3
mg of Cu>"-AP(1—40) fibrils by centrifuging at 6000 g for 15 min. In order to avoid pH-induced

chemical shift changes in the sample, the ascorbic acid solution was neutralized in equimolar
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NaOH before introducing into the rotor. The sample was then used for SSNMR experiments.
For the 1D and 2D experiments in Figure 29, 31-34, the mole ratio of AP fibrils to ascorbate is
fisap= 1. The sample temperature was set to 12 °C during the SSNMR experiments. For the '"H
T\ measurements that require sample exposure to O in the air in Figure 27, the SSNMR rotor
containing the Cu**-Ap fibrils and ascorbate with the rotor cap removed was placed in a
centrifuge tube with a tiny hole on the cap and incubated at room temperature for 14 h with a
gentle shaking at 100 rpm on a New Brunswick Scientific Excella E24 Incubator shaker. In
subsequent 'H 7; SSNMR measurements, the temperature was set to 24° C. The sample was

exposed to air three times.



V) MOLECULAR-LEVEL STRUCTURAL INSIGHT INTO A PATHOLOGICALLY
RELEVANT AMYLOID INTERMEDIATE OF ALZHEIMER'’S g BY SOLID-STATE
NMR SPECTROSCOPY

A) Introduction

A variety of neurological disorders such as AD, PD are associated with misfolding of
disease-specific amyloid proteins. It has been long believed that neural dysfunctions identified
in such “amyloid diseases” are caused by amyloid fibrils of amyloid proteins, which are often
neurotoxic. Recent evidences, however, have indentified diffusible amyloid aggregates,
intermediate species in amyloid misfolding, as a more potent toxin in amyloid diseases.''> '8!+ %%
Despite their increasing importance, intrinsically unstable and heterogeneous natures of these
amyloid intermediates have made it an intractable problem to define their detailed structural
features, relationship with amyloid fibril, and pathogenic functions. To date, no atomic-level
structures are obtained for toxic amyloid intermediates of disease-specific amyloid proteins.
Early TEM and atomic-force microscopy (AFM) studies identified spherical assemblies ranging
in a diameter of 5-20 nm for amyloid proteins such as AP and a-synuclein, which are associated
with AD and PD, respectively.'®" 2*2* Recent studies showed that an amyloid intermediate of
APB(1-40) have a parallel B-sheet structure by site-specific analysis using SSNMR.**' Parallel
cross-f structure is a ribbon-like B-sheet that extends over the length of the fibril and comprises
of B-strands that run approximately perpendicular to the long axis of the fibril. Backbone
hydrogen bonds that link the B-strands are nearly parallel to the long axis. More recently, a cross
B-sheet structure, which may involve anti-parallel B-sheet, was identified for oligomeric species
of AB(1-42) (~20 mer) by X-ray power diffraction, FT-IR, and CD.*** Anti-parallel B-sheet
arrangement involves stacking of B-strands as shown in Figure 37 a. Structurally less ordered

disk-like oligomer was also identified for AP(1-42) by a SSNMR and AFM study.”** For a
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nontoxic tetramer of AP(1-40) that was stabilized in SDS, a mixed parallel and anti-parallel -
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sheet structure was identified by solution NMR.”™” For a model system of 11-residue fragment

of af-crystalline, a tetramer that mimics amyloid intermediate was shown to have anti-parallel -
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sheet by X-ray crystallography.”” There are also an increased number of structural studies on
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. . . . . 23 .
oligomeric species of other proteins such as a-synuclein,” and Human Serum Albumin™. Even

with these efforts, structures of amyloid intermediates are poorly understood for a majority of
species, which include biochemically well characterized intermediates for A such as ADDL,**
AB*56,” and globulomer.””” More importantly, the structural details of pathogenic or
pathogenically relevant amyloid intermediates have been missing in the past studies. The
difficulties of such studies are attributed to the low abundance of such species in tissues and
heterogeneous nature of amyloid intermediates. Also, lacking is a suitable approach to isolate or
reproduce such amyloid species associated with AD pathology for detailed structural analysis.

These factors have made structural studies of pathologically relevant amyloid intermediates

extremely challenging.

This figure was reprinted from Qiang and co-workers, Proc. Natl. Acad. Sci. U. S. A,
2012 109 (12) 4443-4448

Figure 37. (a) Schematic representation of the double-layered antiparallel cross-p motif (Left),
showing B-strands in yellow, the intervening loop in red, and groups of hydrophobic side chains
as light green and dark green blocks. (b) Schematic representation of the double-layered parallel
cross-B motif identified in WT-AB1-40 fibrils by Tycko and co-workers.'> '*2°
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In order to define structures of amyloid intermediates relevant to AD, we present an
approach to study site-specific structure of highly toxic amyloid intermediate called amylo-
spheroid (ASPD) for 42-residue AB.'"' ASPD represents a class of highly toxic amyloid
intermediates that exhibit spherical morphology having a diameter of ~ 10-18 nm.* '*! A recent
study has indicated that ASPD is structurally similar to a spherical amyloid intermediate of AP
found in brain affected by AD (termed as “native ASPD”). The similarities of ASPD and native
ASPD in structural and morphological aspects were confirmed by “conformational” monoclonal
antibodies targeting ASPD and electron micrograph studies by Dr. Minako Hoshi’s group at
Institute of Biomedical Research and Innovation, Kobe Hybrid Business Center, Japan.54 Also,
the severity of AD was well correlated with the level of native ASPD found in brains. Although
ASPD is gaining importance as a biomarker and a potential cause of AD, structural details of
ASPD are still unknown and unexplored largely. Here, for the ASPD sample prepared in-vitro,
we perform an analysis of detailed structural features on the ASPD amyloid intermediate that is
most likely relevant to AD pathologies by SSNMR, a vital tool for structural analysis of
insoluble proteins. The study presents evidence that the oligomeric AP has well defined
secondary structure and supramolecular molecular assembly, which potentially make ASPD an

excellent therapeutic target for AD.

B) Results

ASPD samples were prepared in collaboration with Hoshi’s group. ASPD’s were
obtained by incubating synthetic AB(1-42) in a F12 medium as described previously.™® For
samples used for the SSNMR analysis, the AP peptides were prepared from AP(1-42) that was
isotope labeled with uniformly "*C- and '"N-labeled amino acids at selected sites.”*' As

established in previous structural studies for synthetic amyloid intermediates by SSNMR,** 2!
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the samples were quick frozen in liquid nitrogen, and subsequently lyophilized to trap the
metastable intermediate state. The TEM analysis on an ASPD sample for isotope labeled AP
(Figure 38) showed spherical morphology having a diameter of ~10 nm, which is consistent with

the previous study.

d)ASPDF VL _A G,
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Figure 38. Transmission electron micrograph for the entire ASPD sample used for the NMR
analysis in Figure 40. The images show spherical morphologies of ASPD having diameter of
10—18nm morphologies.

The functional and structural similarity between the ASPD sample analyzed here and
native ASPD were confirmed by Hoshi’s group with monoclonal antibody assay (which
specifically recognizes ASPD), TEM, CD, and cytotoxicity assay. The amino acid sequence of
AB(1-42) is listed with the isotope labeled sites to be inspected in the NMR analysis are

discussed in Figure 39.
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DAEFRHDSGY10-EVHHQKLVFFE;0-AEDVGSNKGA3-IIGLMVGGYVVy4-1A

Figure 39. Amino acid sequence of AP(1-42), where the residue names are color coded by type
of amino acids as follows: negatively charged (red), positively charged (blue), hydrophilic
(cyan), and hydrophobic (green) residues. The underlined residues represent those inspected in
the present SSNMR analysis of ASPD.

1) AB(1-42) misfolds into a highly ordered conformer in ASPD

In an effort to seek the site-specific structural features of ASPD, we performed 2D
BC/BC correlation SSNMR experiments on four ASPD samples having different *C-labeling
schemes (Figure 40 a-d; see Table IV for the list of samples). Previous studies using ASPD
specific conformational antibody indicated unique structural folds of ASPD, which are
commonly recognized by the antibody for both native ASPD and ASPD.>* As discussed above,
no secondary structure or site-specific structures have been available for ASPD. Likewise, there
is currently no direct evidence that ordered secondary or tertiary structure exists in any
pathogenically relevant amyloid intermediates at the site-specific level. The 2D *C/"C spectra
(Figure 40 a-d) show promising results for the first attempt of structural analysis of ASPD. All
the "*C-labeled sites were successfully assigned based on amino-acid specific exchange patterns,
as shown by the color coded lines. The spectra display reasonably narrow line widths (1.9-3.7
ppm) even after considerable Gaussian convolution (1.3-1.5 ppm) for sensitivity enhancement.
The natural line widths are comparable to or slightly broader than those observed for lyophilized

120 21 133,296 A¢ 4 line width or a distribution of chemical shift reflects

amyloid fibri
conformational heterogeneity, the reasonably narrow line widths suggest that ASPD is likely to
have a well ordered structure comparable to amyloid fibril, the structure of which is known to be

highly ordered. Except for some residues such as Leu-17 and Ile-31, most of the residues have a

single set of cross peaks for a directly bonded *C-">C pair. The SSNMR suggests that AB in



108

ASPD has a well defined single conformer for most of the residues. This also confirms good
homogeneity of the ASPD samples analyzed for this study. The result is surprising as amyloid
intermediates are generally only metastable species. Even amyloid fibrils of AP, the final
product in misfolding, often involve polymorphs, which cannot be easily detected by traditional
spectroscopic analysis such as FT-IR or CD. A previous SSNMR study on toxic AB(1-42)
indicated somewhat disordered structure.”*”  Although the recognition of ASPD by
conformational antibodies was reported, it does not guarantee that the epitope structures are
homogeneous. Overall, the results, for the first time, present direct evidence of a well ordered
conformer in the amyloid intermediate that is pathologically relevant to AD. The N-terminal
residues (Ala-2, Phe-4) have weaker signal intensities, compared with those for corresponding
amino acids in other sites such as Phe-19 and Ala-21 (Figure 40 a, b). This finding indicates that

the N-terminal region of Af in ASPD may be disordered with some residual structural order.

i. Sample analyzed using SSNMR

TABLE IV. A LIST OF THE ASPD SAMPLES USED FOR THIS STUDY

Sample in Uniformly “C "N labeled Total sample in Peptide amount by amino-
Figure 37 sites/residues the rotor (mg) acid analysis (mg)

A F20, A21, V24, G25, L34 38 2.7

B F19, A30, 131, G33, V36 24.9 3.5

C A2,G9, F19, V39, 141 30 2.4

D F4,V12,L17, A21, G29 11 1.8

The ASPD samples (10-40mg) as received from Dr. Hoshi’s group were packed in a 2.5
mm 20 pL volume SSNMR rotor in a glove box under inert nitrogen environment with the

humidity level as low as 11-13 %.



