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Sangmi Jun, PhD

University of Pittsburgh, 2009

We describe a new electron spin resonance (ESR) method that measures interspin distances at
physiological conditions. The method is used to examine the melting of a polyalanine peptide,
which is of considerable current interest in the field of protein folding. One end of the peptide is
tagged with a Cu(Il) ion and the other with a nitroxide spin label. The rapidly relaxing electron
spin, Cu(Il), enhances the electron spin flip rate of the nitroxide. This change in the relaxation
rate depends on the interspin distance, . As the peptide unfolds, the interspin distance changes.
The ESR determined interspin distance decreases from the folded to unfolded state whereas the
MD simulation shows an increased distance of the peptide in the PPII geometry. Therefore, the
ESR results indicate that the polyalanine peptide does not melt into an extended PPII structure in
the unfolded state. The ESR results also show that the change in interspin distances is clearly in
concordance with the change in helicity and demonstrates an important application of the pulsed
ESR method to monitor unfolding transition at physiological temperatures in biomolecules.

In the second part of this research, the local environment of the Cu(Il) ion in amyloid-
peptide (Ap) is investigated by electron spin echo envelope modulation ESR spectroscopy. The
aggregation of AP is implicated in the pathogenesis of Alzheimer’s disease. Distinct differences
in coordination of Cu(Il) to AP are observed as the Cu(Il) concentration increases. The overall
morphology of AP aggregates, shown by transmission electron microscopy and atomic force
microscopy images, also depends on the Cu(II) concentration. At low concentration of Cu(Il),

v



AP fibrils are observed and Cu(Il) is coordinated by N-terminal histidine residues. As the
concentration of Cu(Il) increases, the images suggest a significant increase in the proportion of
granular amorphous aggregates, and ESR spectra indicate a second copper-binding site that
exists in a proton-rich environment. The results strongly suggest that the misfolding mechanism
of AP depends on the Cu(ll) concentration. This research significantly enhances our
understanding of the misfolding mechanism in A, and elucidates the relationship between the

microscopic Cu(Il)-Ap interaction and macroscopic structure.
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1.0 INTRODUCTION

Electron spin resonance (ESR) spectroscopy is a powerful technique that can resolve structural
details as well as conformational dynamics of molecules with unpaired electrons. Since E. K.
Zavoisky first developed the ESR technique in 1945 (/, 2), ESR has been applied to study free
radicals, compounds with transition metal ions, and defect centers. For two decades, site-directed
spin labeling (SDSL) has facilitated the use of ESR to investigate biological molecules (3-8).
Using SDSL, spin labels (typically nitroxides) can be placed at virtually any position on a protein.
In pioneering papers, Hubbell and co-workers have shown the utility of SDSL to measure the
structural changes associated with function and conformational dynamics in proteins including
many membrane proteins (5, 9-12). Recently, new Fourier Transform (FT) ESR methods in
combination with SDSL have provided a unique capability for determining the interspin
distances in the ~ 20-70 A range (8, 13-18). These robust methods are sensitive to weak electron-
electron dipolar interaction and measure interspin distances directly. However, they are
applicable only at low temperatures (~ 80 K). We, therefore, developed a new ESR method
based on spin-relaxation in order to measure distances between Cu(Il) and nitroxide under
physiological conditions. This ESR approach promises to directly resolve structural changes
associated with protein folding/unfolding at any temperature. Details of these results appear in
Chapter 2. Furthermore, we examined detailed information on the local environment of the

Cu(Il) ion in amyloid- peptide (AP), and the relationship between microscopic metal ion-



peptide interaction and aggregate structure. These results are the foci of Chapters 3 and 4. The
results are significant for understanding the Cu(II) concentration dependent AP misfolding
mechanism and clearly demonstrate that the microscopic Cu(Il)-Af interaction plays a major role
in dictating the aggregated state of AP. In the following sections, we provide a general
background on the spin labeling as well as key ESR methods that have been extensively used in

this thesis.

1.1 SITE-DIRECTED SPIN LABELING

Electron spin resonance (ESR) on biomolecules has been enabled by Site-directed spin labeling
(SDSL) (3, 5-8). In SDSL, a native amino acid is replaced with cysteine by site-directed
mutagenesis, and a nitroxide side chain is attached to the site via a disulfide linkage. A common
spin-label used for ESR experiments with proteins is (1-oxyl-2,2,5,5,-tetramethylpyrroline-3-
methyl)-methanethiosulfonate spin label, which is called MTSSL. Figure 1-1 shows the reaction
by which the label is attached to the cysteine residue.

The spin label (MTSSL) is very stable in solution. Hubbell and co-workers showed that it
typically results in minimal perturbation in structure or function (9, /7). They also have shown
the utility of SDSL to measure the structural changes associated with function in
bacteriorhodopsin, determination of membrane protein topography, measurement of the
electrostatic potential at precise position on a membrane protein, determination of the
orientations and movements of individual segments of membrane proteins, and the large

amplitude domain motions of the T4 lysozyme (5, 9-12).
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Figure 1-1: The spin-labeling reaction. (l-oxyl-2,2,5,5,-tetramethylpyrroline-3-methyl)-

methanethiosulfonate spin label (MTSSL) attaches to the cysteine side chain.



1.2 ESR DISTANCE MEASUREMENTS

In recent years, there has been a significant interest in the measurement of protein structure and
structural changes associated with function by ESR. For this purpose, measurements of distances

between specific sites provide valuable constraints.

* ESR methods for distance measurements

Electron spin resonance (ESR) on biomolecules has been enabled by SDSL (3, 5-8) and
one of the most useful aspects of SDSL is the ability to measure interspin distance between two
nitroxide side chains. Continuous Wave (CW) ESR can measure distances between two nitroxide
spin labels in the range of 8 ~ 25 A on proteins. The magnetic dipolar interaction between two
spin labels results in a small local magnetic field, which makes the spectrum of doubly spin
labeled protein broader than the CW spectrum of the singly spin labeled protein. By calibrating
the excess linewidth of the doubly spin labeled sample, the interspin distance and the distribution
in distance are determined (75, 18, 19).

New Fourier Transform (FT) ESR methods, such as double electron-electron resonance
(DEER) and double quantum coherence (DQC) ESR experiments, extract weak dipole-dipole
interaction between two paramagnetic centers from other contributions in order to measure the
interspin distances in the 20 ~ 70 A range (8, 13-18). After Fourier Transform (FT) of the time

domain signal from DEER and DQC methods, they contain frequencies at :
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where w;; is the splitting frequency; the subscripts / and 2 express the electron spin of the first
and second nitroxides, respectively; u, is permittivity of vacuum; g is g- factor; S, is the Bohr
magneton; 7;; is the distance between the / and 2 spins, and 6 is the angle between the interspin
vector and the external magnetic field, By (/9) (Figure 1-2). In a frozen sample, all orientations
are spanned. Each orientation 6 leads to a “peak”™ at a specific frequency in the spectrum. For

example, the frequency for the case of § = 0°, 45°, or 90° is at 2—’:, %, or _—’3{ , respectively.

hy Ny N2
The intensity of each “peak™ depends on the number of molecules of that orientation. The
probability of being at a given orientations is sin(d) [0° < @ < 90°]. Therefore, the highest
intensity peak appears at § = 90° where sin(d) is a maximum. As a result, a characteristic shape
called the “Pake pattern” is obtained (/9). Figure 1-3 illustrates this Pake pattern. The Pake
pattern can be inverted to obtain the distance distribution.

The four-pulse DEER experiment uses two different frequencies for extracting the dipolar
interaction between two spins. Two frequencies excite the spins in two different parts of the
spectrum represented as ‘spin /’ and ‘spin 2’. Pulses at one frequency excite the ‘spin /° and
generate an echo in the usual way. A 7 pulse at the second frequency is needed to excite ‘spin 2’
and thus inversion of the ‘spin 2’ reverses the local dipolar field felt by the ‘spin /°. By stepping
out the 7 pulse at the second frequency, the echo amplitude is modulated by a period that
depends on the magnitude of the dipolar interaction. After Fourier Transform (FT) of the DEER

signal, a Pake pattern is obtained.



Figure 1-2: Description of the interspin distance, r;,, between two spins and the angle, 6,

between the interspin vector and the external magnetic field.



Frequency (MH,)

Figure 1-3: Pake pattern. The high and low intensity peaks correspond to € = 90°and 6 = 0°,

respectively.



Another pulse ESR method, DOC, was developed by Freed and co-workers (76, 20, 21).
A DQC experiment is based on the double quantum coherence in spin-spin interaction. The
strength of the dipolar interaction between electron spins is related to the rate of formation of the
DQC, and it provides the sensitivity to interspin distance. DQC uses a six pulse sequence, and an
appropriate phase cycling can separate the double quantum coherence pathway from all other
pathways. Fourier Transform of a time domain signal also produces the Pake pattern (22).
Both the DEER and DQC methods are very novel methods for distance measurement.
They are sensitive to weak spin-spin interactions and can measure interspin distances between
two paramagnetic centers directly. These distance measurement methods have emerged as
powerful techniques for determination of structure-function relationships in macromolecular
systems (8, 14, 16-18, 23-25). However, these robust methods are applicable at low temperatures
(usually < 80 K). In Chapter 2, we describe one method that can remove this limitation so that a

different class of phenomenon (e.g., protein folding) may be investigated.

* Inversion recovery to measure the longitudinal relaxation time (T;)

To remove the limitation of working on frozen samples, one has to move away from
examining the coherent effects of dipolar interaction, and instead rely on another effect. The
presence of the second spin can enhance the relaxation of the first spin in a fashion that depends
on distance. The effect is most dramatic when the second spin is a fast relaxing spin. Since,
transition metals, such as Mn(II), Fe(Ill) and Cu(Il), usually have a much shorter longitudinal
relaxation time than the nitroxyl radical, the fast relaxing metal spin can enhance the rate of the
relaxation of the more slowly relaxing nitroxide spin (26-28). The longitudinal relaxation time of

the nitroxide in the presence and absence of the metal is measured by using an inversion



recovery experiment and the change in the relaxation rate of the nitroxide depends on ¢, where r
is the distance between the metal and nitroxyl spin.

The change in 7; can be measured by the Inversion recovery technique (29). The pulse
sequence and the magnetization diagram are shown in Figure 1-4 (left). The pulse sequence
consists of two pulses separated by an interval #;. At equilibrium, the net magnetization vector,
My, lies along the direction of the applied magnetic field, By. In this configuration, the z-
component of magnetization M. equals M,. The first pulse in the sequence is a 7 pulse and it
inverts the z-magnetization. 7 relaxation occurs during the time interval #;, which is stepped in
the experiment. Before the —z-magnetization goes to equilibrium, the second 7/2 pulse is applied
to rotate the remaining z-magnetization into the xy-plane. Once the magnetization is present in
the xy-plane, it precesses about the z-axis and dephases giving a signal called a Free-Induction
Decay (FID).

Figures 1-5a and b show the spectral data for the inversion recovery spectrum from the
alanine-based peptide with a paramagnetic metal, Cu(Il). The “v” dimension is the continuous
wave (CW) equivalent spectral dimension and the “#,” dimension illustrates the recovery of
magnetization to equilibrium after inversion with a 7 pulse. This is illustrated more clearly by
extracting a slice parallel to “z,” from the 2-D data set.

In general, this recovery is related to the electron-spin-flip rate (#,) and nuclear-spin-
flip rate (Wy). For full irradiation, the signal in the inversion recovery experiment recovers with a
single exponential and the recovery time T; = (2W,)” since the entire ESR spectrum is excited
by the pulse. However, for partial irradiation, the recovery depends on both W, and Wy. In this

case, only a small part of the ESR spectrum is excited. During the longitudinal relaxation process,



Figure 1-4: Inversion recovery pulse sequence (7 and /2 pulses) and the magnetization diagram.
In the experiment, the time interval #; is stepped. The time domain signal is acquired with the

time ¢, (left) and the frequency domain spectrum is acquired after Fourier Transform (right).
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Figure 1-5: (a) Spectral data after FT of FID and (b) Trajectory of the M. as a function of #; in

the inversion recovery experiment. The recovery curve was fitted to a bi-exponential form.
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nuclear-spin-flip can occur and this leads to the precessional frequencies of electron-spin to shift
to frequencies outside the irradiated region. Some spins that undergo nuclear-spin-flips are no
longer detectable. Consequently, the effect of partial irradiation is a faster recovery and
experimental curves should be fitted with bi-exponential form for extracting 7.

The equation governing this behavior as a function of the time #; is (30)

S(t,) = A+ Bexp(—2W.t,) + Cexp[—t, / T,(7)] (1-2)

where S(t;) is the signal from the inversion recovery experiment; 7; = (2 We)'l , and T, depends
upon a rotational correlation time, 1. The first time constant, 7; is related to electron-spin-flips
that we want to measure and the second one, 7 reflects the other relaxation pathways. Schwartz
and co-workers found that 7, (t) decreases from the slow motional regime to the fast motional

regime, and finally 74 (t) becomes constant in the fast motional regime (37).

* Distance measurements using 17 at room temperature
A fast relaxing metal spin causes change in 7; of slowly relaxing nitroxide spin. The
effect of metal ion on the relaxation rate for a nitroxide can be described by Kulikov and

Likhtenshtein (26-28), based on Bloembergen theory (32-34).
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where fand s denote the fast- and slowly-relaxing spins, respectively; 73, is T for the slowly-
relaxing spin in the absence of spin-spin interaction; 7, is 7; for the slowly-relaxing spin
perturbed by the fast-relaxing spin; 77, is the metal longitudinal relaxation time and 75 is the
metal transverse relaxation time. Usually for rapid relaxation of the metal ions, 7= Tor= 15 S'1s
the electron spin on the faster-relaxing center; w,and w, are the resonant frequencies for the fast-
and slowly-relaxing spins, respectively; gr and g, are the g factors for the fast- and slowly-
relaxing spins, respectively; f. is the Bohr magneton; r is the interspin distance between two
spins, and @ is the angle between the interspin distance vector and the external magnetic field, By.

Kulikov and Likhtenshtein originally used this approach and determined the distance
between a spin of a radical and a paramagnetic center by using the change of 7; of the radical at
low temperature (26, 28). The relaxation time for metal spins, which is usually short, can be
measured only at low temperatures. Also, a long dead time and pulse length were limitations in
performing the experiment at physiological conditions. Eaton and co-workers continued
methodological development and determined interspin distances between a metal center and
nitroxide such as iron [Fe(Ill)] — nitroxyl radical for complexes of metmyoglobin variants and
methemoglobin (35-37). Their work also used the effect of a rapidly relaxing metal on the
longitudinal relaxation rate for nitroxyl spin labels at low temperature.

In Chapter 2, we utilize the inversion recovery to develop a new method for measuring

interspin distances between copper ion [Cu(Il)] and nitroxide in small peptides under
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physiological conditions. In order to perform the inversion recovery experiment at room
temperature, short (~ 4 ~ 6 ns) and high power (~ kW) pulses that can substantially invert the
entire bandwidth of the ESR spectrum are required. This challenge has been meet only recently.

Another important condition for determining the relaxation time at room temperature is
achieving a short dead time (< 50 ns). When the experimental temperature is close to room
temperature, the ESR signal decays very rapidly (10 ~ 100 ns) and the intense first part of the
signal decaying is obstructed by the ring-down of the pulse. Until recently, it was not possible to
get the free induction decay (FID) and measure the relaxation time at room temperature with a
long dead time such as 200 ns in Eaton’s works. A short dead time of 20 ~ 30 ns was achieved
by Freed and co-workers with a home-built spectrometer (38-42). Saxena and co-workers also
combined two approaches that modified the phase cycles in order to minimize the ring-down
artifacts and reduce the dead time to as much as 20 ns (43). They obtained Correlation
Spectroscopy (COSY) spectra over the entire motional regime (from 192 K to 310 K) and
determined a phase memory time, as low as 20 ns for a nitroxide spin label. These results enable
us to use the inversion recovery sequence at ambient temperatures.

Based on these developments, we demonstrate that the inversion recovery experiment is
useful for measuring longitudinal relaxation time, 7, at room temperature in Chapter 2. This
development should allow us to determine interspin distances at each step of the folding pathway

of peptides to shed light on the molecular determinants of protein folding.
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1.3 CHARACTERIZATION OF METAL CENTERS BY ESR

Another important application of ESR is the determination of the local environment of the metal
ion in biological systems. Electron spin echo envelope modulation (ESEEM) ESR spectroscopy
is a powerful technique for probing the coordination environment of paramagnetic metal sites in
proteins. In Chapters 3 and 4, we exploit ESEEM to shed light on the identification of the Cu(Il)
binding site in different aggregated states of amyloid-f (AP) peptide. The Cu(Il) ion is a
paramagnetic metal, which has a ¢’ electron configuration. The ligands of Cu(II) ion are usually
arranged in an octahedral environment with four equatorially coordinated ligands and two axially
coordinated ligands. The axial ligands are much more weakly bound to Cu(Il) than those in the
plane.

