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Probing Molecular Interactions in Metal-Ap Complexes and Supramolecular Coiled Coil
Assemblies Using Electron Spin Resonance
K. Ishara Silva, PhD

University of Pittsburgh, 2015

In this work we focus on details of Cu(ll) coordination in amyloid-$ (AB) peptide. Aggregation of
AP, and modulation of morphology of aggregates by divalent metal ions, such as Cu(Il) and Zn(l1),
are important in the etiology of Alzheimer’s disease. The metal ion coordination in amyloidogenic
proteins is heterogeneous and involves one or more histidine residues. The A peptide contains
three histidine residues at positions 6, 13, and 14. The number of histidine residues coordinated to
Cu(ll) depends on environmental factors such as pH, Cu(ll) concentration, presence of other
metals, ionic strength etc. With the aid of electron spin resonance (ESR) we show that at
physiological pH, Zn(I1) ions selectively substitute Cu(ll) ions coordinated to AP, and disrupt the
distribution of Cu(ll) population among different coordination modes. We also quantify the
number of histidine residues coordinated to Cu(ll) at higher pH of 8.7. Our results suggests that
Cu(ll) coordinated to simultaneous His13-His14 may lead to the formation of AP aggregates with
more amorphous morphology. Furthermore we suggests the importance of His13 in the formation
of ordered B-sheets. Overall we rationalize the impact of metal ion coordination in modulating the
morphology of AP aggregates.

In the second part of our research we examine the molecular origins of flexibility associated
with supramolecular polymer subunits with double electron electron resonance (DEER)
spectroscopy. It has been shown that coiled coil subunits appended with different organic linkers,
ethylenediamide (EDA) and piperazine (PIP), led to the formation of supramolecular polymer
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assemblies with different apparent hydrodynamic radii. With the strategic placement of the spin
label near the cross linking site and near the N-terminus we were able to monitor a range of
conformations of each subunit when linked with the two linkers. Molecular dynamics simulations
guided by DEER distance distributions were conducted to show that the PIP linker stabilizes a
folded coiled coil population where the positioning of the cross linking site of outer helices is
constrained. We suggest that this subpopulation facilitates the chain propagation in the same

direction leading to the formation of polymers with larger hydrodynamic radius.
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1.0 INTRODUCTION

Figure 1-1, shows the overall interests that drive the work described in this thesis. We use
electron spin resonance (ESR) spectroscopy to elucidate the coordination environment of Cu(ll)
ions in Amyloid- (AB). The aggregation of AP is inherently linked with the pathogenesis of
Alzheimer’s disease.’ Earlier work by our group indicate that the overall morphology of AP
aggregates depends on Cu(ll) concentration (cf. Atomic force microscopy images shown in Figure
1-1A).3“As the morphology of the aggregates are related to the toxicity in Alzheimer’s disease, it
is critical to understand how metal ion binding affects the overall morphology.® There are three
histidine residues found at positions 6, 13 and 14 in AP and Cu(II) coordination involves different
number of histidine residues bound to Cu(ll) in different coordination modes as shown in Figure
1-1A.>® The specific Cu(Il) coordination environment in AP is affected by factors such as pH,
ionic strength, concentration of Cu(l1), and the presence of other metal ions such as Zn(11).> " The
different coordination modes can have different roles in the etiology of the Alzheimer’s disease.
Therefore, a thorough analysis of the subcomponent populations and how they change with
environmental factors (eg: pH, presence of Zn(Il)) is performed in this thesis. As described in
Figure 1-1A, we use continuous wave (CW) ESR spectroscopy to obtain information on directly
coordinated ligand atoms. In this research we use two pulsed ESR methods [electron spin echo
envelope modulation (ESEEM) and hyperfine sublevel correlation (HYSCORE)] to probe and

quantify the Cu(II) histidine coordination in A.



In the next section we probe the structural flexibility of protein based supramolecular
polymers. The genesis of this work has been the early efforts by the Horne group that showed,
supramolecular polymers made with subunits of coiled coil peptides appended with small organic
linkers ethylenediamide (EDA) and piperazine (PIP) formed assemblies of different sizes (Figure
1-1B).B PIP linked peptides led to the formation of assemblies with a larger apparent hydrodynamic
radius,® than the EDA linked peptides as shown in Figure 1-1B. To understand the molecular basis
of this observation we isolated a single subunit of the polymer and used pulsed ESR method double
electron electron resonance (DEER) along with site directed spin labeling (SDSL) (Figure 1-1B).
Molecular dynamics aided modeling of the DEER data was used to show the roles of different
conformer sub populations that dictate the physical properties of the supramolecular polymers.
Understanding of molecular level details enables scientist to optimize the design of the
supramolecular polymers.