109

a) FoPo VGl _ 10 b) FieAsls: yaa 110
20 20
E 3
308 302
Q o
1y L 40~
] ]
50 50
60 s 60
60 50 40 30 20 10
o, (C ppm)
c) Az F¢9V39|41 t': 10 d) F4V12L17A21 10
e 20 > | Ll 20
£ 0| &= = £
308 ; 30 S
Q o
40~ 40 —
8 8
50 - 50
78 60 : 60
0 50 40 30 20 10 60 50 40 30 20 10
, ("*C ppm) o, (*C ppm)

Figure 40. 2D "C/®C SSNMR spectra of ASPD for AP(1-42) with a short-range mixing
(DARR mixing time of 50 ms)** at a spinning speed of 20 kHz. The AP(1-42) samples were
labeled with uniformly BC- and ""N-labeled amino acids (a) Phe-20, Ala-21, Val-24, Gly-25,
Lue-34, (b) Phe-19, Ala-30, Ile-31, Gly-33, Val-36, (c) Ala-2, Gly-9, Phe-19, Val-39, Ile-41, and
(d) Phe-4, Val-12, Leu-17, Ala-21, Gly-29. The signals were collected with a ¢, period of (a) 5
ms (b, ¢) 4ms (d) 3ms and a ¢, period of 10 ms. The spectrum was processed with Gaussian line
broadening of (a, d) 1.3 or (b, ¢) 1.5 ppm on both dimensions with linear prediction on #; to 6 ms.
The experimental times were (a, b) 4.9 days, (c) 5.5 days, (d) 8.2 days.

2) _Conformational analysis of ASPD

Based on the collected °C chemical shifts (Table V), we performed an analysis of the

secondary chemical shifts of the inspected residues of AB(1-42) for ASPD (Figure 41). The red
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and blue bars respectively show the secondary chemical shifts of *Ca and *CB, which represent
deviations from the corresponding chemical shifts for model peptides in random-coil structures.
It 1s empirically well established that a region in B-sheet structure respectively shows negative
and positive secondary shifts for BCa (blue) and BCB (red), whereas an opposite trend is
observed for a helical region. The analysis in Figure 41 clearly indicates that the ASPD involves
B-sheet conformations. The majority of the residues studied here are in the hydrophobic core
(residues 17-24) or C-terminus regions (residues 30-42) of AP with few residues in the N-
terminal region. To elucidate the conformations of ASPD, we performed the torsion angle
analysis using the ">C chemical shifts obtained from SSNMR experiments with TALOS software
(Figure 42). The predicted torsion angles suggest that the ASPD involves a -sheet motif to a
large extent. Specifically, the hydrophobic core (residues 17-24) and the C-terminal region

(residues 30-41) of the ASPD constitute the B-sheet regions.
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Figure 41. Secondary chemical shift analysis for the 18 residues from four different ASPD
samples. The arrows indicate the B-sheet region and other residues studied are disordered.



112

TABLE V. “C CHEMICAL SHIFTS ASSIGNED FOR THE ASPD SAMPLES WITH
PREDICTED TORSION ANGLES
Residues Chemical shift (ppm)" Torsion angle(degrees)
Cco Ca CB Cy Cyl | Cy2| Cb b 4 ¢
Ala-2 50.5 | 16.6
Phe-4 38.07 129.2"
Gly-9 | 170.7Y | 42.6”
Val-12 | 1725 | 588 | 318 20.1 129(£11) | -120(x11)
173.1 | 517 | 443 | 256 134(x14) | -124(z16)
Leu-17 533+ | 42.4%
Phe-19 | 1713 | 53.9 | 409 | 137.0 1289 | 137(x23) | -129(x16)
Phe-20 534 | 412 | 136.5 129.6 | 136(x11) | -130(x9)
Ala-21 1729 | 488 | 214 146(£10) | -142(x12)
1723 | 583 | 340 19.9 151(£16) | -133(13
Val-24 59.0% | 29.9% 19.6* o e
Gly-25 | 169.9% | 43.2%
Gly-29 | 170.0” | 43.0°
Ala-30 | 1732 | 492 | 214 146(x10) | -130(x21)
1732 | 57.6 | 386 265 | 147 | 12.8 | 132(12) | -122(%10)
Ile-31 35.9% 26.0*
41 1% 25.2%
Gly-33 | 1697 | 4327
Leu-34 | 1725 | 51.8 | 448 | 254 139(£16) | -133(x14)
Val-36 | 172.5 | 57.7 | 33.4 19.4 153(x16) | -123(x13)
Val-39 577 | 339 19.3 149(£12) | -138(6)
Ile-41 58.8 | 37.4 151 | 259 12
Y Referenced to TMS.

?) Assigned from the side chain correlation between *Cp and "Cy.

%) Assigned from the correlation between “Co and *CO. * represent minor species, which were

not used for the TALOS and secondary chemical shift analysis.
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Figure 42. Torsion angle prediction using TALOS software. The predicted torsion angles
suggest that (¢, y) ~ (-120°, 130°), which is consistent with [-sheet structure.

3) ASPD has a parallel B-sheet arrangement

The above results suggest that the structural motif of AP in ASPD may be similar to those
for the previously reported molecular models for AP fibrils as well as that for the B-sheet
intermediate (/p) for AP(1-40).2 207223, 248249 Thege previous studies for AP aggregates show
that AB in the fibrils and the /g intermediates are likely to misfold into parallel B-sheet
arrangements having B-turn-f3 motifs. On the other hand, a recent X-ray crystallography study of
a 11 residue fragment of afp-crystalline showed the possibility of anti-parallel B-sheet formation
in oligomeric amyloid intermediates. A recent FT-IR study implies the presence of anti-parallel

B-sheet for oligomeric species of AP(1-40), although no site-specific structural information was
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obtained for the species and FT-IR analysis on heterogeneous amyloid systems are sometime

contradictory.

In order to examine the supramolecular arrangement for the pathogenically relevant
amyloid intermediate, we performed inter-strand *CO-">CO distance measurement for the ASPD
sample prepared with AB(1-42) selectively labeled at >CO in Ala-30 (Figure 43). The obtained
distance (~5.8 A) is consistent with parallel B-sheet arrangement. Thus, the present SSNMR data
have clearly demonstrated that the pathologically relevant AP intermediate has highly
homogeneous parallel  sheet architecture for the first time. It is noteworthy that it was not
expected that ASPD has a parallel B-sheet structure like amyloid fibril as ASPD does not bind to
ThT, which is an indicator of amyloid.  Although it is possible that the AP in the ASPD
intermediate has more complex supramolecular arrangement such as a mixed parallel and anti-
parallel B-sheet arrangement, it is encouraging that this SSNMR study revealed the presence of

well defined parallel B-sheet in ASPD.
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Figure 43. *CO-"*CO interstrand distance measurement (solid circle) for Ala-30 by CT-fpRFDR
measurement with simulated dephasing curves for 5.6 A (purple), 5.8 A (cyan), and 6.0 A
(blue).

4) ASPD Misfolds Differently from Fibril

Our remaining question is whether the structure of AB(1-42) in ASPD is notably different
from that in amyloid fibril, which was previously proposed to have a B-turn-p structure.*' > 2°"

246.2%% Bioure 44 shows the tentative cartoon showing secondary structure of ASPD derived from

BC chemical shifts. The arrows indicate the B-sheet region of ASPD.
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Figure 44. A possible structural model based on the present data. The residues inspected by

SSNMR are in bold. The B-sheet regions indicated in Figure 41 and 42 are represented by blue
arrows.

Figure 45 shows the B-sheet region of ASPD (magenta) on the AB(1-42) fibril structural
model obtained by H/D exchange NMR. While the region identified as B-sheet in ASPD in the
present study overall agrees with that of the AP(1-42) fibril structure, the B-sheet region for

ASPD includes Ala-30, which was identified as the loop region of the fibril.
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Figure 45. Overlay of the B-sheet region (magenta) on amyloid fibril structure of AP(1-42)
obtained by H/D exchange NMR, where the side chains are color coded following that in Figure
41. The residues 1-16 are omitted in the structure as these residues are disordered in the fibril
structure.

Also, our preliminary °C/*C SSNMR data of amyloid fibril of AB(1-42) as shown in
Figure 46 b show considerably different chemical shifts from the corresponding shifts of ASPD
in Figure 46 a. Thus, the conformations and possibly overall packing of AB(1-42) of ASPD are
considerably different from those of the corresponding fibril sample. Further analysis and
detailed comparison between ASPD and amyloid fibril is required for identifying complete

structural differences.
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Figure 46. Comparison of the 2D *C/"*C SSNMR spectra of (a) ASPD and (b) Fibrils for Ap(1-
42) with a short-range mixing (DARR mixing time of 50 ms). The AB(1-42) was uniformly
BC-N- labeled at Phe-4, Val-12, Leu-17, Ala-21 and Gly-29.

Thus, the conformations and possibly the packing of AP(1-42) of ASPD could be
considerably different from those of the corresponding fibril sample. Further analysis and
detailed comparison between ASPD and amyloid fibril will be required for a complete molecular

level analysis.