In order to characterize the copper binding site, CW-ESR and electron spin echo
envelope modulation (ESEEM) spectroscopy are performed. Figure 1-6 shows the coordination
environments that can be probed with (a) CW-ESR and (b) ESEEM spectroscopy, respectively
(44). CW-ESR measures strong interactions such as the hyperfine interaction of an electron spin
with the Cu(Il) nuclei. These interactions are sensitive to the nature of the directly coordinated
nuclei [Figure 1-6(a), blue region]. On the other hand, ESEEM probes interactions with more

distant nuclei [Figure 1-6(b), red region].

* Continuous wave (CW)-ESR
The CW-ESR spectra provide information on strong interactions between the Cu(Il)

electron and neighboring nuclei. The magnitude of g (the parallel component of the axially
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Figure 1-6: (a) CW-ESR measures strong interactions such as the hyperfine interaction of
electron spin with Cu(II) nuclei (blue region). (b) ESEEM detects interactions with more distant

nuclei (red region).
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symmetric g tensor) and A (the parallel component of the hyperfine interaction) are dependent
on, among many factors, the ligand environment of Cu(Il) ions (45). Peisach and Blumberg have
demonstrated that type II copper in both natural and artificial copper proteins is ligated to
nitrogen and oxygen but not to sulfur (45). They have also described how g; and A can be used
for the assignment of coordinating nitrogen and oxygen atoms of the copper binding site (cf.
Figure 1-7). In the case of the same atoms of ligation, if the charge of the metal-ligand complex
is decreased, g is decreased and A is increased.

The most important part of this CW-ESR analysis is that regions of overlap exist among
the different types of ligation, and this overlap leads to ambiguous assignments for the copper
binding site. Therefore, ESEEM spectroscopy, which can probe the atoms of the second ligation

sphere, becomes useful to elucidate the structure around the Cu(Il) ion.

* Electron spin echo envelope modulation (ESEEM)

ESEEM is a technique for measuring weak hyperfine and quadrupole interactions of the
nuclei in the environment (within ~ 10 A) of the paramagnetic center (46-48). In the presence of
nuclear spins weakly coupled with the electron spin, the intensity of the echo is modulated at the
nuclear transition frequencies of the interacting nucleus.

A simple qualitative explanation for ESEEM is described in Figure 1-8. When an electron
spin (S = 1/2) is coupled with a nuclear spin (/ = 1/2) in a constant external magnetic field, By,

which is assumed as being along z-axis (an equilibrium direction of the field), the nucleus is in

an effective local magnetic field, Ee_f(a) = §0+Bhf(a) , where Ehf(a) is the magnetic field

induced by the electron at the nucleus. Symbols a and S represent electron spin quantum
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Figure 1-7: The correlation between the coordinating atoms in the copper binding site and the
values, g and A (Taken from Peisach, J., and Blumberg, W. E. (1974) Arch. Biochem. Biophys.
165, 691-708 with permission of the Elsevier). The diagonal scale shows the total charge for the
Cu(II)-ligand complex. In the CW-ESR spectrum, the hyperfine splitting is detected by 4H in

gauss and it is necessary to convert the units from gauss to millikaisers, using 4 = 0.046686gAH .
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Figure 1-8: Nuclear spin precession at different electron spin orientations. An electron spin (S =
1/2) interacts with a nuclear spin (/ = 1/2) in the external magnetic field By. Symbols mg and my

denote electron and nuclear spin quantum numbers, respectively.
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numbers mg = 1/2 and mg = -1/2, respectively. Since Z§hf 1s substantial, the nuclear spin precesses

about the quantization axis, B, (¢) that differs from the direction of By.

eff

If the orientation of the electron spin changes from ms = 1/2 to my =-1/2 (e.g. duetoax

pulse), the induced magnetic field orientation also changes from Ehf(a) to Ehf (f) (shown in
Figure 1-8), where Eeﬁ.(ﬂ) = EO +l§hj.(ﬂ). The nuclear spin starts to precess about this axis,

Eeﬁ.(ﬂ). In the case of / = 1/2, the new axis, B, (f), can be either positive for m; = 1/2 or

negative for my = -1/2 depending on the initial nuclear spin states. The symbol m; denotes the
nuclear spin quantum number. As a result, the ESR transition can involve nuclear transitions,
leading to selection rules, Ams = =1 and Am; = 0 for the allowed transitions, or Ams = £1 and
Am; = *1 for the “forbidden transitions” (Note that Am; refers to nuclear quantization along the
By axis.).

Figure 1-9 shows the energy levels and ESR transitions. In the absence of the external
magnetic field, By, the energy levels are degenerate. In the presence of the external magnetic
field, the electron spin energy levels are split into ms = -1/2 (the lower energy, antiparallel) and
mg = 1/2 (the higher energy, parallel) spin states due to the electron Zeeman interaction. Each
energy state is further split into 1/2 and -1/2 due to the nuclear Zeeman interaction and finally,
has four energy levels with the hyperfine interaction. The allowed transitions are shown by solid
arrows in Figure 1-9, and the “forbidden transitions” are shown by dashed arrows in Figure 1-9.
The transitions, @, and ws are called the electron nuclear double resonance (ENDOR)
frequencies.

The frequency of the four transitions in Figure 1-9 can be determined from the spin

Hamiltonian. The spin Hamiltonian in an external magnetic field, B,, is :
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Figure 1-9: Energy levels and ESR transitions for an electron spin (S = 1/2) coupled with a
nuclear spin (/ = 1/2). Symbols ms and m; denote electron and nuclear spin quantum numbers,
respectively. There are two allowed transitions (Ams = +1 and Am; = 0) and two “forbidden
transitions” (Ams = +1 and Am; = +1). The transitions, w, and wg are called the ENDOR

frequencies.
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H=H_,+H,,+H,, (1-4)

The term g is the g-tensor, f. is the Bohr magneton, Sy is the nuclear magneton, B is
the applied magnetic field, which is a vector field, B= (0,0,B,), S and ] represent electron and

nuclear spin angular momentum operators, respectively, and A is an anisotropic hyperfine tensor.
The first and second terms are the electron and nuclear Zeeman interactions, respectively,
describing the interaction of the electron and nuclear spins, respectively, with an external
magnetic field. The third term, the hyperfine interaction, represents the interaction of the electron
spin with the magnetic moments of nuclear spin.

In order to provide a simple picture, we consider the case where the Zeeman terms are

isotropic. Then, at high-field, equation 1-4 is simplified to :

A

-l

N

H=gBB-S—gyBB-1+5
(1-5)

A

:geﬂeBOSz_gNﬂNBOIz+Azx z x+Azy z y+A S

>
>

The electron and nuclear frequencies of the magnetic field satisfy the resonance condition,
hvs = hos = gf.By and hv; = hw; = gnpnBo, respectively. The constant 7 converts the hyperfine

constant into frequency units (4 = %a).
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H=hoS. —hol +ha,S.1 +ha S +ha
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z2zZ - Z Z

(1-6)

The Hamiltonian, H , can be expressed in matrix form using a basis set consisting of the

electron spin wavefunction {|a.>, |Be>} and the nuclear spin wavefunction {|ox>, |Bx>}.

>
Il
DO | S+

a a, a,
o, — 0, + 2” ?+2—y 0 0
i
a
== @ +w--= 0 0
22
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2 2 2
a a,
0 0 =4+ 2 —w e +—=
2 2

(1-7)

The Hamiltonian, H , is diagonalized in order to determine the energy levels. They are

given by :

2
ho hola a, (a hoh
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The transitions, w, and wy are called the ENDOR frequencies, which are shown in Figure
1-8. As a result, four energy transitions (4E;, AE,, AE;, and AE,) between the energy levels can

be obtained.

w, — 0,
AL, = o, +———=)
w, —
AE, = h(e, ==—=F)
(1-9)
@, +
AL = h(o, +———)
w, + o,
AE, =h(o,————)

* ESEEM pulse sequence and the magnetization diagram

The two-pulse ESEEM experiment is shown in Figure 1-10. The pulse sequence consists
of two pulses (7/2 and 7) separated by time, 1. At a time 1, after the second pulse, a spin echo is
generated. When the time t between the first and second pulses is increased, the intensity of the
echo decays exponentially. In some cases, this decay is modulated. This modulation comes from
the weak interactions with nuclei surrounding the paramagnetic center.

At equilibrium, the net magnetization vector lies along the direction of the applied
magnetic field, By, and is called the equilibrium magnetization. The first pulse is a 7z/2 pulse and
it rotates the magnetization by 90° to the —y direction. During the time interval 1, the
magnetization dephases with a frequency w; and after the time 1, a phase angle 8; = w,t develops.
When the 7 pulse is applied to the system, the magnetization vector rotates 180° about the x-axis
and refocuses at time 1. The m pulse may cause the nuclear spin transition and therefore the

electron spin may precess at a different frequency, w,. Thus, after a time 1 after the 7 pulse, a
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Figure 1-10: Two-pulse ESEEM pulse sequence (7/2 and z pulses) and the magnetization
diagram. In the experiment, the time interval t is stepped and the echo modulation comes from

the weak interactions with nuclei surrounding the paramagnetic center.
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spin echo is generated with the phase angle 6, = (w; - w,)t.
The ESEEM signal in the time domain, V(t), arises from the differences between the
ESR transition frequencies of the spin system. In addition, the signal is proportional to cos(6-).

For example, if w;=4E;/h and w,=AE»/h where 4E; and AE, are given by equation 1-9.

cos(6,) = cos(w, — w,)r = cos(%— Afz )T
(1-10)
w, — 0, w, -0,

= cos(w, +

—(o, - )T = cos(®, —w,)T

The modulation frequency w, - wg is obtained from this equation.
If all the transitions (allowed and forbidden) between the energy levels are considered,
four modulation frequencies, wq, wp, @, +twp, and w,-wp, are observed. Therefore, the total

expression for two-pulse ESEEM is
k
V(r)= —Z[2 —2cos(w,7) —2cos(w,7) + cos{(a)a + a)ﬁ)r}+ cos{(a)a — a)ﬂ)r}] (1-11)

where the coefficient & determines the modulation depth (47, 49). The two-pulse ESEEM method
is dependent on the phase memory time which is usually short for metal spins. Therefore, the
modulations for metal spins rapidly decay, providing broad lines in the spectrum.

In order to obtain narrower lines, the three-pulse experiment has been found to be more
useful. The three-pulse ESEEM method is not significantly affected by the phase memory time.

Furthermore, the spectrum has no sums and differences of the nuclear frequencies, providing
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only nuclear frequencies, @, and wp. The three-pulse ESEEM is (47, 49) represented by the

expression
V(z,T)=1 —%{[1 —cos(w,7)][1—cos(w,T)]+[1—-cos(w,7)][1- cos(a)aT)]} (1-12)

The first and second 7/2 pulses are separated by time t and the third n/2 pulse is applied
after the time interval 7. The echo is observed at time 1 after the third pulse. The echo envelope
is modulated as T is incremented. Fourier Transform of the time domain modulation pattern
yields a spectrum with frequencies directly related to the hyperfine and nuclear quadrupole

Interactions.

* Interpretation of the ESEEM spectrum for characterizing the copper-binding site

Three-pulse ESEEM spectroscopy is performed to aid the characterization of the copper
coordination environment in AP in Chapters 3 and 4. For the case of Cu(Il) ions in AP, the
ESEEM spectroscopy detects the magnetic interactions between a paramagnetic center, Cu(Il),
and weakly coupled nuclei (e.g. '*N or 'H). For the case of the proton, 'H (I = 1/2), the ESEEM
spectrum has one peak around 14.3 MHz (w, = wg) in the presence of an external magnetic field
By = 3360 G. The three-pulse ESEEM spectrum for "*N (/ = 1) has characteristic spectral lines
associated with the nuclear quadrupole interaction.

The "“N-ESEEM analysis for Cu(Il) - ethylenediamine-imidazole and Cu(Il) -
(imidazole)s in water-glycerol glasses was first performed by Mims and Peisach in 1978 (48). A
typical '*N-ESEEM spectrum for Cu(II) — imidazole complex shows four major frequencies,

three narrow lines at 0.57, 1.03, and 1.6 MHz and a broad line centered at 4.2 MHz (50). In
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Figure 1-11A, the three low frequencies are characteristic of a weakly coupled "N nucleus
where the nuclear Zeeman and electron-nuclear hyperfine interaction approximately cancel one
another out. Therefore, the energy level splittings are almost completely determined by the "N
nuclear quadrupole interaction (NQI) (48, 51, 52) and the sum of the lower two frequencies is
almost equal to the highest one.

The other line around 4.2 MHz, shown in Figure 1-11A, arises from the condition where
the nuclear Zeeman and electron-nuclear hyperfine interactions are additive. This frequency has
much broader spectral line which is due to a double quantum (DQ) transition of the remote
nitrogen of the imadazole (46, 48, 53).

Another feature of the ESEEM spectrum for Cu(Il) - imidazole complex shown in Figure
1-11B is the presence of several components between 2 ~ 4 MHz. When the electron spin of the
Cu(Il) ion interacts with more than one imidazole, the combination frequencies of the three NQI
frequency lines are observed. As the number of interacting '*N nuclei is increased, additional
lines appear in the ESEEM spectrum and interfere with the low frequency region, allowing the
4.2 MHz line to dominate the ESEEM spectrum [shown in Figure 1-11B for the complex with
four imidazoles]. Based on the computer simulations, the ESEEM spectroscopy may quantify the
number of coupled imidazoles associated with a paramagnetic center (54).

The amino acid, histidine has an imidazole side chain. When the Cu(Il) ion is
coordinated with one or more histidine residues in proteins, the remote nitrogen of the imidazole
provides characteristic frequencies in the ESEEM spectrum (46, 48, 53). This strategy of
ESEEM spectroscopy is useful to identify and quantify the number of interacting imidazoles at

the copper-binding site.
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Figure 1-11: ESEEM spectra for (A) Cu(ll) diethylenetriamine 2-methylimidazole and (B)
Cu(Il) tetrakis(2-methylimidazole) (Taken from McCracken, J., Pember, S., Benkovic, S. J.,
Villafranca, J. J., Miller, R. J., and Peisach, J. (1988) J. Am. Chem. Soc. 110, 1069-1074 with
permission of the American Chemical Society). (A) The ESEEM spectrum provides
characteristic frequencies when the Cu(Il) ions interact with the remote "N nuclei (= 1) of the
imidazole ring. (B) The presence of spectral features between 2 ~ 4 MHz indicates that electron

spin of the Cu(Il) ion interacts with more than one nitrogen.
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2.0 UNFOLDING OF ALANINE-BASED PEPTIDES USING ELECTRON SPIN

RESONANCE DISTANCE MEASUREMENTS

This work, written in collaboration with James S. Becker, Mike Yonkunas, Rob Coalson, and

Sunil Saxena, has been published in Biochemistry, 2006, V.45, pages 11666-11673 (55).

2.1 ABSTRACT

We describe a scheme for tagging an alanine-based peptide with a Cu(Il) and a nitroxide to
measure unfolding transitions. The enhancement in longitudinal relaxation rate of the nitroxide
due to the presence of Cu(Il) was measured at physiological temperatures by pulsed electron spin
resonance (ESR). The change in relaxation rate provided the average interspin distance between
the Cu(Il) and the nitroxide. Control experiments on a proline-based peptide verify the
robustness of the method. The change in interspin distances with temperature for the alanine-
based peptide is in accord with the change in helicity measured by circular dichroism. The data
provide an opportunity to examine the unfolding process in polyalanine peptides. The distance in
the folded state is in concordance with molecular dynamics. However, the ESR experiment
measures an average distance of 17 A in the unfolded state, whereas molecular dynamics

indicates a distance of 42 A if the unfolded geometry was a polyproline type II helix. Therefore,
30



ESR demonstrates that the unfolded state of this alanine-based peptide is not an ideal extended

polyproline type II helix.

2.2  INTRODUCTION

The advent of site-directed spin labeling has resulted in electron spin resonance (ESR)
emerging as a useful spectroscopic technique for the measurement of protein structure and
conformational dynamics (4-7). Using site-directed spin labeling, two spin labels (typically
nitroxides) can be placed at virtually any position on the protein backbone. Concomitant
methodological developments in ESR (21, 22, 40, 56-60) permit the measurement of interspin
distance in the range of 8-70 A in order to provide constraints for structure elucidations (16, 61-
73). However, the distance methods are largely applicable only at very low temperatures (ca. 10-
80 K), and this proves to be a disadvantage in the context of monitoring unfolding events in
proteins or peptides.

We describe an approach by which distances of at least up to 25 A can be measured using
ESR at physiologically relevant temperatures. In this approach a Cu(Il) binding site is generated
at one end of a biomolecule. A nitroxide spin label is attached at another position using site-
directed spin labeling. By exploiting methodological advances in Fourier Transform ESR (38,
40-43, 74-76) which enable the routine measurement of the free induction decay signal from
labeled macromolecules, the enhancement of relaxation rate of the nitroxide by the presence of
Cu(Il) is obtained. The enhancement of relaxation rate can be used to measure metal to nitroxide

interspin distances, as has been well demonstrated at low temperatures (26, 35-37, 77, 78). We
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show that nanometer range interspin distances may also be measured at physiological
temperatures. This builds on methodologies developed by Voss et al. (79), which showed that the
changes in nitroxide line broadening and intensity may be used to measure the metal-nitroxide
distance. Nitroxide-nitroxide distances at physiological temperatures may also be measured by
calibrating the increase in the line broadening due to the presence of the second spin (/2).
Significantly, we show that this methodology may be used to resolve the average distance
between two units as an alanine-based peptide melts with temperature. Thus the experiments
capture the average separation between two units in the ensemble of conformations that
constitute a given step in the unfolding pathway. The unfolding transition of polyalanines is of
paradigmatic significance in the field of protein folding. Spectroscopic experiments (80-86) as
well as computer simulations (80, 82, 8§7-89) have recently indicated that a-helical polyalanine
peptides unfold to polyproline type-II helical structures (PPII). This geometry has also been
suggested to exist in the unfolded states of other peptides (90, 91) and some proteins (90, 92, 93).
This is significant because, if such nativelike secondary structure elements are indeed present in
the unfolded state of proteins, then the entropic cost associated with folding is vastly reduced.
Our results support the conclusions of Pande and co-workers that the PPII geometry of individual
alanines does not propagate into an overall extended polyproline II structure in the unfolded state

of polyalanines (94).