In subsequent sections of chapter 1, we will discuss the ESR techniques used in this thesis.



(A) Elucidation of metal-histidine coordination in A by ESR
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Figure 1-1 Summary of techniques used to (A) elucidate Cu(ll)-histidine coordination in AP (B) and

to probe the structural flexibility observed in supramolecular polymers.



11 ELUCIDATION OF Cu(ll) COORDINATION IN PROTEINS/PEPTIDES USING

ESR SPECTROSCOPY

Copper is an essential metal for biological function, and nature has evolved to form highly
sophisticated mechanisms which allow organisms to secure, transport, sequester and transfer
copper.®1% These mechanisms allow organisms to maintain homeostasis and prevent the
accumulation of copper to toxic levels.!? There are two main classes of copper proteins in nature.
First, proteins that utilize copper as a cofactor where a specific function is carried out and second,
proteins that transport copper as cargo.'° Exploring the metal ligand coordination enables scientists
to understand chemical principles used by nature to handle a potentially toxic substance for
essential function.

Most of the copper binding sites in nature use histidine, cysteine and methionine residues
as ligands. This phenomena is rationalized by the principle of the hard and soft acids and bases,
where soft Lewis acids react with soft Lewis bases, and hard Lewis acids react with hard Lewis
bases.!12 There are two oxidation states of copper found in nature, both capable of accepting
electrons and acting as Lewis acids. Cu(l) is a soft acid, while Cu(ll) is a borderline acid.** Hence,
copper binding sites are expected to be dominated by amino acids with soft or borderline ligands.
Amino acids with nitrogen or sulfur ligand donor atoms, which are soft or borderline Lewis bases,
are preferred over amino acids that provide oxygen donors (hard Lewis bases).'?

As explained in the principles of ligand field theory, the binding geometry of a metal ion
is dictated by the number of d electrons in the valence shell and the number/type of coordinating
ligands.® Cu(l) is a d*® system and due to the symmetry associated with the electron configuration,
molecular geometries related with ligand field stabilization (eg: square planar, trigonal

bipyramidal) are not observed.'® Cu(l) systems in nature often employ linear, trigonal planar or
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tetrahedral geometries where 2, 3, and 4 ligands are coordinated, respectively. On the other hand
Cu(ll), a d® system, exhibits geometries based on ligand field stabilization energies.® Cu(ll) is
often coordinated to 4, 5, and 6 ligands with square planar, square pyramidal, and axially distorted
octahedral geometries, respectively.® Axially distorted octahedral geometries are observed as a
result of Jahn-Teller distortion.’* In this thesis we will focus on coordination of Cu(ll), as this
oxidation state is paramagnetic and ESR active while Cu(l) is diamagnetic and ESR silent.
ESR of a free electron: ESR is a spectroscopic method used to probe systems containing unpaired
electrons. The simplest system that can be studied by ESR is a free radical. If we assume the
unpaired electron is a free electron, with a mass of me and a charge of e, the spin angular
momentum gives rise to a magnetic moment of
He= —9eBeS (1)
where S, is the Bohr magneton defined by B, = eh/2m, (h is the reduced Planck’s constant). g,
is the g factor of a free electron which is ~ 2.00232, and S is the electron spin angular momentum.
The degeneracy of the electron spin states, characterized by quantum number ms = £1/2, is lifted
by the application of an external magnetic field (Bo) as shown by Figure 1-2. This interaction
between the magnetic moment and the external magnetic field is called the Zeeman interaction.
The Hamiltonian that describes the Zeeman interaction for a free electron can be written as,
R = BegeB.S =mshgofeBo  (2)

The transition between the two states can be induced by the application of radiation in the

microwave frequency (v), and the resonance condition is given by,

AE = hv = g.f.Boh 3)



Electron Zeeman

> m

B,#0
m_=+1/2
A

m_=-1/2

Figure 1-2 Energy levels of a free electron placed in a magnetic field. The separation between

the two energy states depends on the external magnetic field.