C) Discussion

1) Structural Features of ASPD and Significance

The present study revealed that ASPD contains a parallel B-sheet structure as a primary
structural motif. Unlike other diffusible oligomer systems for which detailed structures were
previously studied, the presence of native ASPD in human AD brains exhibits a correlation with
the severity of AD as discussed above.®’ Thus, this study presents the first molecular-level

structural evidence that APB(1-42) is likely to misfold into diffusible aggregates, which have a
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well defined single conformer made of a parallel B-sheet motif for the pathologically relevant
ASPD species. As described above, it has been generally very difficult to study detailed
molecular structures of amyloid intermediates due to difficulties of sample preparation and other
factors. Our study presents a novel approach to examine a molecular structure of a
pathologically relevant amyloid intermediate through examining a synthetic intermediate species,
for which conformational and biochemical similarity to a native amyloid intermediate is
established. Unlike many structural studies on model amyloid peptides, our study focused on the
full-length AB(1-42), which is known to be more pathogenic than AB(1-40), but has been
difficult to study even for more stable amyloid fibrils. Although structural information is still
limited, the present study yielded the most detailed structural features among the previously

published works for amyloid intermediate of AB(1-42).

2) Difference from other Amyloid aggregates for Af

For diffusible aggregates of the full-length AP, there have been very limited structural
studies. Our group previously reported that spherical aggregates of AB(1-40) called /g having a
diameter of ~20 nm.>' Our SSNMR data showed that g is likely to have a B-turn-f3 motif that is
very similar to that for AB(1-40) fibril. Based on >C SSNMR data, the molecular conformations
of AP in /g are likely very similar to those in fibril. As /g is observed at the late stage of
misfolding right before the conversion to fibril, this may be reasonable. Olejniczak, et.al**
studied SDS-stabilized non-toxic spherical oligomers for AB(1-42) with diameters of 1-2 nm (2-
6 mer), which are called preglobulomers. It was reported that the preglobulomers also show a [3-
turn-f3 motif in which two B-strands (residues 18-23 and 29-40) are connected by a loop (residues

22-28). Interestingly, they reported that in the preglobulomer, the B-strand in residues 18-22
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form intra-molecular anti-parallel 3-sheet with the strand in residues 29-32 whereas the strand in
residues 34-40 form intermolecular parallel B-sheet. Although Olejniczak, et.al reported the
presence of larger globulomer having a diameter of 4-5 nm, its structure was not identified.
More recently, Smith.et.al reported that AP(1-42) forms stable disk-like oligomers at low
temperature. Although a hypothetical packing was proposed for the disk-like oligomer, the
secondary structure and supermolecular arrangements of the disk-like oligomers are largely

22
unknown.

3) Transition to a Toxic Amyloid Intermediate

It is currently not well understood how A or other amyloid protein gains cytotoxicity
through a structural transition along the misfolding path from non-toxic monomers. It was
proposed by Chimon et.al., that B-sheet formation triggers the onset of cytotoxicity for amyloid

intermediates.>*!

The hypothesis has been largely supported by various previous studies on
amyloid intermediates for AP and other proteins. The present study also supports the hypothesis
for the pathogenically relevant amyloid aggregates. Except for a few examples, small oligomers
(< 10 mer), which are typically less ordered, exhibit no toxicity. It was recently proposed that
amyloid protein undergoes a transition from anti-parallel B-sheet configuration to parallel B-sheet

3 1In this work, we did not

configuration in the course of misfolding toward fibril formation.
observe evidence that ASPD involves any anti-parallel B-sheet structure. As this is the first
structural study of a pathogenically relevant amyloid intermediate, it is not clear whether there
are any other types of toxic amyloid intermediates relevant to the onset of AD. Further studies of
other pathogenically relevant amyloid aggregates will be needed to identify a misfolding

pathway of AP in AD. An excellent study was recently reported for amyloid fibril of AB(1-40)

prepared with “seed” fibril using amyloid aggregates from a brain affected by AD.*° Our
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approach provides a novel means to examine other pathogenically relevant amyloid

intermediates, for which “seeding” has not been effective.

D) Materials and Methods

ASPD sample was prepared as described previously by Dr. Hoshi’s group.”® Briefly,
APB(1-42) was synthesized and purified as described previously using solid-phase synthesis with
standard Fmoc synthesis and cleavage protocols and HPLC purification.'®! The synthesis was
performed with an ABI 433 peptide synthesizer at UIC with Fmoc protected >C- and '*N-labeled
amino acids at selected sites. Fmoc protection of the labeled amino acids was performed at the
UIC RRC.** The peptide was purified by reverse-phase HPLC with a Agilent Zorbax column at
the UIC Department of Chemistry. Purity of the AP samples was determined based on the
MALDI-TOF mass spectra collected at the UIC RRC to be approximately 90 % and 95 % before

and after the HPLC purification, respectively.

All the SSNMR experiments were performed with a Varian Infinity-plus or Bruker
Avance III SSNMR spectrometer with a homebuilt 2.5-mm triple-resonance MAS probe at 9.4 T
('H frequency of 400.2 MHz) in the double- or triple-resonance configuration. The lyophilized
ASPD samples (10-40 mg) were packed in a 2.5 mm 20 pL. volume SSNMR rotor in a glove box
under inert nitrogen environment with the humidity level as low as 11-13 %. The spinning speed
was set to 20,000 + 3 Hz throughout the experiments. In the 2D B¢/ C correlation experiments
with DARR mixing®*’ in Figure 40, 1.8-3.5 mg of isotope labeled AP(1-42) ASPD samples were
used. The SSNMR experiments were performed following the established procedures used for

241

amyloid intermediates of AP(1-40). (See materials and methods section in Chapter III and

Iv.)



VI) CHOICE OF DOPANTS FOR PARAMAGNETIC RELAXATION-ASSISTED
CONDENSED DATA COLLECTION METHOD AND ITS APPLICATION AT HIGH
MAGNETIC FIELD

A) Introduction

One of the major drawbacks in the field of biological SSNMR is poor sensitivity, which
requires enormous amount of machine time to acquire good quality multidimensional NMR
spectra. Recently, sensitivity enhancement in SSNMR was achieved by higher magnetic fields,
better instrumentation, probes and through improved pulse sequences. Under the conditions
mentioned above, a majority of biomolecular SSNMR experiments are performed by cross
polarization magic angle spinning (CPMAS) conditions to gain sensitivity and resolution
enhancement. During the cross polarization (CP), the magnetization is transferred from 'H nuclei
to either >C or '°N for sensitivity enhancement followed by other RF pulses depending on the
need of the information which needs to be extracted. Since the polarization transfer is from the
abundant 'H spins in the CP experiments, for each repetition of the scan during the signal
averaging, it is necessary to wait for the 'H magnetization to relax back to equilibrium.
Typically, the pulse delay or the repetition time is set three to five times the 'H T for the
recovery of 'H magnetization. Consequently, 95-99% of the experimental time, the NMR
instrument is idle during long recycle delays to protect the probe from arcing due to RF
irradiation, or to avoid sample degradation due to heating in conventional SSNMR. To overcome
this problem, Ishii and co-workers '®* have developed a method by which the 'H 7)’s can be
reduced to the order of 50-100 ms by careful selection of paramagnetic relaxation agents or
paramagnetic dopants by PRE. The paramagnetic Cu(Il)-EDTA complex was used in this
method to reduce the 'H T} by several orders of magnitude. Thus, the experimental times in

biomolecular SSNMR were reduced by several orders of magnitude by faster pulse delays. The
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concentration of the paramagnetic dopant used in our studies for the reduction in 'H T; were
minimal and the effect on transverse relaxation rate (7,) were negligible. Thus the resolution in
BC and "N SSNMR were not compromised. Reduction of 'H 7 by Cu(Il)-EDTA was
successfully tested on amorphous AP fibrils and protein micro-crystals and demonstrated an
acceleration of 5-20 fold in the data acquisition in comparison to the traditional method. This
method was termed as paramagnetic relaxation-assisted condensed data collection (PACC).
However, the Cu(II)-EDTA complex used in this method may not be an universal paramagnetic
dopant suitable for wide variety of biological systems such as RNA, DNA protein complex,
membrane proteins or other bio-polymers. These biomolecules could be subjected to oxidation in
presence of Cu(II)-EDTA. Therefore, it is necessary to have different choice of paramagnetic
dopants for this method.

One of the key requirements for the implementation of PACC method is the fast MAS
and low-power 'H decoupling during the signal acquisition. Traditionally, at moderate MAS (<
20 kHz) the 'H heteronuclear couplings were not averaged out and require high power (~100
kHz) 'H decoupling during acquisition to gain resolution enhancement. High power 'H
decoupling limits the acquisition time and requires long pulse delays to compensate for the heat
generated and to keep the biological samples from degradation. 'H homonuclear or the
heteronuclear couplings can be suppressed by spinning the sample at high frequencies.
Commercial probes with MAS rates that exceed the dipolar coupling strength are available
which do not require high power decoupling for gaining resolution in the spectrum. A relatively
low power 8-12 kHz "H IpTPPM decoupling field is sufficient for removing the residual dipolar

183

coupling significantly improving the resolution.™ This decoupling sequence was successfully

tested in high-resolution SSNMR in a 9.4 T magnet at 40 kHz MAS. At higher field, 18.8 T or
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above, the 'H IpTPPM was not tested at ultra-fast MAS (> 70 kHz) until recently, since the 'H
bandwidth is twice as large when compared to the 9.4 T magnet. Here in this chapter we will
demonstrate the use of 'H IpTPPM decoupling at a high magnetic field (18.8 T) and ultra-fast
MAS conditions for the sensitivity enhancement using PACC method for the metal bound

biological solids.

B) Results and Discussion

1) Choice of paramagnetic dopants

The PRE arising from an unpaired electron in the paramagnetic metal ion is primarily
dependent on the electronic correlation time (t.), electron spin number (S), electron nuclear spin
interaction properties, the electron g-tensor. The presence of the paramagnetic metal ions
enhances longitudinal (R;) and transverse (R;) nuclear spin relaxation in the solid-state and the

dipolar relaxation mechanism is given by the Solomon equation as shown in eqn. 29 and 30.