2.3 MATERIALS AND METHODS

The alanine-based peptide PPHGGGWPAAAAKAAAAKCAAAAKA (P, proline; H,
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histidine; G, glycine; W, tryptophan; A, alanine; K, lysine; C, cysteine), shown schematically in
Figure 2-1, and the proline-based peptide PPHGGGWPPPPPPPCPPK were synthesized at the
Molecular Medicine Institute, University of Pittsburgh. In these peptides, the lysine residues
serve to confer solubility in aqueous solutions, and the PHGGGW sequence constitutes a well-
characterized copper binding sequence (46, 53, 95). Using site-directed spin labeling (SDSL), a
(1-0xy-2,2,5,5-tetramethylpyrroline-3-methyl)methanethiosulfonate spin label (MTSSL) that was
purchased from Toronto Research Chemicals Inc. (Ontario, Canada) was covalently bound to the
cysteine residue in both peptides.

For ESR experiments, 250 uM solutions of each peptide were prepared in an aqueous
buffered solution of 10 mM potassium chloride (KCl) and 25 mM N-ethylmorpholine (NEM), at
pH 7.6. Spectroscopic data were obtained on each peptide in the presence and in the absence of
coordinated Cu(Il). Experiments were also conducted in the presence of Zn(Il), a diamagnetic
metal. For the metal-coordinated samples, a 1 mol equivalent of Cu(Il) [or Zn(II)] was added
from a 0.01 M aqueous copper sulfate (or zinc chloride) solution. For ESR experiments, 6 pL of
peptide solution in a 1.5 mm inner diameter Pyrex tube was degassed by freeze-pump-thaw
cycles until a final pressure of 2 x 10™ Torr to eliminate oxygen in the solution. The samples

were bath sonicated for approximately 5 min before insertion into the ESR cavity.

® Electron Spin Resonance (ESR) Spectroscopy

Spectroscopic experiments were performed on a Bruker EleXsys E580 X-band
CW/Pulse ESR spectrometer equipped with a Bruker ER4118X-MS3 split-ring resonator. The
temperature was controlled using an Oxford 1TC605 temperature controller and an Oxford ER

4118CF gas flow cryostat.
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Ac-PPHGGGWPAAAAKAAAAKCAAAAKA-NH2
Cu MTSSL

Figure 2-1: The central question of the state to which a polyalanine helix unfolds is illustrated.
A schematic of the folded a-helical state of polyalanine is shown on the left. The Cu(Il) center
and the nitroxide spin label are also shown. The ESR experiments measure the interspin distance

between Cu(Il) and nitroxide, rgsg, as a function of temperature.
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The longitudinal relaxation time of the nitroxide in the peptide samples was measured
over a temperature range of 270-315 K by using an inversion recovery sequence. The inversion
recovery experiment consists of a two-pulse, 7z-t-7/2 sequence. The high output power of the
ASE-TWTA (1 kW) combined with a quality factor, O, much less than 100 provided 7/2 and =
pulses of 6 and 12 ns, respectively. The initial interpulse separation, ¢, was 20 ns, and the delay ¢
was stepped out by 180-340 ns for a total 64 or 128 points according to each experimental
condition. The FID after the second pulse was digitized every 4 ns for a total of 1024 points after
a dead time of 50 ns. At each temperature, the experimental data were measured several times,

and the errors were determined from twice the standard deviation of these measurements.

e Circular Dichroism (CD) Spectroscopy

The thermal stability of the peptides was assessed using CD by following the change in
the spectrum with temperature. The peptides were dissolved in a 10 mM potassium phosphate
buffer, a pH of 7.0, and at a peptide concentration of 250 uM. The measurements were made on
an AVIV model 202 circular dichroism spectrometer. The samples contained 400 pL of peptide
solution in a 0.1 cm path-length cuvette. A single wavelength, 220 nm, which measures the net
a-helicity, was monitored for the alanine-based peptide as a function of temperature (96). The
data for the peptide in the presence and absence of Cu(Il) were practically identical (see Figure
2-2), indicating that Cu(II) binding does not substantially change the thermodynamics of thermal
unfolding. For the proline-based peptide, a wavelength of 206 nm, which monitors the net
polyproline II (PPII) helical structure, was monitored (97, 98). The signals at the specific
wavelength were then recorded continuously as the temperature was increased from 268 to 368

K, with sampling points at every 1 K.
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Figure 2-2: The comparison of the thermal unfolding profile for the alanine-based peptide in the

absence and presence of Cu(Il).
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The affinity of peptide-Cu(Il) complexes was verified by CD. When Cu(Il) binds to
peptides, weak d-d transitions appear in the visible region over a range of wavelengths from 500
to 750 nm (46). According to the CD data Cu(II) was bound to the peptide between 270 and 365
K. On the basis of the affinities of Cu(Il) to the HGGGW segments (46), as much as 88% of the
peptides bind Cu(Il). A simple analysis shows that the incomplete binding leads to errors of less

than 0.5 A in the measured distances.

® Generation of a-Helical and PPII Ensembles

To define the a-helical conformation, the peptide without the copper binding domain
(AAAAKAAAAKCAAAAKA) was constructed with Ramachandran angles, ® and ¥ of -57°
and -47°, for peptide angles @ and ¥, respectively. For the extended polyproline II (PPII)
conformation, these angles were modified to ® = -75° and ¥ = 145° to reflect an ideal
polyproline II helical-type geometry. The copper binding domain (PPHGGGW) coordinates
were obtained from the X-ray structure (53) and joined to the backbone through the added
proline residue Pro-8. The dihedral angle ¥ between Pro-8 and Ala-9, joining the copper binding
domain to the peptide, was energy minimized using the molecular mechanics (MM3) force field
(99). Dihedrals angles of ¥ = -28° and W = 46° were obtained for the a-helical and PPII-type
ensembles, respectively.

A new residue was added to the CHARMM?27 force field (/00) representing the MTSSL
spin label attached to a modified cysteine residue side chain. The bonds, angles, and dihedrals of
the spin label were modeled according to previous research on nitroxides (/0/). In the same light,
charges on MTSSL were selected on the basis of CHARMM standards and modeled from the

CHARMM27 amino acid force field. Two systems were prepared for molecular dynamics (MD)
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simulations: the alanine-based peptide in the a-helical conformation and the same peptide in the
PPII conformation, both built up with a Cys-19-MTSSL side chain substitution. Each system was
solvated in the VMD molecular graphics environment (/02) utilizing the built-in solvate 1.2
package. The solvent box was extended to 7 A beyond the largest dimension along each axis.
This condition allows minimal protein-protein interaction upon generation of periodic boundaries
during simulations. All atom simulations were performed using the NAMD2 package (/03). A
conjugate gradient energy minimization was performed over 10000 steps to relieve bad contacts,
with a harmonic protein backbone restraint of 999 kcal mol™" A, The a-helical system was then
subjected to a short equilibration at 300 K and the PPII system at 315 K for 100 ps at constant
volume. Subsequently, 250 ps of constant pressure molecular dynamics was performed with the
protein backbone restrained to 500 kcal mol’ A Langevin dynamics and Langevin piston
pressure (/04) were used to maintain temperature and pressure at 300 or 315 K and 1 bar,
respectively. Periodic boundary conditions and all atom wrapping were imposed for all
simulations. Long-range electrostatics was calculated with the particle mesh Ewald (PME)
formalism and updated every four steps. A time step of 1 fs was used with trajectories written
every 0.5 ps. A van der Waals cutoff distance of 10 A and a pair list distance of 11.5 A were
implemented at each phase of dynamics simulations.

Tcl scripting in VMD was used to determine the average distance over all trajectory
frames from the copper atom to the nitroxide spin label for each simulation system. Average
distances converged to a value of 25 and 42 A for the a-helical conformation and the PPII

conformation, respectively, after 100-200 ps of MD simulations.
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24  RESULTS

® Measurement of the relaxation rate using inversion recovery experiment

The alanine-based peptide (PPHGGGWPAAAAKAAAAKCAAAAKA) and the
proline-based peptide (PPHGGGWPPPPPPPCPPK) were designed with a Cu(Il) binding
PHGGGW sequence at one end (46, 53, 95). In both, a nitroxide spin label was covalently
attached to the cysteine using site-directed spin labeling (6, 7, 105, 106). Transition metals, such
as Cu(Il), usually have a much shorter longitudinal relaxation time than the nitroxyl radical. In
systems containing a nitroxide and a coordinated transition metal, the fast relaxing metal spin
can enhance the rate of the relaxation of the more slowly relaxing nitroxide spin (26-28). The
change in the relaxation rate of the nitroxide depends on 7°, where r is the distance between
Cu(Il) and nitroxyl spin. Eaton and co-workers have demonstrated the usefulness of this effect to
determine the interspin distances between an Fe(IIl) center and nitroxide in complexes of
metmyoglobin variants and methemoglobin (35-37) at low temperature (ca. 10-170 K).

Methodological advances in ESR now permit the detection of the Fourier Transform
ESR signal even for samples with transverse relaxation times of ~20 ns (38, 40-43), as is typical
for spin-labeled peptides and proteins. Thus the nitroxide relaxation times can be measured even
at physiological temperatures. We show that by monitoring the change in nitroxide relaxation
time upon coordination of the peptide with Cu(Il), the distance, rgsg, can be measured as the
polyalanine peptide melts with temperature.

Figure 2-3 shows the inversion recovery experimental data at 305 K for the alanine-

based peptide in the absence of Cu(Il) (Figure 2-3a) and in the presence of Cu(Il) (Figure 2-3b).

39



a. alanine-based peptide without Cu(ll)

|

10000
t; {ns)

10000
ty (ns)

Figure 2-3: Inversion recovery spectrum of the nitroxide in the alanine-based peptide (a) without
Cu(Il) and (b) with Cu(II) at 305 K, respectively. The recovery curves for the central component

are shown in the insets.
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In Figure 2-3, the frequency dimension (v) provides the continuous wave (CW) equivalent
spectrum and the time dimension (denoted by ¢;) illustrates the recovery of magnetization to
equilibrium after inversion of magnetization with a 7 pulse. The recovery of magnetization for
the three hyperfine components of the nitroxide can be obtained by extracting slices parallel to
“t;” from the 2-D data set. The data for the central component are shown in the insets of Figure
2-3.

For the central nitroxide line the recovery of magnetization depends on the rate of
electron spin-flips as well as on the rate of nuclear spin-flips. Schwartz and Freed (37) analyzed
this effect theoretically, and they found that, in general, the recovery obeys a biexponential

behavior of the form (30, 31):

S(t)= A+ Bexp(-t/T,)+ Cexp(~t/T,) 2-1)

where S(7) is the signal from the inversion recovery experiment, 75 is the electron longitudinal
relaxation time, and 7 depends on the nuclear spin-flip rates. The first time constant, 7, is
related to electron spin-flips [note that subsequently we will use T 150 and T to denote the
nitroxide longitudinal relaxation times in the absence and in the presence of Cu(Il), respectively].
Schwartz and Freed found that 7 decreases from the slow motional regime to the fast motional
regime, and finally 74 becomes constant in the fast motional regime (317).

All experimental recovery curves for both peptides fit well to equation 2-1. The value of
T was constant at 120 ns throughout the entire experimental temperature region, as expected
from theory (30, 31) for data in the fast motional regime. Figure 2-4 shows the longitudinal

relaxation rates for the alanine-based peptide with Cu(II) and without Cu(II) between 270 and
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Figure 2-4: Nitroxide longitudinal relaxation rates of the alanine-based peptide in the absence
(squares) and presence of Cu(Il) (triangles) and in the presence of Zn(Il) (circles). At each
temperature, the longitudinal relaxation time was measured several times, and the error values
were determined from twice the standard deviation. Addition of Cu(Il), a paramagnetic metal,

enhances the rate of the relaxation. Peptide concentrations were 250 uM in all experiments.
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314 K. As control, the longitudinal relaxation rates for the peptide in the presence of Zn(Il) (a
diamagnetic metal) are also shown. In the presence of coordinated Zn(Il), the nitroxide
relaxation rate of the peptide does not change dramatically, demonstrating that the metal binding
to the peptide does not change the peptide hydrodynamic radius. On the other hand, the nitroxide
relaxation rate in the alanine-based peptide is enhanced by the addition of copper ion (a
paramagnetic metal). The enhancement upon addition of Cu(Il) is 11% at 270 K and 53% at 314
K, indicating that the average distance, rzsr, decreases as the helix melts.

In Figure 2-5, the nitroxide relaxation rate for the proline-based peptide in the absence
and presence of Cu(Il) is shown as a function of temperature. The relaxation rate increases from
270 to 315 K, but the enhancement in nitroxide relaxation is fairly constant over the temperature
range. At 270 K the enhancement upon addition of Cu(Il) is 15%, and at 315 K it is 14%,
indicating that the average distance, rgsg, remains fairly constant over this temperature range.

The change in 1/T 10 can be due to two effects; (1) the fast relaxation of the paramagnetic
metal, and (2) the modulation of the electron electron dipolar interaction by the overall tumbling
of the peptide. As shown in appendix A, estimates of the enhancement based on the second effect
overpredict the experimental enhancements, indicating that this model is incorrect. Therefore, the
fast relaxation of the paramagnetic metal provides the principal mechanism for the change in
1/T ]SO in these peptides.

Using this, quantitative estimates of rzsz for the peptides may be obtained by using the
Bloembergen theory (32-34) as modified by Kulikov and Likhtenshtein for application to
systems containing a nitroxide and a paramagnetic metal (26-28). For the case of Cu(Il) and in

the fast motional regime:
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Figure 2-5: (a) A schematic of the proline-based peptide with polyproline type-II helical
structure. (b) Nitroxide longitudinal relaxation rates of the proline-based peptide in the absence
and presence of Cu(Il). Enhancement in relaxation rate due to addition of Cu(Il) is fairly constant.

Peptide concentrations were 250 uM in all experiments.

44



2 2 4
: T, 3-T, 6-T.
Defining K[gs g b x[ 2/ 4 v 2 B ,

10-7* 1+(0,-0,)’T,," 1+0'T," 1+(0,+,)'T,,’

-1/6 -1/6
) x 1 1 1 1
rESR = Kl/é X[{ZP(F)L?—FFJ}_F] - K1/6 X|:T__F:| (2_2)
5 1s s s s

where rgsg is the ESR determined average interspin distance between Cu(Il) and nitroxide, and f
and s denote the electron spin of Cu(Il) and nitroxide, respectively. The parameter 7T is the
electronic longitudinal relaxation time of the nitroxide in the absence of Cu(Il), and T is the
longitudinal relaxation time of the nitroxide in the presence of Cu(Il). The parameters 7¢ and T»¢
are the electronic longitudinal and transverse relaxation times, respectively, for Cu(Il). In
equation 2-2, the values of gy and g;, which represent the g factors for Cu(Il) and nitroxide
electron spins, are 2.1166 (/07) and 2.0061 (43, 108). Also, w¢ and ws, the resonant frequencies
for Cu(Il) and nitroxide, are 10.162 and 9.6317 GHz. The constant, f. is the Bohr magneton and
h is the Planck constant (%) divided by 2z. Finally, P(7) is the probability distribution, and »; and
r, is the lower and upper range in the distribution function.

Equation 2-2 is strictly valid under the condition ,uogsgfﬂeZT 1f/(47l'hVESR3) « 1. Using a Ty¢
of 3 ns (see below), the constant yields 0.03 at sz = 17 A and 0.01 at rzsg = 25 A, respectively,
demonstrating that equation 2-2 can be used for the distance range measured in the peptide (see

below).

* Average interspin distance measurements as peptide melts with temperature
The values of [1/Tys - 1/T}’] are determined experimentally for the alanine-based

peptide and proline-based peptide, respectively (cf. Figures 2-4 and 2-5b). To determine rgsg, the
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values of Tys, T»¢ [the longitudinal and transverse relaxation times for Cu(Il)] are required.
Although Ty = Ty in the fast motional regime, the parameters 7)s, 7> are, in principle,
temperature dependent. However, the data on the proline-based peptide suggest that for this
coordination geometry 7, T»r are constant over the measured temperature range.