Equation 3 depicts the fundamental equation for ESR spectroscopy. At thermal equilibrium
there is a slight excess of electrons in the ms = -1/2 state as compared to the ms = +1/2 state. The
ratio of the populations is given by the Boltzmann equation,

Ny/N_ = exp — gefeBo/kT (4)
where k is the Boltzmann’s constant and T is the absolute temperature. Although the probabilities
of the stimulated emission and absorption are equal, due to the population difference at the
resonance condition there is a net absorption. The electrons in the lower energy state ms = -1/2,
absorb energy from microwave radiation and are promoted to the higher energy level ms = +1/2,
giving rise to the ESR spectrum. For more complex systems, like Cu(ll), additional terms appear
in the Hamiltonian which will be discussed in the following sections.
ESR spectroscopy on Cu(ll) complexes: In this section we will focus on Cu(ll)-histidine
coordination, given that histidine is the most common Cu(ll) ligand in proteins.’® Histidine
contains an imidazole functional group which contains two nitrogen atoms as shown in Figure 1-
3.10:15 The pKa value of the imidazole ring proton is ~6 for the free amino acid.'° The pKa values
are altered by the protein environment and the coordinated metals.® As there are two nitrogen

ligands on either side of the imidazole ring, histidine residues often can act as bridging ligands.*°



*Cu* preference
*pKa~6 for the conjugate base (imidazolium cation)
*Neutral or cationic, hydrophilic ~pH 7.4

Figure 1-3 Chemical structure of histidine. The two nitrogen atoms in the imidazole ring are shown

in red. A summary of chemical properties of the histidine is provided.



Copper coordination in amyloidogenic proteins such as amyloid-p, a-synuclein, and prion
involves multiple histidine residues.” The copper coordination sites in these proteins are classified
as type 1l copper centers (T2Cu).'® In T2Cu centers, copper is predominantly coordinated by
histidine residues mixed with oxygen containing ligands.'® Figure 1-4A shows a type 1l Cu(ll)
complex we studied in this thesis. There are four nitrogen ligands equatorially coordinated to
Cu(ll), with three from a chelating ligand and one from the imidazole ring. The unpaired electron
spin on Cu(l1) interacts with the applied magnetic field and the surrounding nuclei such as Cu, N
and *H (highlighted by red circles in Figure 1-4A). The corresponding spin Hamiltonian for this
system is,
ﬁ:ﬁez'{'ﬁhf'{'ﬁnz'i'ﬁnq

H =PBB.GS+X51S. AT, = BuSics(B. Tin- L)+ 2541 Qi I, (5)
The four major terms in the equation are the electron Zeeman interaction (H), the electron-
nuclear hyperfine interaction (F'nf), the nuclear Zeeman (% n;), and the nuclear quadrupole
interaction (FHng). Also, B, is the Bohr magneton, 3,, is the nuclear magneton, B is the external

magnetic field, g” and g’;,, are the g-tensor of the electron spin and the i th nuclear spin. Zi and

Ul-are the hyperfine tensor and nuclear quadrupole tensor, respectively. S and f are the electron
and nuclear spin angular momentums, respectively.

Figure 1-4B shows the CW-ESR spectrum of a Cu(ll) imidazole complex at 293K. This
spectrum is helpful to briefly describe spectral features before we go into more details. The ESR
signal is centered at ~3250 G (~9730 MHz) due to the electron Zeeman interaction (H'e;). As we
will see below each hyperfine interaction causes a splitting in the ESR spectrum. The spectrum
contains four peaks with peak widths of ~75G (~225 MHz) separated by ~ 70 G (~ 210 MHz).

These peaks are observed due to the hyperfine interaction (H'nf) of the Cu(ll) nucleus. The
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hyperfine interaction of the N directly coordinated to Cu(ll) is ~ 15 G and are lost in the peak
widths. Hyperfine interaction of H is even smaller in magnitude and not resolved. As given in
equation 5, the nuclear Zeeman interaction depends on the nuclear Bohr magneton. The Bohr
magneton of an electron (~9.274 x 102* J/T) is ~1864 times greater than the nuclear Bohr
magneton of a proton (~5.050 x 10% J/T). Hence, the nuclear Zeeman interaction has a magnitude
that is less than 2 G and is not resolved in the peak widths of ~75 G. The non-spherical charge
distribution in nuclei with spin I > 1 gives rise to a nuclear quadrupole interaction (4" term equation
5). Typically the magnitude of the quadrupole interaction is ~ 1G and is not resolved in the much
larger peak widths. Hence, for CW-ESR, equation 5 can be simplified as;
H=Hea+Hu=BB.T.S+S.Acy Icu  (6)

At room temperature, when the rotational motion of the molecules is faster than the time
scale of the ESR experiment, the anisotropy of the g and the A tensors are averaged out. Hence, at
room temperature, under the high field approximation equation 1-6 can be rewritten as,