R. ~ 2 (M)’ vigBEsstn (3t 7w 2
1 = 15 \4m r6 1+w272 1tw2g2) et ( )
I*%c elc
2.2 2p2
1 S(S+1 3T 13T
R, ~ _(&) vig2B3s( )(4‘Tc 4 zcz) .......... (30)
15 \4m r6 T+wit2 T+w2i2

where P is Bohr magneton, vy; is the nuclear gyromagnetic ratio, S electron spin number,
g. is the free spin electron g factor, o; and ®. are the angular frequencies of the nucleus and
electron respectively. o;= -yBoand ®.= -y.Bo = 658 () for protons.

The longitudinal PRE (R;) and transverse PRE (R;) are proportional to the square of the
electron-nucleus dipolar interaction i.e., the PRE arises from the magnetic dipolar interactions

between a nucleus and an unpaired electron in the paramagnetic metal center. This interaction is
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distance dependant (r~°) which provides quantitative structural information of the metallo
proteins. The paramagnetic metal ions used for PRE measurements in these studies are selected
based on the g-tensor. Nitroxide spin labels, Cu*", Mn>* complexes with EDTA and Gd** have
nearly isotropic g tensors, which do not contribute to the pseudo-contact shifts. These dopants
are considered versatile dopants for characterization of the biomolecules using PRE in NMR.
Lanthanide metal ions except Gd®* have strong anisotropic g tensor inducing pseudocontact
shifts. These shifts have typical magnitudes on the order of a few ppm to tens of ppm depending
on the distance between the paramagnetic metal center and nuclei.

In this study, we are interested in searching substitutes for Cu(I)-EDTA in the
application for PACC method. It has been clearly demonstrated that Cu(II)-EDTA significantly
reduces the 'H 7) without affecting the spectral quality. It is very important to have different
choices of paramagnetic relaxation agents, in the case Cu(Il)-EDTA is not suitable for some
specific systems. Ni(Il), Gd(III) and Co(Il) paramagnetic complexes are found to be alternative
choice of paramagnetic dopants for the PACC method. These complexes were incubated with
lysozyme microcrystals and the °C CPMAS spectral features and the effect on 'H 7)’s were
examined. The ideal condition is that the dopants should reduce the "H 7} by 10 fold to 50-100
ms without degrading the spectral resolution or inducing any changes in the peak positions. It
was confirmed that the 'H 7} for lysozyme microcrystals doped with 3 mM Ni(I)-EDTA was
reduced to 88 ms from 530 ms observed for an undoped sample (Figure 47 a,b). The 'H T} value
is comparable to 73 ms for 10 mM Cu(Il)-EDTA doped lysozyme obtained for the same
microcrystal sample (Figure 47 ¢). A °C CPMAS spectrum of lysozyme doped with 3 mM Ni-
EDTA (Figure 47 b) showed no major spectral degradation, compared with that of undoped

lysozyme (a) and lysozyme doped with 10 mM Cu(II)-EDTA (c). The spectral data indicates that
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Ni(I)-EDTA is one of the alternative dopants which can be used in the PACC method. The
concentration of Ni(I[)-EDTA was approximately 3 times lesser than 10 mM Cu(II)-EDTA
which is consistent with spin quantum number (S) value of 1 for Ni and % for Cu. The relaxation

depends on S by 2S(S+1) as given in eqn. 29.

C) Lysozyme + 10mM Cu(ll)-EDTA
b) Lysozyme + 3mM Ni(ll)-EDTA
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Figure 47. The comparison of *C CPMAS spectra of unlabeled lysozyme (a) without dopants
(b) with 3 mM Ni(II)-EDTA, and (c¢) with 10 mM Cu(I)-EDTA. A total of 41 k scans were
collected for each spectrum at a spinning speed for 40 kHz. Approximately 6 mg of the protein
sample was used for each spectrum. The recycle delays of (a) 1.55 s, (b) 260 ms, (c) 220 ms
were matched to 3 'H 7. The total experimental time is (a) 18.9 h (b) 3.5 h (c) 2.9 h.
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We also tested Ni(I[)-DO2A, a macromolecular complex of Ni which has been

successfully tested in solution NMR for PRE measurement.”’

For the lysozyme sample doped
with Ni(II)-DO2A, we obtained a comparable 'H 7} reduction (‘"H 7} ~ 96 ms), but at a higher
concentration (20 mM) than the amount of Ni(I)-EDTA. The electron correlation time of Ni in
Ni(II)-DO2A could be different in comparison with Ni(I)-EDTA; this could be the probable
reason for the increase in dopant concentration. Increased metal ion concentration up to 20 mM
of Ni(IT)-DO2A shows similar effect in relaxation compared to Ni(I[)-EDTA, but we observed
some site- specific line broadening in the aromatic regions of the lysozyme '*C CPMAS
spectrum as shown in Figure 48 a,c. The inset in Figure 48 shows the aromatic region expansion
of the °C CPMAS spectra. See materials and methods section for the synthesis of Ni(I[)-DO2A
complex.

Other alternatives such as Gd(III) and Mn(II) compounds, which have been popular as
relaxation and contrast agents for NMR and magnetic resonance imaging, such paramagnetic
metal ions having relatively long . (t. > 10” s) are probably not suitable for our purpose since
these ions have more pronounced effects on R, rather than R, causing line broadening and a
loss of resolution. For demonstration purposes, we tested Gd(III)-DETPA to examine its
relaxation properties, where DEPTA is an analog of EDTA. Although we found that doping of 1
mM Gd(II1)-DEPTA reduces 'H T of lysozyme to 100 ms, lines of a ?C CPMAS spectrum of
the Gd-DETPA doped sample were subject to considerable broadening (~ 2.5 times) as shown in
Figure 48 b. A total of 203 k scans were collected for the spectrum in Figure 48 b to get

equivalent sensitivity to that of the undoped lysozyme sample in Figure 48 a, since the lines were

severely broadened out by Gd(III)-DEPTA.
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C) Lysozyme + 20mM Ni(ll)-DO2A
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Figure 48. The comparison of *C CPMAS spectra of unlabeled lysozyme (a) without
dopants (b) with ImM Gd(II)-DEPTA, and (c) with 20 mM Ni(IT)-DO2A. A total of 41 k scans
were collected for spectrum in (a) and (c) and 203 k scans for the spectrum in (b) at a spinning
speed for 40 kHz. Approximately 6 mg of the protein sample was used for each spectrum. The
recycle delays of (a) 1.55 s, (b) 300 ms, (c) 288 ms were matched to 3 'H 7). The total
experimental time is (a) 18.9 h (b) 17.3 h (¢) 3.4 h.
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The reduction in the 'H T) depends on the concentration of the paramagnetic dopants.
The Ni(I)-EDTA and Cu(II)-EDTA concentration dependence in the tuning of 'H T} was tested
with the ?C CPMAS of lysozyme. Figure 49 shows the comparison of the *C CPMAS obtained
with PACC method using (a) 10 mM Cu(II)-EDTA with that of the °C CPMAS obtained with
(b) 6mM Ni(I[)-EDTA and (c) 20 mM Cu(Il)-EDTA. At higher concentrations of the
paramagnetic dopants, the 'H 7}’s were short but the resolution is moderately affected which can
be clearly seen in the spectra. The comparison of different paramagnetic dopants in reducing the
'H T, the dopant concentration required and resulting "°C linewidths were summarized in Table
VI. We also think that paramagnetic ions having large g-anisotropy such as many lanthanide ions
may introduce detectable changes in the shift positions through pseudo contact interactions.
Cu(Il) and 5-6 coordinate Ni(I) compounds are suitable dopants for the bio-molecular SSNMR
experiments because 1. for these compounds are in a range of 10 — 10 s and the g-anisotropy
for these metal ions are typically small. Further investigation is likely to offer various
paramagnetic compounds suitable for the PACC approach. Other relaxation agents such as
Co(II)-EDTA have been tested for the relaxation enhancement. Co(II)-EDTA doesn’t reduce the
'"H 7 considerably though the electron spin correlation time (~10™"'s) is very short for high spin

Co(II) coordinated complex.
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C) Lysozyme + 20mM Cu(ll)-EDTA

b) Lysozyme + 6mM Ni(ll)-EDTA

a) Lysozyme + 10mM Cu(ll)-EDTA

200 150 100 50 0
C(ppm)

Figure 49. Comparison of *C CPMAS spectra of lysozyme (a) with 10 mM Cu(Il)-
EDTA (b) with 6 mM Ni(Il)-EDTA, and (c¢) with 20 mM Cu(II)-EDTA. A total of 41k scans
were collected for each spectrum at a spinning speed for 40 kHz. Approximately 6mg of the
protein sample was used for each spectrum. The recycle delays of (a) 220 ms, (b) 177 ms, (c)
165 ms were mated to 3 'H 7). The total experimental time is (a) 2.9 h (b) 2.1 h (¢) 1.9 h.
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TABLE VI. COMPARISON OF THE EFFECT OF DIFFERENT PARAMAGNETIC RELAXATION DOPANTS AND THEIR
CONCENTRATION DEPENDENCE ON 'H T; AND "C LINE BROADENING. THE LINE WIDTHS WERE MEASURED ONLY
FOR THE SPECTRA WHICH SHOWED CONSIDERABLY SHORT 'H 7;’S WHICH WERE USED FOR THE PACC METHOD.

111)-
Dopents Gddin Co(II)-EDTA Ni(II)-DO2A Cu(I)-EDTA Ni(II)-EDTA
DETPA
[Dopents|mM 1 1 5 5 10 15 20 10 20 1 2 3 6
'HT, (Error) 99 430 279 214 139 96 75 73 52 171 129 88 59
ms (£11) *7) (=9) #4) | &) | @) | ) | ) | ) | ) | &) | &) | )
R1 10.1 2.3 3.6 4.7 7.2 104 | 133 | 13.7 | 192 | 58 7.8 114 | 16.9
(Error) (s7) (£1.1) (£0.04) | (£0.1) | (£0.1) | (£0.2) | (£0.4) | (£1.1) | (£0.8) | (£1.5) | (£0.1) | (£0.3) | (£0.6) | (£0.6)
Line
Broadening 21-27 - - - - - 2-12 6-10 3-23 - - 3-9 7-17
(Hz)
To(s)” 10%.107° 5x10"2-10" Nk (1-5) x 107 10
S 712 312 1 12 1

K
" represents not known.