Equation 2-2 was used to estimate the distance rgsz for the proline-based peptide using
the assumption that 7'¢ and 7»r are constant. In the analysis a value of 7ir= 7T>¢= 3 ns as reported
in the literature (109, 110) was used. Figure 2-6 shows the measured distance rzsz overlaid on the
CD data for the proline-based peptide. The CD data indicate that the net PPII structure is fairly
stable over this temperature range. Over the temperature range rgsgz changes from 24 to 21 A,
which is consistent with the stability of the PPII structure as indicated by CD. The measured
value of rggg is also relatively insensitive to the exact value of 7ijr. Changing the value of Ti¢
(=T»¢) over 2 orders of magnitude (i.e., from 0.1 to 10 ns) in equation 2-2 affects the obtained
distance, rgsg, by less than 10%. This is illustrated in the inset of Figure 2-6, which plots the
interspin distance at 285 K as a function of Ti¢ (=72¢). An average interspin distance of ~ 22-24 A
for proline-based peptide is also in accord with single molecule fluorescence and molecular
dynamics results on polyproline peptides (//7). Thus the assumption that 7 = T>¢ = 3 ns over
the temperature range is reasonable.

Thus, the change in rgsg for the alanine-based peptide as it melts can be determined by
using T'¢ = Tor = 3 ns in equation 2-2. Figure 2-7 shows the CD data and the ESR determined
Cu(II)-nitroxide interspin distances in the alanine-based peptide. The CD data indicate that the a-
helicity is greatest at the lowest temperature and decreases as the temperature is increased. The
content for three basic secondary structures, o-helix, B-sheet, and random coil, has been

estimated based on the CD spectra published in the literature (//2-114). Since many types of
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Figure 2-6: The Cu(Il)-nitroxide interspin distances for the proline-based peptide from 270 K to
315 K overlaid on the thermal unfolding profile for proline-based peptide obtained using CD.

Change of the interspin distance at 285 K as a function of 7 ( =T%s) is shown in the inset.
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Figure 2-7: Cu(Il)-nitroxide interspin distances for the alanine-based peptide from 270 K to 314
K overlaid on the thermal unfolding profile for the alanine-based peptide measured using CD. As
temperature increases, the a-helical contents of the peptide decrease from ~ 25 % at 270 K to ~

0 % at 314 K, indicating a loss of the stable structure.
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structures within a particular class are grouped together, the accuracy of the estimation is not
very high. Despite these uncertainties, the method is still reliable for monitoring changes in the
quantity of the helicity under the unfolding experiment. The a-helical contents of the alanine-
based peptide are estimated from ~ 25 % in the folded state to ~ 0 % in the unfolded state, with
the CD data in Figure 2-7. The change in interspin distances is clearly in concordance with the
change in helicity indicated by CD. As temperature increases, the Cu(ll)-nitroxide interspin
distance in the alanine-basedpeptide decreases from 25+ 0.8 A at 270 Kto 17 £ 0.5 A at 314 K,
respectively. When the relaxation rates of the peptide with Zn(IT) were used for 1/T}’ in equation
2-2, the Cu(Il)-nitroxide interspin distances are within experimental errors at all temperatures
except at 279 K. At this temperature the Cu(Il)-nitroxide distance was found to be 21.8 + 0.7 A
with the Zn(II) data instead of 20.8 + 0.5 A. The errors are estimated from experimental errors in
the measurement of 7 from multiple measurements and reflect uncertainties in the measurement

of the mean distance.

e Estimates of average measured distances in the presence of multiple conformations

The sample is characterized by a distribution in distance due to the flexibility in the
linker as well as the peptide backbone; the errors do not reflect the width of this distribution.
Since the ESR observable (i.e., the change in relaxation rate) depends on ¢, the ESR measured
average distance is biased toward shorter conformations. In order to estimate this bias we
consider that the range of interspin distances in the unfolded state of the peptide is characterized

by a Gaussian function as:

e—(r—ro )2/20'2 (2_3)



where 7, is the actual average distance and o is the standard deviation.
For a given distance, 7, the change in relaxation rate due to the presence of Cu(Il) may be

estimated using the Bloembergen equation (cf. equation 2-2):

2 2,4
L_ 1| |8 & B. y T, 4 3-T,, + 6-T,, (2-4)
o | 2.6 2 2 20 2 2m 2
I, T, 10-7°r I+(o, —0,)'T,," l+o/T, l+(o,+0,)T,

The constants in equation 2-4 are defined in the equation 2-2. A value of 1/7" of 5.80 x
10° s, which corresponds to the experimental value at a temperature of 300 K, was used.

A probability distribution, P(r), was defined by fixing 7, and o, and using equation 2-4
the change in 1/7}s upon addition of Cu(Il) was calculated for several r in the distribution
function. Equation 2-5 was used to determine the expected average distance (rzsg) from ESR

distance measurements:

gszgfzﬁf y Tzf N 3'Tlf n 6'T2f
10-7° 1+(0, -0,)’'T,," 1+o'T," 1+(o,+0)’T,,’

-1/6
rESR:Kl/()Xl:{ZP(’")'[rﬁé"’Tloj}_Tlo} (2-5)
i ls 1s

where P(r) is the probability distribution, and r; and r, is the lower and upper range in the

Defining «= [

distribution function.
As an example, Figure 2-8 shows the distance distribution with », =25 A and with o= 2,

3,4, or 5 A. Using equation 2-5, the ESR determined average distance, rzsz = 24.4 A, 23.6 A,

50



average distance = 25 A

0.20+

0.15

0.10

normalized P(r)

0.05

0.00

r (angstrom)

Figure 2-8: The comparison of the average distance from ESR distance measurements (shown
by filled circles) for several standard deviations, ¢ =2, 3, 4, or 5 A at the actual average distance

of 25 A.
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22.3 A and 20.1 A were obtained for o = 2, 3, 4, and 5, respectively. These values are shown as
filled circles in Figure 2-8. As the standard deviation increase, the average distance from ESR
shifts to shorter distances. Results for several other average distances, 7, are summarized in
Table 2-1.

A wide variety of literature suggests that for folded proteins and peptides containing two
flexible MTSSL linkers, ¢ ~ 3 A (106, 115). Therefore, in the folded state, the difference
between the measured average distance from ESR and the actual mean distance is estimated to
be within 7 ~ 20% for these peptides as long as the standard deviation of the distribution is

within 4 A.

* Interpretation of ESR distances in terms of two-state models of peptide unfolding

Unfolding in peptides is usually considered in terms of two-state cooperative or non-
cooperative models. The cooperative model is an all-or-none transition, and thus the peptide is
typically either completely folded or completely unfolded. If this transition is shown as an

equilibrium between two states,

k)

Folded

Unfolded (2-6)

2
the equilibrium constant (K) can be defined using the helicity of the peptide (6) (116).

© 2-7)

0
1-0
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Table 2-1: Average ESR distance with the different r, and o.

ro (A) resr (A) ro (R) resk (A) ro (A) resk (A)
oc=2 19.3 24 .4 29.6
oc=3 18.2 23.6 28.9
20.0 25.0 30.0
og=4 16.0 223 28.0
=15 10.7 20.1 26.5
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For the cooperative model the expected distance at a given point of the unfolding

pathway, Feooperative 1S glven by:

-1/6
L) 1 PSR 2 1 2 2 K 1 1
Fovoperaie = K X Ox———=e " L (1- ) x———=e T2 || 2y - (2-8)
cooperative ; O'f /272_ ( ) o ,272' 7"6 T o 7—1<0

u

In the non-cooperative model, folded residues and unfolded residues coexist in a peptide.
The fractional helicity is then given by 8 =k/M (117), where k is the number of contiguous
helical residues in the peptide and M is the total number of residues. Todd and Millhauser (/16)
assumed that the helicity is less in the ends of a peptide compared with the central regions. This

assumption is even more valid for our model system. Consequently, they defined the probability

of the helical residue in the central regions, P, (0) = %, when € <0.5.

With this assumption the equilibrium constant is given by:

_ PO 6
1-P,(0) 1-20

(2-9)

Thus, the average distance at a given temperature for the non-cooperative model, 7,,,-

cooperative 1S ZIVEN by

-1/6
S 1 ey [ I L[ (2-10)
T comerae = K X Ox———e " L (1-20) x ———=e 2 || Ty L —
non—cooperative ; Gf (27[ Uu /272_ r(y T o Tlsn

1s
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The fractional helicity of the peptide was estimated from the mean residue ellipticity at
220 nm of the CD data (118, 119). The variables, rris a fullyfolded distance, r, is a fullyunfolded
distance and oy and o, are the standard deviation of the fullyfolded and fullyunfolded state,
respectively. The other constants in equations 2-8 and 2-10 are explained in the equations 2-4
and 2-5. These four parameters were adjusted in order to fit with the measured ESR data and we
found that the fullyfolded distance, 7y is correlated with o and, the fullyunfolded distance, 7, is
correlated with o,.

In general, a range of parameters provided satisfactory fit to the experimental distance
changes with temperature and given that the experiments do not measure the distribution widths

(o, and oy) no clear distinction between the two models could be obtained (cf. Figure 2-9).

2.5  DISCUSSION

We have been able to resolve the change in average distance as an alanine-based peptide
melts with temperature. Each step of the folding pathway is encompassed by an ensemble of
conformations, and these experiments capture the average separation between two units at each
step. To infer the structural implications of these distances, we generated several ensembles with
the polyalanine segments in a-helical conformations and in extended PPII conformations (cf.
MATERIALS AND METHODS section). The average interspin distance in the a-helical
ensembles was found to be ~25 A, which is in good agreement with the experimental interspin
distance of ~25 A in the folded state of this alanine-based peptide. In the unfolded state, the ESR

measured interspin distance was ~17 A. Using single molecule fluorescence resonance energy
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Figure 2-9: The Cu(Il)-nitroxide interspin distances for the alanine-based peptide from 270 K
and 314 K compared to expected distances for cooperative or non-cooperative unfolding
transition model. The fitting parameters are ry~ 27 A, or~ 0.3 A, r,~20A, and 6, ~ 3 A for
cooperative model, and 7y~ 17 A, o~ 1.8 A, r, ~ 26 A, and ¢, ~ 4.5 A for non-cooperative
model, respectively. The range of parameters provides satisfactory fit to the experimental

distance changes with temperature.
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transfer (FRET), Gnanakaran et al. (/20) measured the average end-to-end distance of the 20-
residue alanine-based peptide to be ~30 A in the folded a-helical conformation and ~23 A in the
unfolded state. The decrease of average distance upon unfolding observed by the FRET
experiments is in agreement with the ESR results. The discrepancies in the actual distances are
possibly due to differences in the amino acid sequences and in the lengths of the fluorescence tag
versus the chelating residues.

The average distance should increase if the unfolded state of the alanine-based segment
is in an extended PPII geometry. In fact, the average interspin distance in the PPII conformation
in the molecular models is ~42 A, which is not consistent with the experimental interspin
distance of ~17 A in the unfolded state. The presence of a distribution in distances is not
sufficient to explain this discrepancy. Gnanakaran et al. (/20) estimated that ¢ value of the
peptide in the unfolded state is ~6.7 A (the entire distribution ranges from 5 A to 45 A.). Given
the smaller size of the spin label and based on this ¢ value, we anticipate ¢ < 6.7 A for our
peptide.

The average interspin distance in an extended PPII conformation in the molecular
models was found to be ~42 A. For an average distance of 42 A, the ESR measured distances are
estimated to be 40.6 A, 39.7 A, 38.4 A, and 32.6 A with 6 =4, 5, 6, and 6.7, respectively. The
actual ESR measured average distance was 17 A indicating that the peptide is not in an extended
PPII conformation (cf. Figure 2-10).

Experimental evidence from NMR and UV Raman indicates that individual alanine
residues sample ® and ¥ Ramachandran angles close to those corresponding to a PPII
conformation (82, 83, 86). However, the ESR experiments demonstrate that the PPII geometry

does not propagate into an overall extended fold, at least over 10 amino acid residues. This is
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Figure 2-10: The comparison of the average distance from ESR distance measurements (shown
by filled squares) for several standard deviations, o = 4, 5, 6, or 6.7 A at the actual average

distance of 42 A.
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consistent with recent small-angle X-ray scattering results, which found that the radius of
gyration of an unfolded polyalanine peptide is about 40 % lower than that expected of an
extended PPII helix (94). Our experiments, however, do not rule out the possibility that the PPII
geometry might extend over shorter stretches of amino acids. Future experiments which
systematically scan the nitroxide along the chain will directly shed light on this issue. While
useful in resolving the global structure of the peptides in the unfolded state, the experimental
data cannot measure the full distribution in distances. Therefore, the experimental variation of
average distances could not be used to provide further insight into the preferred model of folding.
These results of the average interspin distances also address a critical need for ESR techniques
that can measure nanometer scale distances at physiological temperatures. The experiments build
on recent research that measured interspin distances by calibrating the nitroxide line broadening
and line intensity due to interaction with a lanthanide (/217), a paramagnetic metal (79, 109, 122),
or another nitroxide (/2). The distinct advantage of the continuous wave approaches is that
widely available instrumentation and simple analysis can be used. The pulsed ESR results
described in this paper are, nevertheless, encouraging. First, the method retains the advantage of
a relatively straightforward analysis (26, 35-37, 78). Second, extension to larger distances might
be possible given the enhanced sensitivity of FT-ESR to small changes in relaxation rates
(especially homogeneous line widths). Third, the results describe an application of ESR to
monitor unfolding transition in model peptides. They can be extended to more complicated
folding processes in metalloproteins, as long as information on the relaxation rate of the metal is
available. It is also instructive to compare this technique to fluorescence resonance energy
transfer (FRET). While FRET can be sensitive to energy transfer over a larger length scale (ca.

10-12 nm), recent single molecule fluorescence results (//7) clearly indicate that molecular
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reorientations must be accounted for properly, to correctly interpret this energy transfer in terms

of distances, even for polyproline peptides.

2.6 SUMMARY

Our pulsed ESR results demonstrate the potential for directly monitoring structural
changes associated with the peptide unfolding under physiological conditions. In order to
measure the unfolding transitions of the alanine-based peptide, we describe a scheme for tagging
the peptide with a Cu(II) and a nitroxide and we show the enhancement in longitudinal relaxation
rate of the nitroxide due to the presence of the fast relaxation of the paramagnetic metal, [Cu(II)].
This changes in relaxation rate of the nitroxide is inverted to measure the average interspin
distance between Cu(Il) and nitroxide. As the peptide unfolds with increasing temperature, the
interspin distance, rgsg, changes and we use the ESR distance measurement method to monitor
structural changes associated with unfolding transitions. Data on a proline-based peptide, which
forms a stable polyproline type II (PPII) structure, illustrates the robustness of the method. In the
alanine-based peptide, the average interspin distance between Cu(Il) and nitroxide decreases
from 25 A in the folded a-helical state to 17 A in the unfolded state. From the molecular
dynamic simulation, when the polyalanine peptides unfold to PPII structure, the average
interspin distance is increased to 42 A. As a conclusion, the ESR data shows that the unfolded

state of this alanine-based peptide is not an ideal extended PPII geometry.
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3.0 THE AGGREGATED STATE OF AMYLOID-$ PEPTIDE IN VITRO DEPENDS

ON Cu(II) ION CONCENTRATION

Part of this work, written in collaboration with Sunil Saxena, has been published in the
Angewandte Chemie International Edition, 2007, V.46, (a) pages 3959-3961 and (b) page 5263

(123).

3.1 ABSTRACT

In this work, we demonstrate a direct correlation between Cu(Il) coordination in AP aggregates
and the overall morphology of AP aggregates. The Cu(Il) environment in aggregated AP was
probed by continuous wave (CW) electron spin resonance (ESR) and pulsed electron spin echo
envelope modulation (ESEEM) ESR spectroscopy. At the same time, transmission electron
microscopy (TEM) images were obtained in order to determine overall morphology of the
aggregates. At low [Cu(Il)]:[Ap] ratios the Cu(Il) is coordinated to at least one histidine in the
AP peptide in the aggregated state. This coordination weakens as the [Cu(Il)]:[AB] ratio
increases and the metal becomes increasingly exposed to either exchangeable hydrogens or water.
These results were obtained on a Tris buffer. Images obtained using TEM indicate that at low
concentrations of Cu(Il) the aggregates are mature fibrils while at high Cu(Il) concentration

granular aggregates result whose morphology resembles that of early stage aggregates. Both ESR
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and TEM results suggest that the misfolding mechanism of AP is dependent on Cu(Il) ion

concentration.

3.2 INTRODUCTION

Despite significant progress, there is still uncertainty about the molecular basis for the
onset of Alzheimer’s disease (AD). The misfolding of amyloid-B peptide (AB), wherein soluble
peptide aggregates form plaques in the neuropil, is central to this process. Recent research
indicates that intermediates of AP formed at the early stages of aggregation of AP} are more toxic
than the fully formed fibrils (124, 125). A leading hypothesis for the toxicity is the generation of
hydrogen peroxide during the early stages of aggregation (/25). Results in vitro indicate that
metal ions like Cu(Il) and Zn(II) ions affect the rate of formation of fibrils (/26, 127). Even more
intriguingly, it is believed that Cu(Il) ions stabilize the toxic early-stage aggregates of AB (/2§-
130), whereas Zn(II) ions rapidly induce the AP amyloid formation (/26). The concentrations of
Cu(II) and Zn(II) ions in plaques found in the brains of Alzheimer’s patients are as high as 400 -
1000 uM (131, 132), which suggests that the results in vitro have real significance in vivo (/31).