H =Her+ Hnt = gisoBeBoS; + AisoS: I, (7)
where z-axis is defined as the direction of the external magnetic field B,, and S, and I, are the z-
components of the angular momentums of Cu(ll) unpaired electron the Cu(ll) nuclear spin. For
Cu(ll), where the nuclear spin (1) is 3/2, the interaction between the electron spin and the Cu(Il)
nucleus results in four possible sub states shown in Figure 1-5. The peaks corresponding to these
four transitions are observed in the CW-ESR spectra acquired at 293 K. The four peaks are
separated by ~ 70 G which is the isotropic hyperfine value, Aiso for Cu(ll) in this imidazole

complex. (Figure 1-4B upper panel)
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Figure 1-4 (A) Structure of an imidazole-Cu(ll) complex used in this thesis (B) The upper panel
shows the CW-ESR spectrum acquired at 293 K; the lower panel shows the spectrum acquired at

80 K.
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Electron Zeeman Hyperfine
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B,#0 m, = +3/2
m, = +1/2 - m, = +1/2
A | m, = -1/2
m, = -3/2
B,=0
AE = g.B.B,
m, = -3/2
m, = -1/2
m, =-1/2 m, = +1/2
S m, = +3/2

Figure 1-5 The energy level diagram for a Cu(ll) with isotropic g and A values. Application of the
magnetic field lifts the degeneracy of the Zeeman levels. The hyperfine interaction further splits

the levels. The allowed ESR transitions are shown by arrows.
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Figure 1-6 The origin of axial symmetry in type Il Cu(ll) complexes. The unpaired electron is
delocalized in the 3dy2,? orbital. Values of g in the xy plane of the molecule are the same and are

defined as g.,and the value of g, parallel to the symmetry axis z is defined as g.
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At lower temperatures, the rotational motion of the molecules is slow enough, that we can
detect values of g and A at different directions of the molecule. Type Il copper complexes are
axially symmetrical, due to the square planar geometry as shown in Figure 1-6. The values of the
g-tensor and A-tensor on the equatorial plane (xy plane in Figure 1-6) of the molecule are the same
I.e: Oxx = Oyy (1) and Ax = Ay (A1) (Figure 1-6). The values of the g-tensor and A-tensor
perpendicular to the equatorial plane of the molecule are defined as gz (i) and Ayy (Ar). Hence,
the CW spectrum will be a result of superposition of the all possible orientations with respect to
the external magnetic field and will broadened out at lower temperatures. Figure 1-4B lower panel
shows the CW-ESR spectrum of the one imidazole-Cu(ll) complex at 80 K.

Peisach and Blumberg have shown that the gy and the A; values of the central Cu(ll)
depends on the chemical nature of directly coordinated atoms.*® This trend arises from the different
electronegativities associated with the ligand atoms. As shown in Figure 1-7, they showed that the
giand the Ay values vary with the number of nitrogen and oxygen atoms equatorially coordinated
to Cu(ll). There is significant overlap (Figure 1-7) which can lead to ambiguities in assignments.
Furthermore, the distortions from the square planar to tetrahedral geometry increases the g; and
decreases the A;.2° Hence, this method is used as a guide to obtain information about Cu(ll)
coordination. If there are two or more different chemical structures with different g and A values
for the Cu(ll) complex, multiple components are observed. Spectral simulations can be used to
quantify the proportions of each component.

Therefore, in the context of our research CW-ESR is used primarily to predict the directly

coordinated ligands as well as to quantify the Cu(Il) components present in Ap.
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Figure 1-7 The Peisach and Blumberg plot for type Il Cu(ll) centers, showing the range of A; and

g for different equatorially coordinated atoms. The figure is recreated from Peisach et.al. Archives

of Biochemistry and Biophysics, 1974, 165, 691-708.
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Electron Spin Echo Envelope Modulation (ESEEM)

In our work, after predicting the directly coordinated ligands with the aid of CW-ESR
(Figure 1-1B), we use pulsed ESR to determine the distally coupled nuclei to Cu(ll). The
development of pulsed ESR techniques enabled to overcome the ambiguities observed in CW-ESR
ligand assignments by measuring hyperfine and quadrupole interactions given in equation 5 for
nuclei such as **N and *H as shown in Figure 1-8. Information on these interactions allows us to
predict a more precise coordination environment around the Cu(ll) ion.

To this end we carried out ESEEM experiments at X-band (~9.5 GHz). These experiments
provide information about the hyperfine and the quadrupole interactions of the nuclear spins
coupled to the electron spin within ~ 8 A.2122 However, at X-band with a n/2 pulse length of 16
ns (coverage of 31.25 MHz), the hyperfine interaction of the directly coordinated atoms (nitrogen
imidazole shown in red in Figure 1-8) are too large to be detected.