# represents the 1. values taken from Current methods in Inorganic chemistry, Vol 2, Solution NMR of Paramagnetic NMR **°
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2) B3C SSNMR by PACC for a-spectrin II (Spall 1-147) microcrystals

We present a comparison of °C CPMAS spectra for uniformly *C- and '*N-labeled 147-
residue recombinant protein of the cytoskeletal protein a-spectrin II (Spall(1-147)) in Figure 50
(a) in the presence of 50 mM Cu(II)-EDTA dopant and (b) absence of the dopant. The molecular
mass of this system is ~19 kDa, which is larger than that of ubiquitin or AB(1-40) fibrils. The
system is expected to be highly helical protein. Indeed, *CO shifts in the Figure 50 suggest that
the system is highly helical. 'H T} values for the undoped and doped samples were 530 ms and
120 ms, respectively. The spectral features in Figure 50 (a) and (b) are nearly identical. The
difference spectrum in (c¢) shows that no additional chemical shifts or line broadening is
detectable from the 1D spectra, despite the considerable reduction in 'H T} by ~ 4.5 fold with the
paramagnetic doping. The 2D C/"*C correlation spectra for the Spall sample, also showed
nearly identical spectra for the doped and undoped Spall samples as shown in Figure 51. The
spectrum obtained by PACC method is in red and the spectrum corresponding to traditional
acquisition method is in black. The spectra were overlaid on top of each other and the results
indicate that the spectra were identical with respect to each other. The results experimentally
show that the PACC approach can be effectively implemented for globular proteins of moderate

molecular masses.
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Figure 50. Comparison of “C CPMAS spectra of 147-residue recombinant protein of the
cytoskeletal protein a-spectrin II (Spall(1-147)) (a) with 50 mM Cu(Il)-EDTA and (b) without
doping, together with (c) a difference spectrum. The samples are uniformly *C- and '*N-labeled.
The "°C shifts are referenced to DSS. A total of 128 scans were collected for each spectrum of in
(a, b) at a spinning speed of 40 kHz. Approximately 2.5 mg of the protein sample was used for
each spectrum of (a, b). The recycle delays were (a) 1.6 s and (b) 360 ms.
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B *C"N o Spectrin Il (1-147) with Cu(Il)-EDTA
B *C"N o Spectrin Il (1-147) without Cu(Il)-EDTA

Figure 51. Comparison of >C/"*C fpRFDR 2D spectra of 147-residue recombinant protein of the
cytoskeletal protein a-spectrin II (Spall(1-147)) without and with 50 mM Cu(Il)-EDTA
doping. The samples are uniformly *C and '°N-labeled. The "*C shifts are referenced to DSS.

3) Spinning speed dependence of 'H T;

Wickramasinghe et.al proposed the relaxation mechanism for the PACC method.'* The
'"H polarization relaxed on protein surface by paramagnetic dopants is transferred to 'H spins
inside the proteins via 'H spin diffusion suggesting the surface specific relaxation is most likely
to take place. Although homogeneous 'H 7; indicates the effect of spin diffusion, we further
tested whether 'H spin diffusion is a key element in 'H 7} relaxation in the PACC approach by

measuring the spinning-speed dependence of 'H T for (a) Cu(I)-EDTA doped and (b) undoped
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ubiquitin samples. Since it is known that fast spinning considerably suppresses 'H spin diffusion,
it is expected that faster spinning slows down the relaxation process. As shown in the Figure 52,
for the Cu-EDTA doped sample in (a), 'H T; values increased considerably at faster spinning,
while the 'H 7} values were not affected by spinning for the undoped sample in (b). The data
clearly demonstrate that the time required for the 'H spin-diffusion process is likely to contribute

substantially to 'H T} values in the PACC approach.
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Figure 52. Spinning-speed dependence of 'H T values for Cu(II)-EDTA doped (a) and undoped
(b) uniformly °C- and '"N-labeled ubiquitin samples. The sample temperature was kept at ~15
°C by using different temperatures for cooling air, depending on the spinning speeds.
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4) Low power decoupling at Ultra-fast MAS

IpTPPM decoupling has been successfully tested at 400 MHz with 40kHz fast MAS,
however at ultra high magnetic field 18.8 T (‘H frequency of 800 MHz) and for MAS exceeding
40 kHz, the application of ]pTPPM has not been studied extensively, and it is not guaranteed to
work due to the larger 'H bandwidth compared to 400MHz. In this study, we have successfully
tested the use of IpTPPM 'H decoupling at ultra-fast MAS (> 70 kHz) in an ultra high magnetic
field 18.8 T. Figure 53 is the comparison of the 1D °C CPMAS of uniformly *C-"’N- labeled
Alanine sample at (a) MAS 19 kHz with high power 'H 100 kHz decoupling (b) MAS 78kHz
with low power TPPM 7.8 kHz decoupling. Inset in the Figure 53 a, b shows the *C=0 region
expansion. Significant resolution enhancement was observed at MAS 78 kHz with 7.8 kHz low
power 'H IpTPPM decoupling at ultra-fast MAS. Careful optimization of CP conditions and
further studies are required for greater sensitivity enhancement at ultra-fast MAS conditions

since the spin dynamics are considerably altered at such a high MAS.
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Figure 53.Comparison of the performance of the (a) high power 100 kHz TPPM decoupling at 19
kHz MAS with (b) 8 kHz IpTPPM at 78 kHz ultra-fast MAS in "*C- and "*N- uniformly labeled
Alanine sample. Inset is the *C=0 peak expansion showing the (J=55Hz) scalar coupling
between *C=0 and "*Ca.

The 'H IpTPPM decoupling was tested at various spinning speeds for the *C- and "’N-
Isoleucine sample. Figure 54 shows the comparison of the signal intensities in °C CPMAS
spectra for “Ca, *CB, *Cy,, Cy, at four different spinning speeds with variable low power
decoupling rf field (w;) strengths. The signal intensities and the resolution improve when the »,
= mr/n where og is the MAS frequency and n = 1, 2, 3 .... which is very consistent with the

results by Kotecha et.al.'®
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Figure 54. 'H decoupling field dependence of *C CPMAS signal intensities under TPPM
decoupling for *Ca, “CB, *Cy,, *Cy, groups of uniformly *C- and '*N-labeled L-Isoleuine.

5) PACC at Ultra-fast MAS

Figure 55 is the 2D "C/"*C fpRFDR SSNMR spectrum of uniformly C- and "N-
labeled Alanine sample at MAS 78 kHz collected with rapid pulse delays without paramagnetic
dopants in 2 min. One and two bond cross peaks are observed in the spectrum without any loss
of the structural information. The condensed pulse delays in the experiment were made possible
by the application of 'H 1pTPPM decoupling at ultra-fast MAS. A short pulse delay of 300 ms

was used in this experiment and it was not matched to 3 x Hr | The information content in the
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spectrum was not diminished by such a short pulse delay indicating the applicability of the

condensed data collection approach for small organic molecules or pharmaceuticals at ultra-fast

MAS.
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Figure 55. Two dimensional *C/"*C fpRFDR SSNMR spectrum of uniformly *C- and '"N-
labeled Alanine sample at MAS 78 kHz. Inset is the chemical structure of Alanine and red
squares indicate the one bond connectivity. A *C-"*C fpRFDR mixing period of 1.6 ms was used
in this experiment.

Figure 56 is the comparison of the *C CPMAS of Cu®*-AB(1-40) fibrils uniformly "*C-
and "°N- labeled at sites Phe-4, Gly-9, Val-12, Leu-17 and Ala-21 collected at (a) 9.4 T with 3
mg fibrils at MAS 20 kHz with 90 kHz TPPM 'H decoupling and (b) at 18.8 T magnet with 1 mg
fibrils at MAS 50 kHz with 10 kHz 'H IpTPPM decoupling. The signal assignments are shown

in (b). Both the spectra were collected with 1024 scans, the spectra in (a) was collected in a
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traditional approach with 1.8 s pulse delay and (b) was collected with PACC approach with 0.2 s
pulse delay. The experimental times were for (a) 35 min and (b) 5 min respectively. Analysis of
the signal intensities from the 1D spectrum showed a sensitivity enhancement factor for 4 for the
B3C=0 group and 6-8 for the *Ca and >CP groups in the Cu*"-AB(1-40) sample with ~ 1/3™ of
the sample amount. Then we compared the sensitivity enhancement in the two dimensional

SSNMR spectra collected at 9.4 T and 18.8 T.
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Figure 56. Comparison of the 1D *C CPMAS of Cu*"-Ap(1-40) fibrils uniformly *C- and °N-
labeled at sites Phe-4, Gly-9, Val-12, Leu-17 and Ala-21 collected at (a) 9.4 T magnet with 3 mg
fibrils at MAS 20 kHz with 90 kHz TPPM 'H decoupling and 1.8 s pulse delay (b) 18.8 T
magnet with 1 mg fibrils at MAS 50 kHz with 10 kHz low power TPPM 'H decoupling and 0.3 s
pulse delay. Both the spectra were collected with 1024 scans.