Given that the physiological concentration of AB(1—40) is believed to be 15 uM (133), it is

interesting to systematically examine the role of metal ions in AP aggregation, especially at high
copper concentrations. Herein, we show that the copper-binding geometry in aggregated AP
changes with copper concentration. The overall morphology of the aggregates also depends on

the concentration of Cu(ll) ions. Together, the data suggest that microscopic metal-Af
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interactions play a major role in dictating the aggregated state of AB. Our results also indicate

that the misfolding mechanism of Af is dependent on the concentration of Cu(Il) ions.

3.3 MATERIALS AND METHODS

® Sample Preparation

Hexafluoroisopropanol (HFIP) treated AP(1-40) (Asp-Ala-Glu-Phe-Arg-His-Asp-Ser-
Gly-Tyr-Glu-Val-His-His-GIn-Lys-Leu-Val-Phe-Phe-Ala-Glu-Asp-Val-Gly-Ser-Asn-Lys-Gly-
Ala-Ile-Ile-Gly-Leu-Met-Val-Gly-Gly-Val-Val) was purchased from rPeptide and was > 97%
pure. The peptide was resuspended in 1% NH4OH, at a concentration of 1lmg/ml. After
resuspension, sample of soluble AP was prepared by adding buffer containing 100 mM Tris, 150
mM NaCl, and a pH of 7.4. The peptide concentration was determined using a calibration curve
generated with BSA (bovine serum albumin) standards. To prepare aggregates, AB(1-40) was
incubated at 37 °C for 4 - 5 days in the presence of appropriate Cu(Il) concentration. Based on

the circular dichroism data, the 4 - 5 days were sufficient to form aggregates.

e Circular Dichroism (CD) Spectroscopy

The B-sheet conformation of AB(1-40) aggregates was monitored with CD spectroscopy.
The peptide was dissolved in 25 mM MES buffer, a pH of 6, and at peptide concentration of 29
uM. Spectra were recorded on an AVIV model 202 circular dichroism spectrometer over the

wavelength range of 195-255 nm with a step size of 1 nm, a 1 nm bandwidth, and a scan rate of
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2 nm/sec. The first spectral curve was obtained 26 minutes after starting fibril formation and the

formation of AP fibrils under this condition takes ~ 1500 min. (cf. Figure 3-6a).

o Thioflavin-T (ThT) Fluorescence Measurements

In order to determine AB(1-40) fibril growth endpoints, fluorescence measurements were

performed on HORIBA Jobin Yvon FluoroMax-3 fluorescence spectrometer at an excitation of
440 nm and emission of 483 nm. A 1.5 uM ThT solution at pH 7.4 was prepared by dissolving
solid ThT (Acros Organics) in a Tris buffer and the 100 pM AP solution in the presence of a
range of Cu(Il) ion concentrations of 15 pl was added to 2 ml of the ThT solution. The sample

was placed in a quartz cell with a 1 cm path length for the measurements.

® Electron Spin Resonance (ESR) Spectroscopy

Spectroscopic experiments were performed on a Bruker EleXsys E580 X-band CW/Pulse
ESR spectrometer equipped with a Bruker ER 4118X-MS3 split-ring or a ER 4118X-MD5
dielectric resonator. The temperature was controlled using an Oxford ITC503 temperature
controller and an Oxford ER 4118CF gas flow cryostat.

All continuous wave (CW) — ESR spectra were collected at 80 K, with microwave power
= 1.993 mW, modulation amplitude = 1 G, time constant = 40.96 ms, conversion time = 81.92
ms, and a sweep width of 1200 G. Three-pulse electron spin echo envelope modulation
(ESEEM) ESR spectra of aggregated AB(1—40) were collected at 20 K by using a 7/2—t—n/2—T—n
/2 pulse sequence with a 7/2 pulse width = 16 ns, 7 = 120 ns, 7 increment = 16 ns, and 100

averages per point.
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® Transmission Electron Microscopy (TEM)
Samples were prepared on 200-mesh formvar films coated with a layer of carbon and
negatively stained with 1% uranyl acetate. The images were collected with a FEI Morgagni 268

transmission electron microscope at University of Pittsburgh, Department of Biological Sciences.

3.4  RESULTS AND DISCUSSION

Figure 3-1 shows the continuous wave (CW) electron spin resonance (ESR) spectra of
Cu(Il) ions bound to AP(1-40) aggregates at three different metal/peptide ratios. To prepare
aggregates, AP(1-40) was incubated at 37 °C for 4 — 5 days in the presence of an appropriate
concentration of Cu(Il) ions. The CW-ESR spectra provide information on strong interactions
between the Cu(Il) electron and neighboring nuclei (cf. Figure 1-6a). The magnitude of g (the
parallel component of the axially symmetric g tensor) and A (the parallel component of the
hyperfine interaction) are dependent on, among many factors, the ligand environment of Cu(II)
ions (45). Peisach and Blumberg have described how g and A are used for the assignment of
coordinating nitrogen and oxygen atoms of the copper binding site (cf. Figure 1-7) (45).

At low [Cu(II)]:[AB] ratios (shown in Figure 3-1a), the spectrum has the value, g = 2.27
and Aj = 160 G ( = 15 mK), which suggests that the Cu(Il) ion has a three nitrogen and one
oxygen coordination environment (3N10) (45, 46, 53). Recently, Shin and Saxena used isotopic
>N labeled peptides to demonstrate that this site is coordinated by all three histidine residues
(H6, H13, and H14) (/34). With increasing amounts of Cu(Il) ions, a new set of hyperfine lines,

shown by the dashed lines in Figure 3-1, is observed. These lines have a g = 2.24 and A = 190
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Figure 3-1: CW-ESR spectra of Cu(Il) ions in aggregates of AP(1-40). The spectra are at
[Cu(ID)]:[AB] molar ratios of (a) 1, (b) 4, and (c) 6. With increasing amounts of Cu(II) ions, a
new set of hyperfine lines, shown by the dashed lines, is observed. Peptide concentrations are

100 uM in all experiments.
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G (=17.8 mK) (Figure 3-1b and c), which can be assigned within any range of the four different
coordinating environments, 4N, 3N10, 2N20, or IN3O (45, 46, 53) (cf. Figure 1-7). This
potential ambiguity was overcome by Barnham and co-workers. In a recent paper, they have
used multifrequency CW-ESR spectroscopy using site-specific '’N-labeling in order to
demonstrate two different 3N10 Cu(Il) coordinations in AP (/35). Kowalik-Jankowska and co-
workers also supported two different 3N10O Cu(Il) binding sites using potentiometric and
spectroscopic methods (736).

The CW-ESR results are complemented by pulsed electron spin echo envelope
modulation (ESEEM) ESR spectroscopy, which probes the interactions of the electron spin with
more distant nuclei (cf. Figure 1-6b). The field-swept echo-detected experiment was performed
in order to determine the appropriate magnetic field position for the ESEEM experiment. Three

pulse ESEEM spectra obtained at 20 K at the g, region (corresponding to the absorption

maximum) of the field-swept echo-detected spectra are shown in Figure 3-2. Figure 3-3 shows
the three-pulse ESEEM spectra of five different Cu(Il) ion concentrations on AB(1-40). In
Figure 3-3a, the ESEEM spectrum of [Cu(Il)]:[AB] at a ratio of 0.2 contains peaks below 5 MHz.
The three-pulse ESEEM experiment detects the modulation of the Cu(II) spin echo from the HN
nuclei (/ = 1) of surrounding amino acids, and the remote nitrogen of the histidine imidazole
provides characteristic frequencies in the ESEEM spectrum (46, 48, 53). In Figure 3-3a, the
peaks below 2 MHz can be assigned to a nuclear quadrupole interaction and the peak around 4
MHz is due to a double quantum transition of the remote nitrogen of the histidine imadazole (46,
48, 53). This is direct evidence that the Cu(Il) ion is bound to the N-terminal region of AB(1-40),
which includes three histidines (H6, H13, and H14), as has been proposed before by the work of

Syme et al. and Karr et al (137, 138).
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Figure 3-2: Field-swept echo-detected spectrum at a [Cu(Il)]:[AB] ratio of 1. The gjand g,

regions of the absorption spectrum are roughly indicated.
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Figure 3-3: Three-pulse ESEEM spectra of aggregated AB(1-40). The data are at Cu(Il) ion to
peptide ratios of (a) 0.2, (b) 0.6, (¢) 1, (d) 4, and (e) 6. At low [Cu(II)]:[AP] ratios, the peaks
below 5 MHz indicate that the Cu(II) ion is coordinated to at least one histidine of the A peptide.
This coordination weakens as the [Cu(Il)]:[AB] ratio increases. Peptide concentrations are 100

UM in all experiments.
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The presence of spectral features between 2 — 4 MHz indicates that electron spin of the
Cu(Il) ion interacts with more than one nitrogen, which is consistent with interaction with
multiple histidines (50). The Cu(Il) ion coordination might also be associated with the "N of the
neighboring amide bonds (53). Indeed, NMR experiments suggest that the amide bond between
E3 - V18 may be involved in metal binding (/39). The large line widths indicate that the Cu(II)
ion coordination environment is heterogeneous.

Systematic ESEEM experiments indicate that the peaks below 5 MHz become broader as
the Cu(Il) ion concentration increases, and the peaks therefore have increasingly lower
amplitudes. Figure 3-4 shows the three pulse ESEEM spectra obtained at three different
magnetic fields for AB(1-40) assembled with a [Cu(II)]:[AB] ratio of 6. These data provide more
evidence for peak broadening below 5 MHz. The peaks below 5 MHz are very broad indicating
that the 3N10 coordination becomes more heterogeneous at this ratio. Furthermore, another peak
at approximately 14 MHz emerges clearly. Figure 3-3d shows the results at a [Cu(II)]:[AP] ratio
of 4. The peak at 14 MHz, in addition to the peaks below 5 MHz, is clear. In Figure 3-3e, where
the [Cu(II)]:[Ap] ratio is 6, the peak at approximately 14 MHz is dominant. The 14 MHz peak is
characteristic of electron—nuclear interactions between the unpaired electron and proton spins
(note that ESEEM does not probe directly coordinated nuclei, shown in red region in Figure 1-
6b) (/40). The 14 MHz proton ESEEM peak in Figure 3-3e is eliminated when the sample is
prepared in D,0, indicating that the peak is due to the interaction with hydrogen from the solvent
or from exchangeable protons (cf. Figure 3-5). Together, the CW-ESR and ESEEM results
suggest that the 3N10 coordination becomes more heterogeneous and water accessible as the

[Cu(ID)]:[Ap] ratio increases.
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Figure 3-4: Three pulse ESEEM spectra at three different magnetic fields with a [Cu(II)]:[AB]
ratio of 6. The ESEEM peaks are broader at this ratio compared with at low Cu(II) concentration

indicating that the Cu(Il) coordination in AB(1-40) weakens as the [Cu(II)]:[AB] ratio increases.
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Figure 3-5: Three pulse ESEEM spectra of AP(1-40) assembled with Cu(Il) to peptide ratio of

10 in (a) H,O and (b) D,O. The 14 MHz proton ESEEM peak is eliminated in D,O suggesting

that the peak is from the interaction with hydrogen of solvent.
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In order to investigate the formation of the -sheet structures in AB(1-40), the secondary
structure of AP in the absence of Cu(Il) was monitored using circular dichroism (CD)
spectroscopy. Initially, the spectral curve of AP has a minimum mean residue ellipticity at 197
nm as shown in Figure 3-6a. This peak is characteristic of an unordered backbone structure. As
time increases the peak at 197 nm grows more positive and the peak at 220 nm becomes more
negative, indicating that AP undergoes a conformational transition into a B-sheet structure. In
addition, the formation of B-sheet structure for AP at different Cu(Il) ion concentrations as a

function of time was examined at a single wavelength, 220 nm. As shown in Figure 3-6b, AB(1—

40), in the absence of Cu(Il), forms significant B-sheet content over a slower timescale. At high
Cu(II) ion concentrations the rapid assembly is accompanied with a decreased amount of B-sheet
content. This result indicates that at high concentration of Cu(Il) ions, such as a [Cu(Il)]:[AB]
ratio of 6 or 10, the Cu(Il) ion affects the formation of the B-sheet structures in AP aggregates.
TEM images of the aggregated state of A demonstrate a transition with an increasing
Cu(Il) ion concentration. In Figures 3-7a,b and c, at low concentrations of Cu(Il) ions, the TEM
image shows that AB(1-40) forms fibrillar precipitates that have an extensive linear shape. At
high Cu(Il) ion concentrations (Figure 3-7f), short and granular aggregates result, and this
morphology resembles that of previously described early-stage intermediates (125, 141). At 2
mol equivalents of Cu(Il) to the peptide (see Figure 3-7d) both linear fibrils and granular
aggregates are observed. The total AB(1-40) fibril content was also assessed with the thioflavin-
T (ThT) fluorescence measurements. When the AP(1-40) forms the aggregates with increasing
concentration of Cu(Il) ions, ThT fluorescence intensity is decreased, indicating a loss of AB(1—

40) fibrils (cf. Figure 3-8).
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Figure 3-6: (a) CD spectra of AB(1-40) in the absence of Cu(Il) over time. (b) Mean residue
ellipticity at 220 nm as a function of time for AP in the presence of different Cu(Il) ion
concentrations. AP undergoes a conformational transition from a random coil to a B-sheet

structure. Peptide concentrations are 29 pM in all experiments.

75



a. [Cu(I]AB] = 0.2

N o,

b. [Cu(I)}:[AB] = 0.6

Figure 3-7: Negatively stained TEM images of aggregated AB(1-40). The scale bars correspond
to 100 nm. The images are for aggregates prepared at [Cu(II)]:[AB] ratios of (a) 0.2, (b) 0.6, (¢) 1,
(d) 2, (e) 4 and (f) 6 at 37 °C for 4-5 days. The overall morphology changes as the concentration

of the Cu(Il) ions increases.
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Figure 3-8: (a) ThT fluorescence emission spectra of AP(1-40) and (b) ThT fluorescence
intensity at 483 nm of AB(1-40) at a range of [Cu(Il)]:[AB] ratio. ThT fluorescence intensity at

483 nm is decreased as the Cu(Il) concentration increases, indicating a loss of fibril.
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The phase memory time, 7,,, was also obtained from AP(1-40) aggregates at different
Cu(Il) ion concentrations. As shown in Figure 3-9, the 7, substantially increases up to 2
equivalents of Cu(Il) ion and then plateaus with a 7, value of approximately 4000 ns. In the
presence of an equimolar or subequimolar amount of Cu(Il), the TEM images showed only
fibrils. However, at [Cu(Il)]:[AB] ratio of 2 or greater, both fibrils and granular aggregates were
observed in the TEM images. Together, the data suggests that the 7, of the granular aggregates
is longer than that of the fibrils and demonstrates the correlation between the 7, and overall
morphology of AB(1-40).

The changes in morphology of aggregated AP with Cu(Il) ions are different from those
observed for the case of Zn(Il) ions. Lynn and co-workers showed that the fibril morphology
changes from a thin-linear shape to thick ribbons as the [Zn(II)]:[AB] ratio increases (/42). These
differences in morphology might be due to the different coordination environments of the two
metals. At a pH value of 7.4, the Zn(II) ion binding site involves inter-peptide interactions and is
believed to lie between two different peptide sheets (728, /43). The Cu(Il) ion binding geometry
is largely intra-peptide in nature (/28, 143), especially at low Cu(Il) ion concentrations as
demonstrated by the ESR results (Figures 3-1 and 3-3).

As a conclusion, our ESR and TEM results demonstrate a correlation between specific
Cu(II) ion coordination and the overall morphology of aggregates. At low [Cu(II)]:[Ap] ratios,
the Cu(Il) ion is coordinated to the histidine(s) of the AP peptide. As the [Cu(Il)]:[AB] ratio
increases, this coordination becomes more heterogeneous and the metal becomes exposed to
water or to exchangeable protons on the peptide. Images obtained by using TEM indicate that at
low concentrations of Cu(Il) ions, the aggregates are mature fibrils, whereas at high Cu(II) ion

concentrations, granular aggregates result. Together, these data suggest that the misfolding
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Figure 3-9: The phase memory time, 7, plotted versus molar ratio of Cu(Il) ions to AB(1-40).
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mechanism is dependent on Cu(Il) ion concentration.

It is believed that the misfolding of AP proceeds via the rapid formation of early stage
intermediates (/47). Over a slower timescale these intermediates aggregate to form mature fibrils.
The sequence is shown in Figure 3-10. Metal ions like Zn(II) and Cu(Il) are believed to stabilize
the early stage intermediates. Our results, illustrated in Figure 3-10, indicate that the eventual
morphology of the aggregates depends on the concentration of Cu(Il) — granular aggregates form
at high Cu(Il) concentrations while mature fibrils at low metal concentrations. The overall
morphology as revealed by TEM images of the granular aggregates is similar to the morphology
of early stage toxic intermediates. Our data also indicates that the Cu(Il) binding environment in
the granular early stage aggregates is distinctly different from the binding environment in mature
fibrils. This suggests that microscopic metal - AP interactions play a major role in dictating the
eventual morphology of AP aggregates. A systematic understanding of the atomic level structural
details of Cu(Il) - AP interactions is necessary in order to shed light on the mechanism of AP
misfolding. The results will aid in the development of chelation approaches for therapy as well as

improve our understanding of the biochemical basis for toxicity.
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4.0 THE SECOND Cu(II)-BINDING SITE IN A PROTON-RICH ENVIRONMENT
INTERFERES WITH THE AGGREGATION OF AMYLOID-$ (1-40) INTO AMYLOID

FIBRILS

This work, written in collaboration with Joel R. Gillespie, Byong-kyu Shin, and Sunil Saxena,

has been published in Biochemistry, 2009, V.48, pages 10724-10732 (144).