In the three pulse ESEEM experiment used in this thesis, three n/2 pulses are used. The
first two pulses are separated by a time 1, and the third pulse is applied after time T as shown
Figure 1-9. The spin echo is formed at time t after the third pulse. During the experiment T will be
fixed while T will be varied. The echo intensity is modulated with the periodicities related to the
interaction between the electron spin and the coupled nuclei.

S=1/2, 1 =1/2, case: The baseline subtracted time domain signal of a three pulse ESEEM signal for
a S=1/2 and | = 1/2 can be represented as follows,

Vip(r,T) =1— %{(1 - coswar)[l — coswg(T + T)] + (1 — coswﬁr)[l — cosw, (T + 1)] } (8)
Where, T and T are the separation between pulses and w, and wg are the nuclear transition
frequencies of the two spin manifolds (Figure 1-10). Fourier transformation of the time domain

gives the nuclear transition frequencies as,?*
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wq = [(w; — A/2)* + B*/4]Y%  (9)

wp = [(w; + A/2)* + B%/4]"/% (10)
where A = A,,, B = \JAZ+AZ,. As, Ax, and Ay are elements of the hyperfine tensor. w; is the
Larmor frequency of the nucleus. For protons *H nucleus yields an ESEEM peak around ~14 MHz

at a magnetic field of 3360 G.24%

In equation 8, k , the modulation depth parameter, is given by

k= (28 2 11
- (“)a“)ﬁ> (1D

S=1/2,1=1, case: For | > 1/2 nucleus such as N (I =1) the existence of the nuclear quadrupole

interaction provides characteristic spectral lines. Figure 1-11 shows a typical *N-ESEEM
spectrum of a single imidazole coordinated to a Cu(ll) in the equatorial plane. There are three
narrow peaks around 0.55, 1.01, and 1.54 MHz, while there is a broad peak approximately around
4 MHz.24% As shown in Figure 1-11 when the hyperfine interaction between N and the electron
spin is comparable to the nuclear Zeeman interaction they cancel each other. This condition is
known as the “exact cancelation condition”.?52® At the exact cancellation condition, only the
nuclear quadrupole interactions (NQI) are observed in this electron spin manifold.?®?® Three NQI

transitions can be given as,

e?qQn = e’qQ(3—1n) = e?qQ(3+1n)

Vo= o 0 V- ) ¥ 4h (12)

In the equations above e is the electron charge, q is the z-component of the electric field gradient
across the nucleus, Q is the *N nuclear quadrupole moment, 7 is the asymmetry parameter, and h

is Planck’s constant.
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Figure 1-8 The hyperfine interactions of the imidazole nitrogen atoms coordinated to Cu(ll). The
directly coordinated N has a hyperfine interaction of ~40 MHz, while the remote N of the ring has
a hyperfine interaction of ~ 2MHz. With a 7/2 pulse of 16 ns a coverage of 31.25 MHz is obtained,

which does not detect the directly coordinated Nitrogen.
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m2 - T1/2 M2y
Figure 1-9 The three pulse ESEEM pulse sequence (Mims et.al. Phys. Rev. B, 1972, 5, 2409-

2419 and Mims et.al. J. Chem. Phys, 1978, 69, 4921-4930). In the experiment the pulse separation
between the first pulse and the second pulse (t) is kept constant. The separation between the second
and the third pulse T is increased during the experiment. The spin echo is formed after a time t©
following the third pulse and is modulated with the periodicities related to the nuclei coupled to

the electron spin.
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Figure 1-10 The energy level diagram of a S=1/2 and 1=1/2 system. Four different ESR transitions
can be considered for this system where only two fulfill ESR selection rules and are allowed

transitions (Ams = =1 and Am; = 0). The other two transitions are named as forbidden transitions.
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The broad peak around ~4 MHz, which is attributed to a double quantum transition (DQ)

2131 The double quantum transition frequency is given by®2

AZ B 2 2
Vpo = 2](1/, t5 ) + (E) + <e4c}11Q> (3+12) [13]

Where v is the double quantum transition frequency, v; is the Larmor frequency of 1N,

and A and B are the secular and the pseudo secular part of the hyperfine interaction, respectively.
The intensity of the DQ peak is indicative of the number of histidine residues coordinated to
Cu(ll).228.38