Figure 57 is the comparison of the 2D C/°C fpRFDR SSNMR spectra of the same
Cu”"-AP(1-40) fibrils sample described above. The spectrum in (a) was collected with traditional

data collection approach with a total experimental time of 65 h in 9.4 T (‘H frequency of 400
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MHz) and (b) was collected with PACC approach in 3.4 h in 18.8 T ('H frequency of 800 MHz).
The 2D experiment acquired by PACC method is comparable to the 2D acquired by traditional
method and the experiment in (b) was ~ 19 times faster than the traditional approach. The
comparison of 1D-slices for the Val-12y, Ala-21a and Leu-17a from PACC (red) and traditional
(black) are shown in (c), indicating no major spectral alteration in the spectrum. The PACC

approach opens up the possibility of exploring metallo proteins, which do not require external

dopants for PRE.
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Figure 57. Comparison of the 2D "C/*C fpRFDR spectra of Cu*"-AB(1-40) fibrils uniformly
BC- and "’N- labeled at sites Phe-4(Blue), Gly-9(Orange), Val-12(Red), Leu-17(Cyan) and Ala-
21(Green) collected at (a) 9.4 T magnet with 3 mg fibrils at MAS 20 kHz with 90 kHz TPPM 'H
decoupling and 1.8 s pulse delay (b) 18.8 T magnet with 1mg fibrils at MAS 50 kHz with 10 kHz
IpTPPM 'H decoupling and 0.28 s pulse delay. The experimental times for (a) 65 h and (b) 3.4 h.
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C) Materials and Methods

Lysozyme from chicken egg white, sodium acetate, NiCl,, Cu(Il)-EDTA, Gd(III)-
DEPTA was purchased from Sigma-Aldrich (St. Louis, MO). Sodium Chloride was purchased
from Fischer Scientific, polyethyleneglycol (PEG) 2000 was purchased from Fluka. Ni(Il)-
EDTA, Co(II)-EDTA was purchased from Tokyo Chemical Industry, America. Purified water
(double deionized and distilled) was prepared using a High-Q 103 S water still system (High-Q
Corp., Wilmette, IL). The purified water was used for preparation of all the protein microcrystals

and AP fibrils.

1) Lysozyme crystallization

Lysozyme microcrystals were prepared by using the protocol established by

Wickramasinghe et al.>>?

An equal volume mixture of lysozyme stock solution in sodium acetate
buffer pH 4.5 (25 mg protein/ml) and the crystallization solution (12% w/v PEG 2000 and 75
mM sodium chloride in 100 mM sodium acetate buffer pH 4.5) was concentrated to
approximately half the starting volume using SpeedVac concentrator (Savant, Farmingdale, NY).
The concentrated lysozyme solution of ~ 0.5 mL was incubated in a microcentrifuge tube at 4°C

for 12 h to obtain protein microcrystals. The crystals were centrifuged at 1.5 x 10° g for 5 min

using an Eppendorf 5414D micro-centrifuge (Eppendorf, Westbury, NY).

2) Incubation with paramagnetic reagents

The lysozyme microcrystals containing the paramagnetic complexes were prepared by
separating the supernatant from the protein crystal by centrifugation. Stock solution of the
paramagnetic complexes were prepared in the protein mother liquor and diluted to the required
concentration. Then, the solution was kept at 4°C for about 2-4 h, and centrifuged to remove any

precipitated protein due to the salts. The mother liquor containing the paramagenetic complexes
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is then added to the protein micro crystals. The crystals containing paramagnetic complexes were
then briefly vortexed and left at 4°C for 3-4 days to dope the complexes into protein crystals. The

control sample was prepared in the same way except for the addition of paramagnetic complexes.

Figure 58 is the comparison showing the images of the lysozyme microcrystals (a)
without dopants and (b) with 3mM Ni(II)-EDTA. The crystal shapes are identical and no damage

or degradation of the crystals upon the addition of the dopants.

Figure 58. Comparison showing the microscope images of lysozyme microcrystals (a) without
dopants and (b) with 3 mM Ni(II)-EDTA. The crystals shapes were identical after the addition of
the dopants.

3) Synthesis of Ni(I)-DO2A

The ester hydrolysis was performed by refluxing 1,4,7,10-Tetraazacyclododecane-1,7-
bis(t-butyl acetate) (DO2A t-butyl acetate) in 4ml of 20% HCI at 120 °C. Water was removed by
high vacuum using rotavapor. The compound was treated with ether followed by ethanol, a white

solid was observed after the workup and the solid was kept at high vacuum for 2 hours. NiCl, is
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used as complexing agent with 1, 4, 7, 10-tetra-azacyclododecane-1,4,7,10-1,7-bis(acetic acid)
(DO2A). NiCl, and DO2A are added in equimolar ratio and dissolved in water. Few drops of
ammonium hydroxide is added to the aqueous solution. Purple color was observed immediately
after adding ammonium hydroxide. The final solid was kept under high vaccum to remove water.
Ni-DO2A complex was allowed to pass in to DOWEX CI ion exchange resin column to remove

CI ions. Final compound was sent for elemental analysis to Desert Analytics, Inc., AZ.

4) SSNMR experiments

SSNMR experiments were performed at 9.4 T ("H NMR frequency of 400.2MHz) with a
Varian Infinity plus 400 MHz spectrometer using a 1.8-mm double/triple-resonance MAS NMR
probe developed at Dr. Samoson’s lab. All the data were acquired at the spinning speed of
40,000 + 10 Hz with a cooling air at -20 °C supplied through a Varian VT stack at a flow rate of
~ 66 L/min (~140 cubic-feet/h). The sample temperature was maintained approximately at 15 ° C
by this condition, which compensates the frictional heating generated by fast MAS. The sample
temperature was calibrated using standard samples Cu(II)(DL-alanine), and Pb(I[)(NO;),. All
the spectra were referenced externally to TMS using the secondary reference of °C adamantane
methylene peak at 38.56 ppm, and then, the reference was readjusted to DSS with a 1.7 ppm
chemical shift difference between TMS and DSS. The crystals were packed in to 1.8 mm Rotor
by centrifuging the crystals through a pipette tip fitted on to the top of the rotor. The rotor cap
was sealed with instant adhesive Krazy Glue (Krazy Glue, Columbus OH) to avoid any leakage
of water at high spinning speed. The rotor was left to stand for ~ 10-12 h before starting the
spinning. The rotor caps are removed safely after the experiments by immersing the rotor in to

the liquid nitrogen.
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The ultra-fast MAS experiments were carried out on a Bruker-800MHz spectrometer,
using a JEOL double resonance MAS probe with rotor diameter of 1mm. The samples were
cooled using FTS unit with nitrogen gas. The sample temperature at 78 kHz was kept 15°C using

a home built VT stack which connects the probe head and FTS outlet.



VII) 'HINDIRECT DETECTION FOR “C BIOMOLECULAR SOLID-STATE NMR:
ENHANCED SENSITIVITY AND RESOLUTION BY A COMBINED USE OF
ULTRA-FAST MAGIC ANGLE SPINNING, HIGH FIELD AND STEREO ARRAY
ISOTOPE LABELING

A) Introduction

'H indirect detection of *C and '°N has been an indispensable tool for biomolecular
solution NMR. In biomolecular SSNMR, 'H indirect detection was introduced about a decade
ago.'’ 92 Neverthelsss, 'H detected SSNMR has not gained a widespread usage because of
limited 'H resolution even under fast MAS and lack of sensitivity advantage over more common
BC direct detection. Recent introduction of 'H dilution by high level of deuteration and partial
back exchange of amide 'H (~ 10%) has greatly improved the resolution of '"H SSNMR for

10. 233 4 ffering a practical protocol for 'H indirect detection in SSNMR. However,

biomolecules,
the method is coupled to a significant loss of 'H intensity for a majority of the amide sites
(~90%) due to extensive deuteration. Also, very sparse 'H spins make it difficult for one to
incorporate 'H detection experiments in standard 3D SSNMR schemes such as NCOCA or NCA
for sequential assignments or to collect structural information from "H-"H contact. 'H detection
experiments for fully protonated proteins at very fast MAS (~40 kHz) has been proposed to
obtain signal assignments for a model protein.”>* This method, however, is still hampered by
limited 'H resolution;*> the 'H spectral line widths of ~ 1 ppm reported in this study have not
been sufficient even for small proteins. More importantly, with the resolution, it has been
difficult to enhance sensitivity by 'H indirect detection over standard 1D "C direct detected
SSNMR. More recently, 'H indirect detection under ultra-fast MAS (UFMAS) at spinning

d,**® resulting in well resolved amide 'H resonances for fully

frequencies of ~ 60 kHz was reporte
deuterated protein with fully back exchanged amide 'H. The sensitivity and resolution advantage

of 'H detection method over traditional °C direct detection methods have not been established

146
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even for such a high quality data. In this study, we examine the possibility of sensitivity and
resolution enhanced 'H-detected *C SSNMR by a combination of UFMAS (> 70 kHz), " %’
and a novel labeling strategy. As a highly effective labeling scheme that is suited for 'H detected
SSNMR, we propose use of stereo-array isotope labeling (SAIL) for amino acids and proteins.
SAIL scheme was originally introduced to overcome the size limitation of biomolecular solution
NMR for large proteins by incorporating stereoselective deuteration to achieve isolated 'H
throughout all the side chains of a protein.'"’ Despite previous attempts, > successful use of
SAIL labeling was difficult for biomolecular SSNMR. We demonstrate that a combination of
UFMAS and SAIL selective deuteration provides distinctive sensitivity enhancement by 'H-
detected *C SSNMR spectroscopy of biomolecules over *C direct detection. Our motivation is
to demonstrate that 'H detection can be implemented into conventional multi-dimensional °C
detected NMR for enhancing sensitivity as well as resolution. Our goal also includes achieving
high 'H resolution as well as assignments through sensitivity and resolution enhanced “C

SSNMR by 'H detection for a protein sample.