4.1 ABSTRACT

The overall morphology and Cu(II) ion coordination for the aggregated amyloid-p(1-40) [AB(1-
40)] in N-ethylmorpholine (NEM) buffer are affected by Cu(Il) ion concentration. This effect is
investigated by transmission electron microscopy (TEM), atomic force microscopy (AFM), and
electron spin echo envelope modulation (ESEEM) spectroscopy. At lower than equimolar
concentrations of Cu(Il) ions, fibrillar aggregates of AP(1-40) are observed. At these
concentrations of Cu(Il), the monomeric and fibrillar AB(1-40) ESEEM data indicate that the
Cu(Il) ion is coordinated by histidine residues. For aggregated AB(1-40) at a Cu(I):Ap molar
ratio of 2:1, TEM and AFM images show both linear fibrils and granular amorphous aggregates.
The ESEEM spectra show that the multi-histidine coordination for Cu(Il) ion partially breaks up

and becomes exposed to water or exchangeable protons of the peptide at a higher Cu(Il)
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concentration. Since the continuous-wave electron spin resonance results also suggest two
copper-binding sites in AB(1-40), the proton ESEEM peak may arise from the second copper-
binding site, which may be significantly involved in the formation of granular amorphous
aggregates. Thioflavin T fluorescence and circular dichroism experiments also show that Cu(II)
inhibits the formation of fibrils and induces a nonfibrillar B-sheet conformation. Therefore, we
hypothesize that AB(1-40) has a second copper-binding site in a proton-rich environment and the
second binding Cu(Il) ion interferes with a conformational transition into amyloid fibrils,

inducing the formation of granular amorphous aggregates.

4.2 INTRODUCTION

Amyloid-f (AB) peptide, a small peptide that is composed of 39—43 amino acids, is the
main constituent of amyloid deposits found in Alzheimer’s Disease (AD) (/45). This peptide
exists as a normal soluble random coil and undergoes a conformational transition to an insoluble
aggregated, fibrillar B-sheet-rich form. It is believed that the progression of AD is correlated with
the AP intermediates rather than the amyloid plaques (141, 145-148) and that Cu(Il) stabilizes
the neurotoxic early-stage intermediates of AP (/28-130). Since this neurotoxicity is dependent
partly on the state of aggregation in AP, one of the goals in AP research is focused on
characterizing the copper coordination, which can be involved in promoting (/32) or inhibiting
(127, 129, 130) amyloid fibril formation.

Electron spin resonance (ESR) spectroscopy has shown that Cu(Il) is coordinated with

histidine residues in the flexible N-terminal region of AP. A smaller fragment, AB(1-16), has
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been considered as a suitable model for investigation of Cu(Il) ion coordination (749, 150). The
peptide, AB(1-16), is not aggregated at physiological pH and is traditionally believed to have a
copper coordination geometry identical to that of the longer, fibril-forming peptides, AB(1-40)
and AP(1-42). We have used isotopic °N-labeled peptides to demonstrate that the copper-
binding site in AP(1-16) is coordinated by all three histidine residues (H6, H13, and H14),
providing three nitrogen donors to the Cu(Il) ion (/34). Barnham and co-workers have used
multifrequency continuous-wave (CW) ESR spectroscopy to resolve the superhyperfine
interaction between the Cu(Il) ion and the ligand nuclei of AB via selective N labeling of
specific ligand nuclei. They have also demonstrated two different 3N1O Cu(Il) coordination
environments involving D1, H6, H13, or H14 in AB(1-16) (/35). However, the longer peptide,
AB(1-40), includes AP(17-21), which is known to be crucial for fibril formation (/57-155). In
recent reports, there has been evidence of additional binding sites in longer sequences of AB. In
particular, Viles and co-workers reported that AB(1-28) has two copper-binding sites for a single
peptide (/37) and, recently, demonstrated that two copper-binding sites are present in AB(1-42)
in a water/methanol mixture (80:20, v/v) (/50). Bush and co-workers also demonstrated two
cooperative copper-binding sites in AB(1-40) at pH 7.4 (156). Intriguingly AB(1-40) forms
granular amorphous aggregates instead of amyloid fibrils at greater than equimolar Cu(Il) ion
concentrations (/23, 157).

In this study, we suggest two copper-binding sites in the AP(1-40) aggregates and
provide evidence that the second copper-binding site interferes with the conformational
transition into amyloid fibrils. By preparing aggregates at different Cu(II) concentrations, we
systematically examine different morphological species of AB(1-40), such as monomers, fibrils

and amorphous aggregates, by a variety of spectroscopic and imaging techniques. We
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demonstrate that greater than equimolar Cu(Il) concentrations disrupt the formation of regular
amyloid fibrils in favor of granular amorphous aggregates based on transmission electron
microscopy (TEM) and atomic force microscopy (AFM) images, reduced thioflavin T (ThT)
fluorescence emission, and alterations of the far-UV circular dichrosim (CD) spectrum of the
peptide. The electron spin echo envelope modulation (ESEEM) spectra for different aggregated
stages of AB(1-40) in N-ethylmorpholine (NEM) buffer suggest that the copper coordination
environments of monomers and mature fibrils are identical (/49, 150). On the other hand,
distinct differences between the copper coordination environment of monomers and amorphous
aggregates of AP(1-40) exist. The aggregates of AB(1-40) have a second copper-binding site,
which is exposed to a proton-rich environment. Potentially this site disrupts protein—protein

interactions that lead to formation of fibrils.

4.3 MATERIALS AND METHODS

® Sample Preparation

AB(1-40) (DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV)  was
synthesized at the Molecular Medicine Institute, University of Pittsburgh, using standard
fluorenylmethoxycarbonyl chemistry. AP(1-40) was purified by high-performance liquid
chromatography and characterized by mass spectrometry. The peptide was dissolved in 1%
NH4OH, and the pH value was adjusted to 7.4 with hydrochloric acid. The AB(1-40) solution
was diluted to the final concentration of 300 uM with a pH 7.4 buffer solution containing 50 mM
NEM and 25% (v/v) glycerol. Isotopically enriched (98.6%) “*CuCl, was purchased from
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Cambridge Isotope Laboratory (Andover, MA) and a Cu(Il) solution was prepared in the same
NEM buffer. The enriched isotope was used to minimize inhomogeneous broadening of the
Cu(Il) ESR spectra. To prepare aggregates, AB(1-40) was incubated at 37 °C for several days in

the presence of appropriate Cu(I) concentration.

® Electron Spin Resonance Spectroscopy

For pulsed ESR experiments, 150 pL of peptide solution was transferred into a quartz
tube with an inner diameter of 3 mm. All experiments were performed on a Bruker EleXsys
E580 X-band CW/Pulse ESR spectrometer equipped with a Bruker ER4118X-MDS5 dielectric
ring resonator. The temperature was controlled using an Oxford ITC503 temperature controller
and an Oxford ER 4118CF gas flow cryostat.

Three-pulse ESEEM spectra of the AB(1-40) were recorded at 20 K by using a w/2 — 1 —
n/2 — T — = /2 pulse sequence with a /2 pulse width of 16 ns. The first pulse separation, t, was
set at 200 ns, and the second pulse separation, 7, was varied from 400 ns with a step size of 16 ns
for a total of 1024 points with 100 averages collected per point. The unwanted signals were
eliminated by a four-step phase cycle (158, 159). The data were baseline-corrected and Fourier-
transformed to produce the ESEEM spectra. The magnitude of the FT data is shown for all
ESEEM spectra.

Hyperfine sublevel correlation (HYSCORE) experiments were also performed with
APB(1-40) at 20 K by using an/2 —t—n/2 — t; — n — t, — n /2 pulse sequence with /2 and = pulse
widths of 16 ns and 32 ns, respectively. The first pulse separation, t, was set at 200 ns, and both
the second and third pulse separations, #; and #,, respectively, were varied from 200 ns with a

step size of 16 ns and 100 averages per point. The final data consisted of 256 points in both
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and #,. The data were baseline-corrected, zero-filled to 512 points, and Fourier-transformed to
produce the HYSCORE spectra.

For CW ESR experiments, 30 pL of suspended aggregated peptide was transferred into a
quartz tube with an inner diameter of 2 mm (Vitrocom, Mountain Lakes, NJ). All CW ESR
spectra were recorded at 80 K with a microwave power of 0.1993 mW, a modulation amplitude

of 4 G, a time constant of 40.96 ms, a conversion time of 81.92 ms, and a sweep width of 2000 G.

® Thioflavin T Fluorescence Assays

To determine the AP(1-40) fibril growth endpoints, fluorescence measurements were
performed on a HORIBA Jobin Yvon FluoroMax-3 fluorescence spectrometer at an excitation of
440 nm (bandwidth of 5 nm) and emission of 485 nm (bandwidth of 5 nm). A 3 uM ThT solution
at pH 8.6 was prepared by dissolving solid ThT (Acros Organics USA, Morris Plains, NJ) in a 50
mM glycine-NaOH buffer (/60) and stored in a brown bottle to prevent degradation by light. A
13 pL aliquot of the 300 uM AP(1-40) solution in the presence of a range of Cu(ll) ion
concentrations was added to 3 mL of the ThT solution. The sample was placed in a quartz cell

with a path length of 1 cm (NSG Precision Cells Inc., Farmingdale, NY) for the measurements.

e Circular Dichroism Spectroscopy

The B-sheet conformation of AB(1-40) was monitored with CD spectroscopy. The AB(1-
40) sample was diluted to a final concentration of 28 pM with NEM buffer. Spectra were
recorded on an AVIV model 202 circular dichroism spectrometer over the wavelength range of
198-270 nm with a step size of 1 nm, a 1 nm bandwidth, and a scan rate of 2 nm/s. The

temperature was fixed at 25 °C using the temperature control. The samples contained 400 pL of
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the peptide solution in a 0.1 cm path length quartz cuvette. The background was subtracted from

each spectrum, but no additional filtering or noise reduction was applied.

® Transmission Electron Microscopy

Peptide samples were prepared on 200 mesh copper grids coated with Formvar support
films stabilized with a layer of carbon (Ted Pella, Inc., Redding, CA). Samples were applied
either with a jet sprayer or by the droplet method (/67) and were negatively stained with a
solution of 1% uranyl acetate. Images were collected with a FEI Morgagni 268 transmission
electron microscope operating at 80 keV at the Department of Biological Sciences (University of
Pittsburgh) or a JEOL JEM-2100F high-resolution field emission transmission electron
microscope operating at 200 keV at the Peterson Institute for Nanoscience Nanoscale Fabrication

and Characterization Facility.

® Atomic Force Microscopy

Each of the AP(1-40) samples was diluted to ~ 1 or 2 pM with deionized water in an
Eppendorf tube, and aliquots of 5 uL. were removed from the diluted solution and placed on a
freshly cleaved mica surface and air-dried. All images were obtained under ambient conditions
with a Veeco Nanoscope IIIA atomic force microscope with a Dimension 3100 controller (Veeco
Metrology Inc., Santa Barbara, CA) operating in tapping mode using sharp diamond probes
(series DP15, MikroMasch USA, San Jose, CA). Scanning parameters varied with individual tips
and samples, but typical values were as follows: setpoint, 1.1-1.3 V; tapping frequency, 290-330
kHz; scan rate, 1 Hz. The AFM image processing and analysis were performed using ImagelJ

(162).
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44  RESULTS AND DISCUSSION

® The morphology of AP (1-40) aggregates is altered by the Cu(Il) ion concentration in NEM
buffer.

We have already demonstrated a direct correlation between the overall morphology of
AP(1-40) aggregates and the specific Cu(Il) coordination in the AP(1-40) aggregates in our
previous work (/23). The ESR results were all obtained from AB(1-40) in Tris buffer, which
might contain a signal from aqueous Cu(Il). To investigate the effect of buffer on the overall
morphology and the ESEEM signal of AB(1-40), we prepared the peptide samples in N-
ethylmorpholine (NEM), and compared the data with those collected in Tris buffer. It is known
that NEM buffer minimizes the ESR signal from aqueous Cu(Il) ions at neutral pH (~ 7.4) (46).

The overall morphology of mature aggregated AB(1-40) in NEM buffer was examined by
high-resolution transmission electron microscopy (TEM) and atomic force microscopy (AFM)
imaging. To prepare aggregates, AP(1-40) was incubated at 37 °C for 5-6 days in the presence
of an appropriate Cu(Il) concentration. In the presence of an equimolar or subequimolar amount
of Cu(Il), the peptide exclusively forms fibrillar precipitates that have an extensive nonbranching
linear shape. Representative fibril images are shown in panels a and b of Figure 4-1 (TEM
images) and panels e and f of Figure 4-1 (AFM images). Figure 4-1d (TEM image) and Figure 4-
1h (AFM image) show the AB(1-40) aggregates at a Cu(I): AP molar ratio of 6:1. At this Cu(Il)
ion concentration, only amorphous aggregates rather than well-ordered fibrils exist. When the
peptide was prepared with a Cu(Il):Ap molar ratio of 2:1, both linear fibrils and granular

amorphous aggregates were observed (cf. Figure 4-1c, g). Note that in Figure 4-1g the fibril
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Panel 1: EM images

Cu(I):AB(1-40) (molar ratio)

Figure 4-1: (a—d) TEM images of aggregated AB(1-40) with Cu(Il):Ap ratios of (a) 0.25:1, (b)
1:1, (¢) 2:1, and (d) 6:1. The scale bar is 100 nm. (e-h) Corresponding AFM images of
aggregated AB(1-40) with Cu(Il):Ap ratios of (e) 0.25:1, (f) 1:1, (g) 2:1, and (h) 6:1. The scale
bar is 200 nm. The aggregates are prepared in NEM buffer, and the images suggest a significant
increase in the proportion of granular amorphous aggregates as the concentration of Cu(Il) is

increased.
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structure is not as clear as the AP fibrils in Figures 4-1e, f because the amorphous aggregates
have relatively higher heights than the fibrils. These images suggest that the change in the
morphology of aggregated AB(1-40) in NEM buffer, with an increasing Cu(II) ion concentration,
is quite similar to that of the AP in Tris buffer, which has been reported previously (/23).

The use of AFM complements imaging by TEM and has an advantage in that samples do
not have to be either stained with heavy metals or visualized under high-vacuum conditions. In
particular, AFM directly provides three-dimensional images whereas TEM of negatively stained
specimens provides projection images that cannot show the detailed three-dimensional
morphology of the objects being studied. With this advantage, we have examined the topology of
the fibril formed by AB(1-40) with a Cu(Il):AB molar ratio of 1:1 using tapping-mode AFM.
Figure 4-2 shows the AFM image of the helical fibril from AB(1-40), demonstrating a clearly
periodic substructure in the fibril. In a recent paper, Addadi and co-workers determined the fibril
handedness for three disease-related amyloids, including AB(1-40), using scanning electron
microscopy (SEM) and cryo-SEM (/63). They found that amyloids of AP(1-40) invariably form
left-handed helical fibrils. Here, we performed AFM to examine whether Cu(Il) ions affect the
handedness of amyloid fibrils. We observed the suprastructure of a helical fibril from the Ap(1—
40) at a Cu(II):Ap molar ratio of 1:1. AB(1-40) fibrils were characterized by a clearly periodic
substructure, spaced at intervals of approximately 25 nm along the AP fibril axis (cf. Figure 4-
2b). As reported earlier, the difference between the maximum and minimum heights along the
axis in the substructure is at least 1 nm (/64, 165). The fibril has a height of ~ 7 nm and a width
of ~ 40 nm. For AB(1-40) with Cu(Il), the fibril helicity is left-handed, showing that the helix
handedness of the peptide is not affected by Cu(Il). Recently, scientists have exploited the

amyloidogenic property of AP in assembling metallic nanowires (/66-168). The formation of
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Figure 4-2: (a) AFM image of a helical fibril from AB(1-40) at a Cu(Il):Ap ratio of 1:1. (b)
Fibril height profile along the fibril axis, showing the regular height variations from the pitch of

the fibril with a single repeat period of approximately 25 nm.
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fibrils even in the presence of Cu(Il) implies that Af might be used as a template for the

formation of copper nanowires in an appropriate condition.

e ESEEM spectra of AB(1—40) aggregates are dependent on the Cu(Il) ion concentration.