In the case of multiple histidine coordination to Cu(ll), combination peaks can appear
between 2 — 3.5 MHz34 and around ~ 8 MHz.3*® On the other hand an ESEEM peak around 2.8
MHz is observed for a backbone coordination of Cu(ll) via a carbonyl oxygen, which will result
in an interaction between backbone N and the electron spin.*¢*” Hence, ESEEM spectroscopy is

a great diagnostic tool to explore the distal coordination environment around a Cu(ll) center.
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Figure 1-11 The energy level diagram for the *N nucleus. The transitions related to the nuclear
quadrupolar interactions (NQI) and double quantum (DQ) transitions are shown in the energy level
diagram. The ESEEM spectrum is shown in the lower panel. The peaks are due to NQI and DQ

transitions in the distal *N in the imidazole ring.
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Quantification of number of *N nuclei coupled to a Cu(ll) center from ESEEM: In our
research it is important to quantify the number of 2N nuclei coupled to a Cu(ll) center. Spectral
simulations have been used to quantify the number of 1*N nuclei coupled to a Cu(ll) center.?® There
are seven parameters needed to simulate the ESEEM signal for each coupled **N nuclei. These
parameters are quadrupolar interaction (Q) , asymmetry parameter (i) , hyperfine constants (A and
B) and three Euler angles between the quadrupolar tensor and the hyperfine tensor (cf. equations
12 and 13). If there is more than one component, these parameters as well as the proportions must
be included for each component. The increase in parameter space makes accurate simulations
difficult to achieve.

The modulation depth parameter [eg: k in equation 11] provides another way to quantify
the number of N nuclei that are coupled to a Cu(ll) center. Figure 1-12A shows an ESEEM signal
for a Cu(Il) complex where n number of *H nuclei are remotely coupled to the electron spin. The
modulation depth parameter (k in equation 11) can be determined by measuring the ratio of
al(a+b), where a is the depth of the first modulation and b is the difference in normalized echo
intensity (y-axis) from the bottom of the first modulation to the zero of the y-axis. These are shown
in Figure 1-12A.

For a N nucleus there are multiple modulations, such as the three NQI frequencies
(equation 12) and the DQ frequency (equation 13) overlaid in the time domain curve as shown by
Figure 1-12B. Hence, it is difficult to obtain modulation depth information for a specific frequency.
Shin et. al. showed that the integrated intensities of the 1N ESEEM region can be used to account
for the changes observed in modulation depths.® As the peak intensities are arbitrary in ESEEM
spectra, *H ESEEM integrated intensity is used as an internal standard to normalize spectra. Here

it was assumed that the number of *H nuclei coupled to a Cu(ll) center is the same for an open
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coordination site, as the *H ESEEM signal that arises from the solvent water molecules interacting
with the metal center.

In AP, where more than one histidine residues can coordinate to Cu(ll), the 1*N ESEEM
signal results from all the histidine residues coordinated. Isotopic enrichment of a magnetic
nucleus with another magnetic isotope of the same element enables us to assign applicable
modulations observed in an ESEEM signal. To this end we substitute *N nuclei in histidine with
a >N isotope. The spin of **N nuclei is | = 1/2 and does not have a quadrupole moment. Hence,
the ESEEM of ®N nucleus is determined by hyperfine and nuclear Zeeman interaction. When N
nuclei in histidine are replaced with isotopic °N, if the histidine is involved in Cu(Il) coordination
the modulation depth of the ESEEM will decrease (kian~ 0.3 vs kisn~0.006) 31 3% As the
contribution from °N nuclei is ~2% towards the ESEEM signal, N isotopic substitution provides
a direct method of quantifying the number of histidine residues coordinated to a Cu(ll).

In this thesis we use ESEEM integrated intensities in conjunction with systematic *N

labeling to obtain precise information about different coordination modes of Cu(II) in Ap.

24



>\1‘

nsit
o
=]

g
@

Modulation depth
k=a/(ath)

o
'S
o

o
r

Normalized echo inte
o
>l
Y

0 250 500 750 1000
Time/ns

=

0.8

oel VT o
A
0.4 N-q.___‘__cf ;\
\;«/ T
o2 i * Multiple modulations for different N’s
overlaid in the time domain

Normalized echo intensity

o
(=]