B) Results and Discussion

1) Resolution enhancement in "H SSNMR by UFMAS and SAIL

First, we examine the effectiveness of combination of the SAIL labeling with UFMAS in
a high magnetic field of 18.8 T ('H frequency of 800 MHz) on 'H SSNMR through experiments
on amino acid samples. Figure 59 (a, b) shows chemical structures and labeling schemes for (a)
uniformly °C-, "N-labeled isoleucine (UL-Ile) and (b) SAIL- isoleucine (SAIL-Ile). Unlike
high-level of random deuteration, in SAIL labeling, all the °C groups are connected to a single
'H species. This feature also allows one to prepare strong *C magnetization for all the *C

species via efficient cross polarization from 'H nuclei. More importantly, isolated 'H spins allow
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us to achieve very high resolution without the effects of strong 'H-'H dipolar couplings. Figure
59 (c, d) shows spinning speed dependence of '"H SSNMR of (c¢) UL-Ile and (d) SAIL-Ile with
signal assignments in (d). Significant enhancement in the resolution and sensitivity was obtained
at the faster spinning speed (wr). Resolution enhancements on the order of a factor of ~ 2-3
times were observed at mg = 78 kHz in (d) over the data at g = 30 kHz, which was used in
previous studies of "H SSNMR on SAIL-valine.”*® Clearly, SAIL-Ile shows higher resolution in
Figure 59 d at wr = 78 kHz, compared with the corresponding spectrum for the UL-Ile in Figure
59 c. In particular, for the HB, Hyl, HS groups, the spectrum for SAIL-Ile indicates dramatic
resolution enhancement by a factor of 3-4 over the resolution for UL-Ile, showing 'H widths of
~0.24 ppm. This narrowing is likely attributed to the features of SAIL, isolated 'H in methylene
and methyl groups by stereo-specific deuteration.'” " Much broader 'H line widths (0.7-1.0
ppm) for these groups in UL-Ile demonstrate that UFMAS itself is still not sufficient to remove
broadening due to strong 'H-'H dipolar couplings within the CH, and CH; groups even at vg ~
80 kHz. The 'H line widths for O-H, and "*Ca-'H in Figure 59 d also showed distinctive
resolution enhancements (14-19%) by a combination of SAIL and UFMAS over the data in
Figure 59 c although the line width for amino 'H was only comparable in Figure 59 ¢ and d.
Compared with the resolution for UL-Ile at wg = 40 kHz, which is similar to the condition used
in a previous study on 'H detected SSNMR on proteins,”” the resolution enhancements for CHD

and CHD; groups are as much as a factor of 5-6 for the SAIL sample at wg = 78 kHz.
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Figure 59. (a, b) The chemical structures of (a) UL-Ile and (b) SAIL-Ile. (c, d) Spinning
dependence of '"H MAS SSNMR spectra of (c) the UL-Ile and (d) SAIL-Ile. A peak at 4.8 ppm
indicated by * is likely attributed to 'H from HCI salts incorporated into the crystal lattice.?* °!
No window functions were applied for data processing. The SAIL-Ile and UL-Ile used for these
experiments were recrystallized in 20% DCI in D,0 and the recrystallized samples were packed
in to the Imm rotor.

Next, we compared the resolution enhancement by UFMAS and SAIL of another amino
acid, Threonine, by UFMAS and SAIL. SAIL-Thr powder was recrystallized by dissolving 3.7
mg of the amino acid in 35 pL D,O followed by the addition of 55 pL. ds-methanol. Precipitate
was observed after the addition of ds-methanol and it was allowed to stand at room temperature
for slow evaporation. The dry crystals were recovered after 2 weeks and were used for the
SSNMR measurements. Figure 60 shows the comparison of 'H SSNMR spectra of SAIL-Thr
sample at various spinning speeds. At 78 kHz MAS the 'H line widths for Ha, Hp were 0.22
ppm, Hy was 0.24 ppm and OH/NH were 0.20 ppm comparable to the 'H line widths observed

for the SAIL-Ile at 78 kHz.
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Figure 60. '"H SSNMR of SAIL-Thr (Chemical structure at the top) at various spinning speeds.
The 'H NMR spectra were obtained with 10 kHz WALTZ-16 "*C decoupling. All the spectra
were obtained with 2 scans with a pulse delay of 15 s and were processed without any window
function. The 'H line widths for Ha, HB were 0.22 ppm, Hy 0.24 ppm and OH/NH 0.20 ppm.

2) Sensitivity enhancement in 3C SSNMR by 'H detection experiments using
UFMAS and SAIL

Next, we demonstrate sensitivity and resolution enhancement by 'H indirect detection for

the SAIL-Ile and SAIL-Thr crystalline samples. The sensitivity enhancement factor (£) by 'H
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indirect detection over direct detection of a dilute X-nuclei depends on the line width in the 'H
dimension Wy as well as the efficiency of polarization transfer (f) between °C and 'H for 'H

detection as shown in eqn. 31.'%" 1%

3 1 1
&= () () (&) e (31)

where iy and yx represent the gyromagnetic ratios of the nuclei H and X, Wx and Wy are
the line widths observed, Qq and Qx is the quality factor for the sample coil for the 'H detection.
The factor k ~ n for comparison with 1D *C CPMAS SSNMR assuming apodization with
matched window functions, while k = 1/2 for comparison with *C detected 2D "C/'H
correlation. Thus, there is approximately 2.5 times factor difference between & values for
comparison with 1D and 2D experiments. As discussed above, SAIL labeling ensures efficient
CP transfer between 'H and "°C even under UFMAS as all the aliphatic °C species are directly
bonded to 'H. Figure 61(a-c) shows (a) 'H-detected 2D *C/'H correlation spectrum, (b) the
corresponding *C-detected 2D *C/'H correlation spectrum, and (c¢) a 1D *C CPMAS spectrum
of the SAIL-Ile. For sensitivity comparison, all the spectra in Figure 61 (a-c) were collected with
a common scan numbers (1960 total scans each or ~ 11 min each) at vg = 78 kHz and at a 'H
NMR frequency of 800 MHz. Figure 61 (d, e) respectively shows slices from Figure 61 (a, b)
for the 'H shift for 'Ha (4.1 ppm); the noise (scaled 20 times) in Figure 61 (c-¢) are displayed
above each 1D slice for sensitivity comparison. It is clear that drastic sensitivity enhancement is
achieved by 'H detection. The sensitivity enhancement factors by 'H detection over the *C
detected 2D data in Figure 61 b are in a range of 5.6-6.1 for the ?CH and *CHD groups, while
the factors were 2.8-3.0 for the "CHD,. Significant but lower sensitivity enhancement factors
observed for the CHD, groups are attributed to lower cross polarization transfer efficiency (f ~

1.2) for the CHD, groups, compared with that for *CH and *CHD groups (f ~ 2.3).
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Figure 61. (a) 'H detected and (b) *C detected >C/'H 2D experiment (c) 1D CPMAS of SAIL-
Ile at MAS 78kHz d.e) 1D slice along the 'H chemical shift of 4.1 ppm from (d) the 'H detected
and (e) "°C detected 2D "*C/'H correlation SSNMR. All the spectra were processd with matched
window functions using Gaussian broadening of 200 Hz and 100 Hz for 'H and "C respectively.

Notable sensitivity enhancements were observed by 'H detection in Figure 61 a even
when the sensitivity was compared with that for the 1D *C CPMAS experiment in Figure 61 c.
We observed experimental enhancement factor & of 1.2-1.4 for the CH and CHD groups. The
enhancement was confirmed by a comparison of the slice from the 'H detected experiment in
Figure 61 d with a 1D '*C CPMAS spectrum in Figure 61 ¢, which indicates & of 1.4 for the *Ca
signal at 54.5 ppm by 'H detection. For CHD,, marginal enhancements were observed (& ~
0.75). In addition to the enhanced sensitivity, 'H indirect detection provides improved spectral
resolution by the added 'H dimension. Next the '*C sensitivity enhancement by UFMAS and

SAIL was tested on SAIL-Thr sample, the sensitivity enhancement factors observed for the
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SAIL-Thr sample as shown in Figure 62 (a-e¢) were comparable to the SAIL-Ile results as shown

in Figure 62 (a-e).
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Figure 62.(a) 'H detected (b) "°C detected *C/"H 2D experiment (c) 1D CPMAS of SAIL-Thr at
MAS 78kHz. (d,e) 1D slice along the "H chemical shift of 4.1 ppm from (d) the 'H detected and
(e) °C detected 2D "C/'H correlation SSNMR. All the spectra were processd with matched
window functions using Gaussian broadening of 200 Hz and 100 Hz for 'H and "C respectively.

Next, we explore the possibility of sensitivity and resolution enhancement of C SSNMR
for SAIL proteins. As a suitable benchmark system, we selected micro crystals of ubiquitin that
was labeled selectively with SAIL-Ile in order to compare the resolution with that for the amino
acid data. As there are as many as 7 Ile in ubiquitin (Ubq), the system is also suited for testing
the effectiveness for 'H detection for resolution enhancements. Another major challenge is the
limited sample amount. As the engineering needs for UFMAS at 78 kHz limit the sample

volume to only ~1 pL, there was a concern that sufficient sensitivity could be obtained in multi-
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dimensional SSNMR for the protein sample even in a high magnetic field. Figure 63 (a, b)

shows (a) 'H-detected and (b) BC-detected 2D *C/'H correlation spectra of the SAIL-ubiquitin

sample.
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Figure 63.(a) 'H detected and (b) °C detected *C/'H 2D experiment (c) 1D CPMAS of SAIL-
Ubq at MAS 78kHz (d-g) 1D slices from 'H shifts of (d, f) 0.27 ppm and (e, g) 0.58 ppm from
(d, f) "H detected and (e, g) "°C detected experiments. All the spectra were processed with 45
and 60 shifted sinebell window function on 'H and "*C dimensions respectively. The 'H and "*C
linewidths were found to be 0.20-0.25 ppm and 0.65-0.92 ppm without any window functions.