We performed ESEEM experiments on AP(1-40) samples containing varying
concentrations of Cu(ll). ESEEM spectroscopy measures weak hyperfine and quadrupole
interactions of the nuclei in the environment (within ~ 10 A) of the paramagnetic center (46-48).
Three-pulse ESEEM spectra of the mature aggregated AP(1-40) at Cu(Il):peptide ratios of (a)
0.25:1, (b) 1:1, (c) 2:1, and (d) 4:1 in NEM buffer are shown in Figure 4-3. All spectra show
three narrow peaks at ~ 0.55, ~ 1.04, and ~ 1.46 MHz and a broad peak centered at ~ 4.4 MHz.
With increasing Cu(Il) ion concentration, a peak at 14.3 MHz also emerges. The three peaks at
0.55, 1.04, and 1.46 MHz are characteristic of a weakly coupled "*N nucleus where the nuclear
Zeeman and electron-nuclear hyperfine interaction approximately cancel one another out.
Therefore, the energy level splittings are almost completely determined by the '*N nuclear
quadrupole interaction (NQI) (48, 51, 52). The ESEEM frequencies for these three transitions are

given by (51)

2
v, = 2ne”qQ
4h
2
v = e q03~-n) (4-1)
4h
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: 4h
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Figure 4-3: Amino acid sequence for AB(1-40) and three-pulse ESEEM spectra of aggregated

AB(1-40) in NEM buffer. The data were collected at Cu(Il):peptide ratios of (a) 0.25:1, (b) 1:1,

(c) 2:1, and (d) 4:1. Peptide concentrations were 300 uM in all experiments.
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where e is the electron charge, g is the z-component of the electric field gradient across the
nucleus, Q is the "*N nuclear quadrupole moment, 5 is the asymmetry parameter, and / is
Planck’s constant. Use of equation 4-1 to determine the nuclear quadrupole parameters, e’qgQ/h
and 7, yields values of 1.67 + 0.08 MHz and 0.66 + 0.03, respectively.

The broader spectral line at ~ 4.4 MHz arises from the condition in which the nuclear
Zeeman and electron—nuclear hyperfine interactions are additive. This frequency is due to a
double-quantum (DQ) transition of the remote nitrogen of the imidazole (46, 48, 53). Together,
the frequencies at or around 0.55, 1.04, and 1.46 MHz as well as the nuclear quadrupole
parameters are consistent with histidine coordination.

Several groups have demonstrated that the copper-binding site in A is coordinated by at
least two histidine residues (/34, 135, 137, 169). When the electron spin of the Cu(Il) ion
interacts with more than one imidazole, the combination frequencies of the three NQI lines may
be observed (46, 48, 170-172). These peaks, however, have a weak intensity which can be
difficult tomeasure, especially in the magnitude mode on samples that display a high degree of
heterogeneity (/70). In Figure 4-3, combination peaks are not clearly seen, which is consistent
with our results on truncated sequences of AP (/34). This does not, by itself, rule out the
possibility of two or more Cu(Il)-coordinating histidine residues (/70).

At higher Cu(Il) ion concentrations, another peak in the ESEEM spectra for AB(1-40)
with Cu(Il) ions is present at 14.3 MHz. This peak is characteristic of interactions between the
unpaired electron and proton spins. In Figure 4-3, the proton ESEEM peak may result from the
interaction of the Cu(II) ion with remote hydrogen atoms or the axially coordinated water (517).

The fundamental peaks from the ESEEM spectra of AB(1-40) with Cu(Il) ions in NEM

buffer are similar to those in Tris buffer, which are described in our previous work (/23). The
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ESEEM spectra of AB(1-40) in Tris buffer become broad and heterogeneous as the Cu(Il):Ap
molar ratio increases (/23). The ESEEM spectra of AP(1-40) in the NEM buffer show that the
intensity of the DQ transition peak at 4.4 MHz is decreased as the Cu(Il) ion concentration
increases. This result may suggest that the initial multi-histidine coordination for the copper-
binding site on the N-terminal region of AP(1-40) (cf. Figure 4-3) may be breaking up at a
higher Cu(II) concentration because the height of the 4.4 MHz line is proportional to the number
of interacting "N nuclei (/71). In addition, the proton ESEEM intensity at 14.3 MHz is
significantly attenuated relative to that of AB(1-40) with Cu(Il) ions in Tris buffer at a higher
Cu(II) concentration.

Figure 4-4 shows the HYSCORE spectra for AB(1-40) assembled at Cu(Il):peptide ratios
of (a) 1:1, and (b) 2:1. Hyperfine sublevel correlation spectroscopy is a two-dimensional ESEEM
technique and provides enhanced resolution of ESEEM spectra that may have broadened lines
(173-175). As previously assigned in the three-pulse ESEEM spectra, the NQI and DQ
transitions for the remote nitrogen of histidine imidazole are obtained. In addition, cross-peaks,
(V-, vdq) and (v+, vgq), are observed due to the correlations between the imidazole "N NQI and
DQ transitions for both spectra. The cross-peaks for AB(1-40) at a Cu(Il):Ap molar ratio of 2:1
are more diffuse, suggesting a more heterogeneous copper binding environment at the higher

Cu(II) concentration.

e Characterization of the origin of the proton ESEEM peatk.
Recently, our group has reported the ESEEM spectra of AB(1-16) with three different
molar ratios of Cu(Il) ions to the peptide in NEM buffer (/34). The ESEEM spectra of AB(1-16)

are quite similar to those of aggregated AP(1-40) with an equimolar or subequimolar amount of
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Figure 4-4: HYSCORE spectra of aggregated AB(1—40) at Cu(Il):peptide ratios of (a) 1:1 and
(b) 2:1. The spectra show the correlations between the imidazole "*N nuclear quadrupolar and

double-quantum transitions.
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Cu(Il). The spectra show the three NQI peaks below 2 MHz and a broad DQ transition peak at ~
4 MHz, indicating that histidine residues coordinate to Cu(Il) in both AB(1-16) and AP(1-40).
APB(1-16) does not form aggregates and has a soluble form, which is a highly flexible monomer.
Therefore, the almost unchanged ESEEM spectra from AB(1-16) and the aggregated AB(1—40)
at an equimolar or subequimolar Cu(Il):Ap ratio suggest that the AP fibrils are able to bind
Cu(Il) ions with a coordination geometry identical to that of monomeric AP (149, 169, 176).
Recently, fluorescence quenching and circular dichroism experiments have revealed that the
binding affinity of Cu(II) for the monomeric and fibrillar forms is almost identical. These results
also suggest that the fibrillar AP has the same Cu(Il) coordination geometry as monomeric A
(150).

When AB(1-16) was prepared at a high Cu(Il) ion concentration [at a Cu(I]):AB(1-16)
ratio of 4:1], the ESEEM spectrum is almost identical to that of the peptide in the presence of
equimolar or subequimolar Cu(II) (/34), indicating that the primary copper-binding site in AB(1—
16) is preserved and not significantly affected by the Cu(Il) ion concentration (/50). These
ESEEM results do not, by themselves, rule out a second copperbinding site in AB(1-16),
especially if the second site primarily involves oxygen ligands from aspartate and/or glutamate
and non-imidazole nitrogen ligands, which has been suggested by Viles and co-workers (/50).
Also, our CW ESR experimental results for AB(1-16) are consistent with their work in that at
least two components are present at greater than equimolar Cu(Il) concentrations (data not
shown). However, the ESEEM results on AB(1-16) are in contrast to those of AB(1-40), for
which the 14.3 MHz proton ESEEM peak in the ESEEM spectra increase at greater than
equimolar Cu(II) ion concentrations (cf. Figure 4-3c, d).

To confirm additional copper-binding sites in aggregated AP(1-40), we collected
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continuous wave (CW) ESR spectra at Cu(Il):peptide ratios of 0.25:1, 1:1, 2:1, 4:1, 6:1, and 8:1
have been collected (cf. Figure 4-5a). Double integration of the first-derivative CW ESR spectra
was used to identify the number of Cu(Il) ions binding to the peptide. As shown in Figure 4-5b,
the magnitude of the signal increases linearly and plateaus at 2 equivalents of Cu(Il) ions. No
significant increase in the intensity of the CW ESR spectrum of AB(1-40) at a Cu(II):AP ratio of
8:1 is observed. Free Cu(Il) ions have a dramatically attenuated ESR signal relative to the Cu(II)
bound to AP in NEM buffer at pH 7.4 (46). Therefore, this data show that AB(1-40) binds two
Cu(Il) ions. A second set of Cu(Il) hyperfine peaks at a Cu(Il):AB(1-40) ratio of 2:1 is observed,
and this may be additional evidence of the second copper-binding site in AB(1-40). Szalai and
co-workers have also reported a second component in CW ESR spectra for both soluble and
fibrillar AB(1-40) (/69). Bush and co-workers have demonstrated two cooperative copper-
binding sites in AB(1-40) at pH 7.4 (156). A second copper-binding site of AP(1-42) has been
revealed in the presence of methanol (20 %, v/v) by Viles and co-workers (/50). They have
suggested that alcohols such as methanol disturb tertiary interactions of the hydrophobic tail and
expose some residues that would otherwise be cryptic or hidden (150, 177). In the previous paper,
they also demonstrated that AB(1-28) has two copper-binding sites for a single peptide (/37).

It is certain that the ESR data are representative of bound copper ions, based on a variety
of factors. Different binding affinities of Cu(Il) for AP peptide, ranging from micromolar to
attomolar, have been reported (178, 179). To gain information about the fraction of Cu(Il) bound
to AP at equimolar concentrations, the double-integrated intensities of CW ESR spectra obtained
at different concentrations, including 300, 150, and 75 uM, were compared (data not shown).
The double integration is almost proportional to the concentration, signifying that the fraction of

Cu(II) bound to AP is not significantly affected by dilution. Also, it is certain that the fraction is
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Figure 4-5: (a) The CW ESR spectra obtained at Cu(Il):ApB(1-40) ratios of 0.25:1, 1:1, 2:1, 4:1,
6:1, and 8:1. (b) Double integration of ESR spectra plotted vs the molar ratio of Cu(Il) ions to
peptide, indicating two Cu(Il) ions binding a single AB(1-40). The maximum point of the data

was normalized to 1. Peptide concentrations were 300 uM in all experiments.
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greater than 83 % for the 300 uM sample even if the dissociation constant is the largest reported
value (~ 10 uM) for the first binding site (/79). The dissociation constant of the second binding
site has been reported to be on the order of 10 uM (178).

The ESEEM and CW ESR results, taken together, indicate that there are two binding sites
at high Cu(Il) ion concentrations. The binding site for the first molar equivalent of Cu(Il) ions is
definitely located on the N-terminal region of the peptide, which includes three histidine residues.
On the other hand, the second binding site is significantly associated with hydrogen atom(s) (cf.
Figure 4-3c, d).

To further investigate the second copper-binding site in AB(1—40) and to determine
whether the proton ESEEM peak is due to the interaction with solvent protons, the ESEEM
spectra were collected on aggregated AB(1-40) prepared in D,O. Figure 4-6 shows three-pulse
ESEEM spectra for AB(1-40) assembled with a Cu(Il):peptide ratio of 2:1 in (a) HO and (b)
D,O.

The large 14.3 MHz proton ESEEM peak was eliminated when the solvent was switched
to D,O, and a new peak was observed at ~ 2 MHz as shown in Figure 4-6b. The 2 MHz peak
arises from the interaction between deuterium nuclei and the unpaired electron of the Cu(Il) ion.
The analysis of the ESEEM spectrum with the peptide in D,0O indicates that the second copper-
binding site in AP(1-40) is in proximity of water or solvent-exchangeable peptide protons. This
result is consistent with work by Faller and co-workers (/78). In addition, a small proton
ESEEM peak at 14.3 MHz still remains, which suggests that water may not be the sole source of
the oxygen donor in 3N10 Cu(Il) coordination in the equatorial plane. Szalai and co-workers
also supported the possibility that water is not an equatorial ligand to the Cu(Il) ion using CW

ESR with the substitution of H,'°O with H,'’O (138).
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Figure 4-6: Three-pulse ESEEM spectra of AB(1-40) assembled with a Cu(Il):peptide ratio of

2:1 in (a) H,O and (b) D,0. The 14.3 MHz proton ESEEM peak is strongly attenuated, and the

deuterium ESEEM peak is observed near 2 MHz in spectrum b.
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® [ncubation time dependence of the ESEEM spectra for AB(1-40) with Cu(Il) ion.

We investigated the incubation time dependence of the ESEEM spectra for AB(1-40) at
Cu(II):AB(1-40) molar ratios of 1:1 and 2:1. Figure 4-7 shows the ESEEM spectra (a and b) and
AFM images (c and d) for AB(1-40) at a Cu(Il):AB(1-40) ratio of 1:1 sampled at 0 h (an initial
state) and 10 days (a fully aggregated state). At 0 h, AP(1-40) forms dispersed monomers or
oligomers, with a very weak ThT fluorescence signal (cf. below and Figure 4-9). After 10 days,
the AFM image for AP(1-40) aggregates shows mature fibrils (cf. Figure 4-7d). However, there
are no significant differences in the peak positions, shapes, or intensities in the ESEEM spectra
between monomeric and fibrillar AB(1-40), supporting again the possibility that the copper
coordination environments in AP(1-40) between monomers and mature fibrils are not
dramatically different from each other (749, 150).

In contrast, the ESEEM spectra for AB(1-40) at a Cu(Il):ApP(1-40) ratio of 2:1 have a
significant difference in the proton ESEEM peak at 14.3 MHz between the incubation times of 0
h (Figure 4-8a) and 10 days (Figure 4-8b). At 0 h, the AB(1-40) at a Cu(I1):AB(1-40) ratio of 2:1
exhibits the same ESEEM spectrum as AB(1-40) at a ratio of 1:1 at 0 h, suggesting that the
peptide also exists as monomers or oligomers at the initial point (cf. Figure 4-8a). After 10 days,
however, a proton ESEEM peak at 14.3 MHz emerges while the '*N ESEEM peaks below 3
MHz remains practically unchanged, which implies that the second copper-binding site is
exposed to a hydrogen-rich condition. In addition, the AFM image for AB(1-40) aggregates after
10 days shows mature fibrils and amorphous aggregates together, as shown in Figure 4-8c.
Although our results suggest that the second copper-binding site in AB(1-40) is exposed to a
proton-rich environment, the structure of the binding site is not yet clear and could be elusive to

determine because the binding site may form during the aggregation of the peptide.
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Figure 4-7: (a and b) Three-pulse ESEEM spectra of AB(1-40) at a Cu(Il): AP molar ratio of 1:1

at incubation times of (a) 0 h (an initial state) and (b) 10 days (a fully aggregated state) in NEM

buffer. (c and d) AFM images of AB(1-40) at incubation times of (c) 0 h and (d) 10 days.
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Figure 4-8: Three-pulse ESEEM spectra of AP(1-40) at a Cu(Il):Ap molar ratio of 2:1 at
incubation times of (a) 0 h (an initial state) and (b) 10 days (a fully aggregated state) in NEM
buffer. The proton ESEEM peak at 14.3 MHz emerges in spectrum b. (¢) After 10 days, mature

fibrils and amorphous aggregates are observed together in an AFM image.
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The process of fibril formation involves the interpeptide interaction between two -sheets
in the peptide. At an equimolar Cu(Il):AB(1-40) ratio, the Cu(Il) ion is coordinated with
histidine residues on the flexible N-terminal region of AP (/34, 135), providing the characteristic
frequencies in the ESEEM spectrum. Therefore, this copper-binding site is not involved with the
B-sheet core region and may not affect the interpeptide interaction in order to make a fibril. On
the other hand, AB(1-40) at a Cu(Il):peptide ratio of 2:1 has the second weaker copper-binding
site (CW ESR data shown in Figure 4-5) and the site is exposed to water or exchangeable
protons on the peptide [ESEEM with AB(1-40) in D,O shown in Figure 4-6]. The second
copper-binding site could interfere with the interpeptide interaction in AP(1-40), leading to
nonfibrillar amorphous aggregates (AFM image shown in Figure 4-8c). Interestingly, Dawson
and co-workers have shown that some nanoparticles also inhibit the fibrillization of AB by
affecting the nucleation step in a concentration-dependent manner (/80). Thus, it is probable that
a relatively high concentration of Cu(Il) ions also alters the conformational transition while the

nucleation occurs.

o FEffect of Cu(ll) ions on the formation of fibrils or amorphous aggregates in Af(1—40).

A simple quantitative analysis for the difference between AP(1-40) at Cu(Il):Ap ratios of
1:1 and 2:1 is described in terms of the formation of mature fibrils and amorphous aggregates in
AP(1-40), respectively. To further investigate this interpretation of the data, we performed a ThT
fluorescence assay and a CD experiment.

ThT is a fluorescent dye that specifically binds with the cross B-pleated sheets of amyloid
structures (181, 182). As shown in Figure 4-9, the fluorescence of ThT for AB(1-40) at both

Cu(II):AP ratios of 1:1 (m) and 2:1 (0) shows a sigmoidal increase with time. The lag time of the
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Figure 4-9: Thioflavin T (ThT) fluorescence assays for AB(1-40) at Cu(Il): AP ratios of 1:1 (m)
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reaction is increased with AP(1-40) at a Cu(Il):AP ratio of 2:1 and the time to proceed to a
steady level of fluorescence is also increased with an increase in Cu(Il) ion concentration. The
final equilibrium level is decreased in AP (1-40) at a Cu(Il):AB ratio of 2:1, indicating that
Cu(Il) ions may inhibit the fibril formation of the peptide. In Figure 4-1, at a Cu(Il):AP ratio of
1:1, the TEM and AFM images show the only fibrils that have a linear shape. At a Cu(Il):AB
ratio of 2:1, AP(1-40) forms two distinct types of morphologies, linear fibrils and amorphous
aggregates. Together, these data suggest that a process that forms granular amorphous aggregates
with Cu(Il) ions may interfere with the conversion into the fibrillar form.