2000 4000 6000 8000 10000
Timel/ns

Figure 1-12 (A) Experimental ESEEM spectrum for n number of *H nuclei coupled to a Cu(ll)
spin. The data presented in the panel A is acquired for the Cu(ll) complex shown in the inset. The
modulation depth is defined in the time domain signal (B) The ESEEM spectrum of a Cu(l1)-AB(1-
16) complex at pH 8.7 is shown. Here a histidine imidazole is coordinated to the Cu(ll) leading to

several different modulations in the ESEEM signal.
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Hyperfine Sublevel Correlation (HYSCORE)
In one dimensional (1D) ESEEM, certain ESEEM peaks overlap, making it difficult to
unambiguously identify the coordination environment.?> %0 Hofer et.al., introduced the hyperfine
sublevel correlation,* a 2D experiment with a four pulse sequence, (Figure 1-13) which simplifies
the detection and the analysis of multiple nuclear-nuclear interactions. Furthermore, the addition
of the second dimension improves the spectral resolution. 1D ESEEM experiments further suffer
from a blind spot effect. For example, this effect is observed for *H ESEEM because at certain t
(Figure 1-9), the value of (1 — cosw,7) Or (1 — cosa)ﬁr) in equation 8 is zero. Hence, to avoid the
blind spot effect the ESEEM experiment needs to be done at several T values. The use of 2D
HYSCORE allow us to overcome the blind spot effect without performing multiple experiments.

Compared to the 1D ESEEM pulse sequence (Figure 1-9), there is an additional 7 pulse
inserted between the 2" and 3" 71/2 pulses as shown in Figure 1-13A. The interval between the 2"
and 3" pulses, t;, and the interval between the 3 and the 4™ pulses, tp, are incremented
independently. The = pulse allows the transfer of the nuclear coherence between the two electron
spin manifolds (ms= +1/2 and ms= -1/2) shown in Figure 1-10. The echo intensity is recorded as a
function of time t; and t2, as shown in Figure 1-13A. Hence if the nuclear coherence evolves at a
frequency of va during time t1, and with a frequency ve during time t2 then a cross peak at (va, vs)
is observed in the HYSCORE spectrum.

The HYSCORE spectrum shown in Figure 1-13C is acquired for a Cu(ll) coordinated with
Prion protein derived peptide PHGGGW. Millhauser and co-workers (Figure 1-13C) resolved the
structure of the Cu(ll)-PHGGGW fragment with the aid of ESEEM, HYSCORE and X-ray
crystallography.3® 442 \We show the HYSCORE data of this structure because its spectrum clearly

illustrates how peaks from backbone coordination (Figure 1-13B purple circle) are separated from
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peaks for histidine coordination (Figure 1-13B red circle). Along the diagonal of the HYSCORE
spectrum shown in Figure 1-13C the peaks corresponding to ESEEM signals are observed. In
addition cross peaks corresponding to correlation between the NQI and the DQ frequencies for
histidine coordination (red dashed circles) and backbone coordination (purple dashed circles) are
observed as shown in Figure 1-13C.3637- 4. 43 The existence of these cross peaks provide further

information about the frequencies observed in the ESEEM experiment.
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Figure 1-13 (A) The HYSCORE pulse sequence (Hofer et. al. Chem. Phys. Lett. 1986, 132, 279—
282). (B) Prion protein based PHGGGW fragment coordinated to Cu(ll). (C) Experimentally
obtained HYSCORE spectrum for Cu(ll)-PHGGGW complex at 80 K. Dashed circles in red
correspond to cross peaks due to correlation of the NQI and the DQ transitions of a histidine
imidazole (red circle in the structure). Dashed circles in purple correspond to cross peaks due to

correlation of the NQI and the DQ transitions of a backbone coordination (purple circle in the

structure).
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1.2 DISTANCE MEASUREMENTS USING DEER SPECTROSCOPY

In the chapters 4 and 5 we use site directed spin labeling and DEER spectroscopy, which enable
us to understand the origins of the structural flexibility in supramolecular polymers as shown in
Figure 1-1B.

Several ESR methods have been used to extract distance between two paramagnetic
centers.**® These methods include continuous wave (CW),*¢-° double electron electron resonance
(DEER),>**2 and double quantum coherence (DQC) experiments.>*>* Additionally relaxation
based methods are used to estimate distances between spin pairs.>>*® ESR based methods are
advantageous for systems that cannot be investigated by techniques such as X-ray crystallography
and NMR. For the remainder of this section, we will focus on DEER spectroscopy as this method
has been used to probe the systems discussed in this dissertation.