Excellent sensitivity enhancements by a factor of 6.3-9.5 were observed for the 'H
detected 2D spectrum in Figure 63 a over the °C detected 2D data in b), as shown from the

comparison of the corresponding slices in (d-g). As a result of the distinctive enhancement, the
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2D spectrum was obtained in Figure 63 a only after 50 minutes with ~0.5 mg of the protein
sample (~60 nmol). In contrast, the >C detected 2D spectrum in Figure 63 b was obtained in
250 minutes with much less signal-to-noise ratio. Because of the spectral dispersion along the
'H dimension, most of the resonances are well separated in the 'H detected 2D spectrum in
Figure 63 a while many of the resonances are overlapping in the 1D ?C SSNMR in (c). The 'H
line widths for the SAIL-Ubq were found to be 0.20-0.25ppm. Clearly, our approach is useful for
characterization of a mass limited protein sample. The sensitivity enhancement factors in
comparison with 1D *C CPMAS in (c) is 1.2-2.2 for the resolved two *CHD signals (29.3 and
23.4 ppm) and a "CHD, signal (6.8 ppm) in 1D NMR. The factors are lower than the
theoretical factor 2.5-3.8, which was obtained by multiplying 1/v/2m to & for comparison with
C detected 2D experiment. The lower enhancement factor is likely attributed to the effects of
the #; noise, which probably arose for limited temperature stability for our prototype VT system.
Thus, higher sensitivity enhancements could be attained with improved instrumental stability.
Nevertheless, to the best of our knowledge, this is the first case that significant sensitivity
enhancement was observed by 'H indirect detection of *C SSNMR for a protein by 2D 'H/"*C
correlation NMR over °C 1D direct detection with "H chemical shift information.

Lastly, we performed *C/*C/'H 3D experiment with 'H detection for the SAIL-Ubq
microcrystals. Figure 64 (a) shows the 2D projection of (a) BC/'H 2D (b) is the secondary
structure of Ubq protein showing the only the 7 Ile residues which are SAIL, (c-¢) are *C/*C 2D
slices corresponding to 'H chemical shifts of (c) 0.16 ppm, (d) 0.35 ppm (e) 0.48 ppm
respectively with the assignments. The 3D experiment in Figure 64 was obtained in ~21 h. The
BC/BC side chains signals were assigned from the spin connectivities from the 2D slices based

on previous studies "***%* for this model protein. The overlapped sidechain *C/"*C cross peaks
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in the 2D were resolved by the additional 'H dimension. The back bone 'Ha’s were replaced by
’H in the protein expression by E-Coli in D,O, hence the backbone *Ca signals were weak.
Uniformly or partly SAIL labeling the residues in a protein sample combination with UFMAS in
a high magnetic field under 'H detection experiments would be ideal in identifying the structure,

dynamics of large protein crystals.
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Figure 64. (a) “C/'H 2D projection from the 3D *C/"*C/'H experiment (b) the secondary
structure of Ubq showing the Ile residues which are SAIL labeled (See experimental section for
the aminoacid sequence) (c-¢) are the representative 2D “C/"°C slices corresponding to 'H
chemical shifts of (c) 0.16 ppm and (d) 0.35 ppm and (e) 0.48 ppm from the 3D experiment. The
spectrum was processed with 45 and 60 shifted sinebell window function on 'H and both *C
dimensions.
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In conclusion, we have successfully demonstrated sensitivity and resolution advantage of
our new approach for 2D 'H detected °C SSNMR experiment on SAIL-labeled amino-acid and
protein samples for the first time over 1D and 2D "*C direct detection SSNMR. Well resolved
2D correlation SSNMR was shown for only ~ 60 nmole of the protein sample in one hour.
Extension of this approach to various 3D and 4D experiments for mass limited protein samples is
feasible with demonstrated sensitivity enhancements especially in combination with additional
time-saving techniques such as PACC method"’ and non-uniform sampling.*** *** Second, the
method can be applied to a variety of proteins that are selectively labeled with a set of different
SAIL amino acids. In spite the sample volume limitation, 2D and 3D analysis for a 50-kDa
protein is feasible within a few days. Thirdly, by combining SAIL method with UFMAS, we
could get 'H resolution of 0.20-0.25 ppm at 800MHz for the amino acids and protein
microcrystal samples. The 'H line widths observed for the SAIL-Ile in the 'H SSNMR could be

attributed to 'H-°D dipolar coupling.265

Thus, further resolution and sensitivity enhancement
may be possible by adequate “D decoupling. As 'H line widths under UFMAS are limited by

residual dipolar couplings, an even higher magnetic field would also improve the 'H resolution.

Such experiments under UFMAS will be tested in our future studies.

C) Experimental section

The experiments were carried out on a Bruker-800MHz spectrometer, using a JEOL
double resonance MAS probe with rotor diameter of 1mm. The samples were cooled using FTS
unit with nitrogen gas. The sample temperature at 78 kHz was kept 15°C using a home built VT
stack which connects the probe head and FTS outlet. The SAIL-Ile and UL-Ile used for these
experiments were recrystallized in 20% DCI in D,0 and the recrystallized samples were packed

into the 1mm rotor. SAIL-Ubiquitin samples were recrystallized by dissolving 2 mg of the
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lyophilized powder in 160 pL citrate buffer in DO and precipitating with 240 pL  d;»-MPD.
Sequence of Ubiquitin: MQILFVKTLTG-KTI 3 TLEVEPS-DTI,;ENVKAKI3-QDKEGI36PPDQ-
QRLI4FAGKQL-EDGRTLSDYN-Ig;QKESTLHLV-LRLRGG. The pulse sequence used for the
'H detected and "C detected *C/'H 2D experiments are shown in Figure 65 and 66. The 'H

detected 3D "*C/"*C/'H pulse sequence is shown in Figure 67.

CPo, _CPU{ _
900,
<« (,(—»
TPPM-25
'H — . ”" Nliw Seess
m..""” Receivero,
'CF'[J3
/ 9004 J CPL}
130 < f1—}| Waltz-16

Figure 65. Pulse sequence for 'H-detected 2D 'H/"*C correlation spectroscopy. Magnetization of
13C spins is prepared with adiabatic cross polarization using a tangential shaped pulse at the *C
frequency. During the 7, period, a low-power TPPM-25 'H decoupling field is applied. After the
11 period, a pair of 90° pulses is applied to select the real or imaginary component of the "*C
magnetization, which is transferred back to 'H spins with the reversed tangential pulse. During
the #, period 10 kHz Waltz-16 decoupling was applied on the °C channel. The phase cycle for
the pulse sequence are ¢1 =y, -y; 2=X; 93=X, X, -X, -X; 4=V, ¥, V, ¥, -Y, -V, =Y, -Y; Os=Y; 6=
-X, =X, =X, -X; 7= -X, -X, -X, -X, X, -X, -X, -X, X, X, X, X, X, X, X, X; ¢4 = X, -X, -X, X, -X, X, X, -X, -X,
X, X, -X, X, -X, -X, X.
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Figure 66. Pulse sequence for
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CPo,
TPPM-25
|
CPo,
< L=
[ —
m..“ ””“ Receiverg,

BC-detected 2D 'H/"C correlation spectroscopy. 'H

magnetization evolves during # period with 10 kHz Waltz-16 >C decoupling after the initial
excitation 90° pulse. The 'H magnetization is transferred to the '>C nuclei by adiabatic tangential
CP and detected during the #, period with low power 'H decoupling. The phase cycle for the

pulse sequence are ¢; =

Y, Y 2= X; 03 =

X, X, -X, -X; (4= X, -X, -X, X.
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Figure 67. Pulse sequence for 'H-detected 3D '*C/C/'H correlation spectroscopy.
Magnetization of *C spins is prepared by CP using a ramp pulse at the 'H frequency. During the
f; period, a low-power TPPM-25 'H decoupling field is applied. After the 7 period, the
magnetization is stored along the z-axis and the unnecessary components in the transverse plane
are dephased during a period of 7, *C-">C dipolar couplings were restored by the fpRFDR
sequence without 'H rf irradiation. XY-16 pulse sequence was rotor-synchronously applied so
that a m-pulse is applied at the center of every rotor cycle. The magnetization is transferred back
to 'H spins by a m/2-pulse on the "*C followed by a CP with the reversed tangential pulse on 'H
channel. During the # period 10 kHz Waltz-16 decoupling was applied on the '*C channel. The
phase cycle for the pulse sequence are ¢1 =y, -y; 02=X; )3=X, X, -X, -X; 4=V, ¥, Y, ¥, =¥, -V, -V,
-y; Os=y; 0= -X, -X, -X, -X; 07 = -X, -X, -X, -X, -X, -X, -X, -X, X, X, X, X, X, X, X, X; {3 = X, -X, -X, X, -
X, X, X, =X, -X, X, X, -X, X, -X, -X, X.

The "H NMR spectra in Figure 59, 60 were collected with a 1 pulse excitation with 10
kHz Waltz-16 *C decoupling with a pulse delay of 10 s at various spinning conditions. Figure
(61, 62) (a) are the 'H detected *C/'H 2D correlation spectra and Figure (61, 62) (b) are the °C
detected *C/'H 2D correlation spectra obtained by the pulse programs shown in Figure 65 and
Figure 66. The °C magnetization was prepared by adiabatic cross-polarization CP transfer with a
constant amplitude on "H matched to ~2.5 spinning speed (vg) and the >C matching condition

was ~1.5 vg. The effective ¢, and 1, period for Figure 61 (a) (‘H detection) were 5.0 and 2.5 ms



161

and it is the exact reverse for the Figure 61 (b) (13C detection). The spectra in Figure 61 (a,b)
were processed with a matched Gaussian window function of 200 Hz on 'H and 100 Hz °C
dimension. The pulse delays were set to 0.31 s with a contact times of 2.6 ms and 0.5 ms during
the 1% and 2™ CP period in Figure 61. Similar processing parameters used for Figure 62. The
spectra in Figure 63 (a) was acquired with a ¢, and #, of 7.5 and 7.0 ms and Figure 63 (b) was
collected with a ¢, and #, periods of 7.0 and 7.5 ms respectively. The pulse delays were 1.5 s with
contact times of 4.0 ms and 2.7 ms during the 1* and 2™ CP in Figure 63. All the spectra in
Figure 63 were processed with 45 and 60 shifted sinebell window function on 'H and "*C
dimensions respectively. The spectrum in Figure 64 was obtained with the pulse program shown
in Figure 67. The 3D experiment (Figure 64) was obtained with a low-power CP, in which the
Be amplitude was set constant (4™ vg) with a linear ramp (100-75%) on 'H averaging (4" vg).
The experiment in Figure 64 was acquired with a #; and #, period of 3.5 ms and # 10.6 ms. The
spectrum in Figure 64 was linear predicted to 6.6 ms in #; and #, and was processed in the same

way as Figure 63.
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