Using a different assay to assess the B-sheet structure, UV CD spectroscopy, the
secondary structure of AP(1-40) at two different Cu(Il) ion concentrations was monitored.
Figure 4-10a shows the CD spectra of AB(1-40) at a Cu(II):AP molar ratio of 1:1 sampled at an
initial state (dashed line) and a fully aggregated state (solid line). The first spectral curve after
fibrils have begun to form has a minimum mean residue ellipticity at ~ 200 nm, indicating that
the secondary structure of AP(1-40) is a random coil at an initial state (96, 183). At a fully
aggregated state of AP(1-40), the CD spectrum has a minimum at ~ 215 nm, which is
characteristic of the B-sheet structure (/84, 185). To examine the conformation with an increased
level of B-sheet for AP(1-40) at Cu(Il):Ap ratios of 1:1 and 2:1 as a function of time, we
monitored a single wavelength, 215 nm. As shown in Figure 4-10b, AB(1-40) develops the -
sheet secondary structure at a Cu(Il):Ap ratio of 1:1, supported by a negatively increased mean
residue ellipticity at 215 nm in the spectrum. Interestingly, the signal intensity of Ap(1-40) at 2
molar equivalents of Cu(Il) ions to the peptide at 215 nm has a large negative value from the
initial point and does not change with time, suggesting that a relatively large amount of B-sheet

conformation remains unchanged from the initial state to the end of the aggregation process.

109



[CulID:[AB(1-40)] = 1:1

(a)

= 4x10

g — — Oh
= — 142h
§’ N

g <

%» 0 N\

=

ﬁ 4

p )

Faxt0®{ i "

°:‘ i1 at215nm

8 u

E T T T T

200 220 240 260
Wavelength (nm)

(b)

E —m— [Cu(ID]:[AB(1-40)] = 1:1
3 —o— [Cu(ID)[AB(1-40)] = 2:1
-

-

g

a

m i3

:g 2x10'-

5y

LA

= .

0O 20 4 60 8 10 120
Time (hour)

Figure 4-10: (a) UV CD spectra of AB(1-40) at a Cu(Il):Ap ratio of 1:1 over time. (b) Mean
residue ellipticity at 215 nm as a function of time for AB(1-40) at Cu(Il): AP ratios of 1:1 (m) and
2:1 (0). A decreased mean residue ellipticity at 215 nm indicates the increased level of B-sheet

conformation. Peptide concentrations were 28 uM in all experiments.
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Using CD spectroscopy, Viles and co-workers have also demonstrated that the secondary
structure of the main chain in AP becomes more ordered as the Cu(Il):peptide ratio increases
(137). While the CD data can be affected by light scattering caused by large aggregates, the use
of a short path length cuvette (0.1 cm) is expected to reduce the chance of scattering. It is also
unlikely that the overall qualitative trend in the spectra is significantly altered by light scattering
since significant changes are observed over the entire scanned spectral region. The CD data are
thus valuable for the qualitative examination of conformational change.

The ThT fluorescence assay and CD experiment measure different aspects of amyloid
aggregate formation. The ThT assay directly measures only fibril formation because of the
specificity of ThT for amyloid structures; neither monomeric AR nor amorphous aggregates
significantly enhance the emission intensity of ThT. On the other hand, the CD experiment
independently measures the formation of [B-sheet structures irrespective of whether the
aggregates are amorphous or fibrillar (/86). When AB(1-40) is aggregated at a Cu(Il): AP ratio of
1:1, the totalamount of B-sheet structure is increased (as measured in the CD experiment) and
amyloid fibrils are formed (as measured in the ThT assay) as a function of time. When AB(1-40)
is aggregated at a Cu(Il):AP ratio of 2:1, there is a significant amount of B-sheet structure that
forms immediately, although there are few amyloid fibrils in the initial part of fibril formation
(as measured in the ThT assay or by AFM and TEM). Therefore, in this case, Cu(Il) ions induce
the aggregates that have the nonfibrillar B-sheet conformation and interfere with the

conformational transition into amyloid fibrils.
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45 SUMMARY

When AB(1-40) was prepared in NEM buffer, the AFM and TEM images demonstrated
that the aggregation ability of AB(1-40) with Cu(Il) ions is similar to that of the peptide in Tris
buffer. At low concentrations of Cu(Il), the aggregates are fibrillar in shape. The presence of
Cu(Il) ions does not affect the handedness of the AP(1—40) helical fibril. At greater than
equimolar concentrations of Cu(Il) ions, amorphous aggregates result. The ESEEM data for
aggregates of AB(1-40) in NEM buffer show that as the Cu(Il) ion concentration increases the
magnitude of the double-quantum '*N ESEEM peak at 4.4 MHz is decreased and the proton
ESEEM peak at 14.3 MHz appears. At an equimolar Cu(I1):AB(1-40) ratio, the Cu(Il) ion is
coordinated with multi-histidine residues in both monomeric and fibrillar AB. The initial copper-
binding site breaks up at higher copper concentrations, and a second site that is solvent exposed
begins to emerge. In addition, the CW ESR data demonstrate two copper-binding sites in AB(1—
40). The proton ESEEM peak in AB(1-40) at a Cu(Il):AP ratio of 2:1 was further investigated as
the second copper-binding site. The ESEEM experiment with the AB(1-40) in D,0O suggests that
the second copper-binding site is in the vicinity of water or exchangeable peptide protons.
Therefore, the proton ESEEM peaks may be significantly involved in the granular amorphous
aggregates of AP(1-40), which are shown in the AFM image. ThT fluorescence data also exhibit
a weakened ability to form AB(1—40) fibrils at 2 equivalents of Cu(II) ions added to the peptide.
Taken together, these results suggest that the second copper-binding site in AB(1-40) is in the
proton-rich environment and interferes with the interpeptide interaction between two different

peptide B-sheets, leading to granular amorphous aggregates of the peptide.
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5.0 SUMMARY

In this research pulsed ESR is applied to measure the average interspin distances between
specific sites in order to probe unfolding transition of polyalanine peptides, as well as to gain
insight into the role of metal ions in the aggregation of amyloid- peptide (A).

The alanine-based peptide was synthesized to probe a-helix — random coil protein
unfolding transition. Using site-directed spin labeling (SDSL), a methanethiosulfonate spin label
(MTSSL) was attached on the cysteine residue. As a doubly spin-labeled peptide, Cu(Il), a
paramagnetic metal, was coordinated to the well known copper binding sequence, PHGGGW (46,
53, 95). The rapidly relaxing electron spin, Cu(Il) modulates the electron spin flip rate of
nitroxide leading to a reduction in longitudinal relaxation time (7;) (26-28). We measured a
value of 7 in the presence and absence of Cu(ll) at physiological temperatures, from 270 K to
314 K, by inversion recovery ESR experiment. The enhancement of relaxation rate (1/77) is used
to resolve the average interspin distances, rzsg, between Cu(Il) and nitroxide as an alanine-based
peptide melts with temperature. The circular dichroism (CD) data demonstrate that the alanine-
based peptide has the greatest a-helicity at the lowest temperature and unfolds to random coil
structure at higher temperatures. The average distances between Cu(Il) and nitroxide decreases
from 25 A in the folded a-helical state to 17 A in the unfolded state. The results show that the
change in interspin distances is clearly in concordance with the change in helicity indicated by

CD. Since the molecular dynamic simulation shows an increased distance of the alanine-based
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peptide in the PPII geometry, the ESR results suggest that the peptide does not melt into an
extended PPII structure in the unfolded state. Also, this work describes an application of the
pulsed ESR method to monitor unfolding transitions at physiological temperatures in
biomolecules.

Electron spin echo envelope modulation (ESEEM) is applied to monitor structural
changes associated with misfolding of amyloid-f peptide (AB). In Alzheimer’s disease (AD), AP
is the main constituent of the amyloid deposits and a soluble AP undergoes a conformational
transition into an aggregated, fibrillar form in the misfolding process. We investigated that the
copper binding geometry in aggregated AP changes with Cu(Il) concentration, using three pulse
ESEEM method. The three pulse ESEEM experiment detects the modulation of the Cu(Il) spin
echo from the "N nuclei (/=1) of surrounding amino acids, and the remote nitrogen of the
histidine imidazole provides characteristic frequencies in the ESEEM spectrum (46, 48, 53). At

low Cu(Il):AB(1-40) ratios, the ESEEM spectrum shows that the peaks below 2 MHz can be

assigned to a nuclear quadrupole interaction (NQI) and the peak around 4 MHz is due to a
double quantum (DQ) transition of the remote nitrogen of the histidine imadazole (46, 48, 53).
This is a direct evidence that Cu(Il) is bound to the N-terminal region of AB(1—40) that includes
three histidines (H6, H13, and H14), as has been also demonstrated by several groups (/34, 135,
137, 169). As the concentration of Cu(Il) increases, these peaks become broader, suggesting that
the copper coordination becomes more heterogeneous. Furthermore, a new peak at ~14 MHz
becomes observed and dominant. The 14 MHz peak is characteristic of electron-nuclear
interactions between the unpaired electron and neighboring proton spins. Transmission electron
microscopic (TEM) images of the aggregated state of APB(1-40) also demonstrate a transition

with an increasing Cu(Il) concentration. At low concentrations of Cu(Il), the TEM image shows
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that AB(1-40) forms fibrillar precipitates that have an extensive linear shape, whereas at high
Cu(Il) concentrations, short and granular aggregates, whose morphologies resemble those of
previously described early stage intermediates, are formed (725, 141).

Since the continuous-wave (CW) ESR data demonstrate two copper-binding sites in
AB(1-40), we further investigated the second binding site of the peptide. At a Cu(Il):AB(1-40)
ratio of 1:1, both ESEEM spectra of AP(1-40) at 0 h (an initial state) and 10 days (a fully
aggregated state) indicate the histidine coordination for the copper-binding site on the N-terminal
region of AP(1-40). Atomic force microscopy (AFM) images show dispersed monomers or
oligomers at 0 h, and mature fibrils at 10 days. This result indicates that the copper coordination
environments in AB(1-40) between monomers and mature fibrils are not dramatically different
each other. In contrast, the ESEEM spectrum for the aggregates of AB(1-40) at a Cu(Il):AB(1-
40) ratio of 2:1 shows that the intensity of the DQ transition peak at 4.4 MHz is decreased and
the proton ESEEM at 14.3 MHz appears, suggesting that the initial multi-histidine coordination
for the copper-binding site breaks up at a higher Cu(II) concentration and a second binding site
that is in a proton-rich environment begins to emerge. In addition, the AFM image for the
aggregates shows mature fibrils and amorphous aggregates together. Therefore, the proton
ESEEM peak may arise from the second copper-binding site, which may be significantly
involved in the formation of granular amorphous aggregates. Our ESR and TEM/AFM results
demonstrate a correlation between specific Cu(Il) coordination and the overall morphology for

the aggregated AP(1-40). Also, the data suggest that the misfolding mechanism of AB(1—40) is

strongly dependent on Cu(Il) concentration. As a result, this work enhances our understanding of
the relationship between the microscopic Cu(Il) — AP interactions, probed at the atomic level

details, and macroscopic structure.
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APPENDIX A

CONTRIBUTIONS TO THE ELECTRON SPIN LATTICE RELAXATION RATE

When a spin system is irradiated with the microwave field, the equilibrium population is
perturbed. Due to the presence of neighboring spins there exist fluctuating local magnetic fields.
These local magnetic fields are time dependent and can therefore induce transitions. Such
transitions return the spin system to thermal equilibrium and the process is called spin lattice
relaxation.

Microscopically, several mechanisms can contribute to the electron spin lattice relaxation
rate (1/7;"). Robinson et al. (187) suggested the mechanisms of spin-rotation (SR) interaction,
electron-nuclear dipolar (END) interaction, spin diffusion (SD), and Heisenberg exchange by

paramagnetic oxygen (OX). Therefore, the total electron spin lattice relaxation rate is given by:

= + + + (A-1)

where 1/T ISSR, 1/T; 1SEND, 1/T 1SSD, and 1/T ISOX are the rate of relaxation due to the SR, END, SD,

and OX, respectively.
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In the presence of another electron spin, the modulation of the electron electron dipolar

(EED) interaction provides another mechanism.

T sk T @b V50 T ox T & (A-2)

where 1/T1,""" is the rate of relaxation due to the EED. For the peptide, this contribution is just
the difference between the experimental relaxation rates of the nitroxide in the absence and the

presence of Cu(II). Thus:

11 1
T T T (A-3)
s

s

EED ‘The first is due to the

In principle there are two mechanisms that contribute to 1/77s
fast relaxation of the paramagnetic metal (cf. equation 2-2 in main text). The second might occur

due to modulation of the EED by the overall tumbling of the peptide. The electron spin lattice

relaxation rate due to molecular tumbling is defined as (/8§) :

1 2 ¢g'p* T 47
== < S(S+1)- R+ £ A-4
7.5 5 nPrg (5+D l+o’t, 1+40’t, (A=)

where, g is the g factor, f. is the Bohr magneton, 7 is Planck constant (%) divided by 2z, and rgsz
is the average interspin distance. Also, w is the resonant frequency and zx is the rotational

correlation time of molecule.
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If we assume that the enhancement of the spin lattice relaxation rate due to Cu(Il) is only

. . 1 1 1 .
due to rotational tumbling of the molecule, [T—— o j =———- - In the case of the proline-
ls ls

ls

o

based peptide, the values of [L —Lj are determined experimentally (cf. Figure 2-5b in the

i Iy

main text).

To analyze this equation both g and rgsg are required. We anticipate rgsg to be fairly
constant for polyproline peptide. Recent, high-field ESR (/89) and two-dimensional ESR (43)
results indicate that the ESR lineshapes in such model peptides are mostly dominated by the fast
motions of the MTSSL side chain. In particular, Bonora et al. (43) determined that the model of
microscopic order macroscopic disorder (/90), wherein the overall tumbling of the biomolecule
is slow on the ESR timescale provides a better fit to 2D-ESR results for a smaller peptide
(although in a more viscous solvent).

The rotational correlation time, 7z, for the polyproline peptide may be estimated by using
the results of Hanson et al. on a rigid nitroxide TOAC-labeled 16-residue helical peptide in
aqueous solution (/97) and by accounting for the increased volume of this peptide. Based on
these results, we estimate that zg is 6.1 ns (end-to-end correlation time is 10.2 ns and the parallel
one is 2.2 ns) at 274 K. The nitroxyl longitudinal relaxation time (77;) is weakly dependent on
tumbling when z is larger than 3 ns (187, 192).

For the polyproline peptide, rzsz is expected to be fairly constant over the temperature

range (cf. CD data in Figure A-1a). The temperature dependence of 7z can be estimated from:

V
= (A

119



15000 - 32 20
= l . _
o =]
Eunm °° o "o o 3 !l a A
it ? 2 8% 000 O &
o -
" . oo I g2
‘E 000 = o o, 2 gl
2 " - 26 ) ";: Aa A
£ 9000 {" § g i 9
K A
i ®
'EF 7000 *® interspin distance 23 = P
T B - Ie]m il
5000 i - 20 0
268 288 308 aze a4z 368 268 288 308 328 348 168
Temperature (K) Temperature (K)

Figure A-1: (a) The estimated interspin distances and (b) rotational correlation time for the
proline-based peptide based on modulation of the EED by the overall tumbling of the peptide.
The interspin distance, rzsg changes by ~ 6 A (a) and r does not decreases with temperature (b),
indicating that the enhancement of the spin lattice relaxation rate due to Cu(II) may not be due to

rotational tumbling of the molecule.
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where, V is the volume of the tumbling peptide, # is the viscosity of the solvent, k is the
Boltzmann constant, and 7' is the absolute temperature.

The rotational correlation time, 7y is estimated to be ~7 ns at 270 K to ~2 ns at 315 K.
Therefore, under this assumption, quantitative estimates of 7zsz for the proline-based peptide can
be obtained by using equation A-4. Over the temperature range, rzsz changes from 25 A to 31 A

(see Figure A-1a) which is not expected from the stability of the PPII structure in the proline-
based peptide (cf. CD results in Figure A-1a).
If we assume a g of 7 ns, and a rgsg of 23 A (average value expected rzsz for the

polyproline data in the main text) 1/7 | CEDR

overestimates the experimental enhancements by
over 65 %. As pointed out by Robinson et al. (/87), if theory underestimates experimental rates
then other mechanisms are possibly involved but if theory overestimates experimental rates then
the theory is incorrect. Finally, rzsg was kept fixed and the experimental enhancements and
equation A-4 used to measure zg. The variation of 7z obtained using this procedure with
temperature is not in accord with expectations, as shown in Figure A-1b (zr should decrease
monotonically with temperature). Therefore, we anticipate that the rapid 7 of the Cu(Il)
provides the principle mechanism for the enhancement of nitroxide relaxation rate in these
peptides. The distance estimates based on equation 2-2 in the main text are also in good

agreement with molecular modeling in the folded state of the peptide and with fluorescence

results in the folded and unfolded states (/20).
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