Site directed spin labeling

Hubbell and coworkers developed the site directed spin labeling (SDSL) methodology to introduce
an unpaired electron to selected positions in a protein.>’-8 This introduction is achieved by cysteine
mutagenesis and covalent modification of the sulfydryl group with a selective nitroxide group. The
most ~common  nitroxide  label used is  1l-oxyl-2,2,55-tetramethylpyrroline-3-
methyl)methanethiosulfonate (MTSSL) and the reaction involved is shown in Figure 1-14A. The
ESR spectrum of MTSSL spin label probes information on side chain dynamics and protein
backbone dynamics.>®%° For peptides the a-amino acid 2,2,6,6-tetramethyl-N-oxyl-4-amino-4-
carboxylic acid (TOAC) can also be used to introduce a nitroxide group via peptide synthesis.>® 6
In this scheme the spin label is placed in the peptide backbone and exclusively probes backbone
dynamics.*® The only degree of freedom associated with TOAC is the conformation of the six

membered ring.%® (Figure 1-14B).
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Figure 1-14 (A) Site directed spin labeling reaction (B) Chemical structure of the TOAC label.
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DEER spectroscopy

DEER spectroscopy is the most common ESR technique used to measure distances between two
paramagnetic centers. In the DEER experiment the electron dipolar interaction between two spins
is detected as a modulation in a spin echo at low temperatures. The Hamiltonian for the dipolar

interaction can be simplified as follows,

Mo Sa- 53 3(§A-?AB)(§B-?AB)
}[dlpolar = 9gad Bﬁe ( ) 5 (14)
4rh rAB Tip

Where, uo is the permeability of the vacuum, pe is the Bohr magneton, # is the reduced Planck
constant, ga and gg are the g-factors of the spins A and B, respectively. S, and S are the electron
spin angular momentum operators for A and B spins and 745 is the interspin vector connecting

the spins (Figure 1-15A).

The dipolar interaction can be written as,
ﬁdipolar = 4 hT3 gAgB.Be (a +h+e+d+é+ f) (15)

Where,
a= 54,55,(3cos*0 — 1)

~ 1 . 2 @ @
b= 2 (Sa+S5- +54-85,)(3cos’0 — 1)
E=— > sin @ cos fe (§A,z§B+ + 3‘A+§Brz)

. 3 A S
d= —3 sin 8 cos fe'? (SA,ZSB_ + SA_SB,Z)

5 3 P2 -2ip¢ ¢
é=—7sin 0e “%5,,. 85,

£ 3 ia2 2ip¢ T
f=—Zsm 0e'?S,_Sp_
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@ is the orientation of the interspin vector (Figure 1-15A) with respect to the external magnetic
field and ¢ is the angle between the projection of the interspin vector on the x-y plane and the x-
axis. Term “a” from equation 15 is the most dominant dipolar term in the DEER experiment and

the dipolar Hamiltonain for the DEER experiment can be written as,
~, Ho A A A oA
Hdipolar = —39‘493,8625141253’2(360529 - 1) = wABSA,ZSB,Z (16)
4mhr,yg

Where, w,p is defined as,

_ Hogagsle

wyp = dhi, (3cos?6 — 1) (17)

At low temperatures, due to anisotropy of g and A tensors, all & angles are typically excited
at X-band. In the DEER experiment, the pulses are applied at two different frequencies to measure
the dipolar interaction between the two electron spins. In Figure 1-15A, a nitroxide field sweep
echo detected spectra acquired at X-band is shown. Here, the positions of the observer frequency,
which excites the A spins, and the pump frequency which excites the B spins are shown. The pump
frequency is applied ~ 70 MHz away from the observer frequency position.

The pulse sequence of the four pulse DEER experiment is shown in Figure 1-15B. The
pulse sequence has a fixed inter-pulse delay at the observer frequency (A spins) which forms a
primary refocused echo. Then an inversion pulse is applied at the pump frequency (B spins) at
variable time t with respect to the refocused echo. The pump pulse flips the B spins by 180° and
this inverts the dipolar interaction between the A and B spins. This inversion changes the Larmor

frequency of the A spins by w45 and changes the echo signal intensity.
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Figure 1-15 (A) The echo detected spectrum of a nitroxide spectrum showing the positions of the

observer and the pump frequencies. The inset illustrates the distance vector r between spin A and

spin B at an angle of & with the magnetic field vector Bo. (B) Pulse sequence for the four pulse

DEER experiment (Pannier et. al. J. Magn. Reson. 2000, 142, 331-340).
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Ideally, the DEER experiment should measure the distance between the two electron spins
within a molecule, i.e. the intramolecular distance. In frozen samples two types of distances
contribute to the DEER signal. Intramolecular distance (solid lines in Figure 1-16A) leads to an
oscillating echo decay, where the period is related to the distance. However, the spins on other
molecules in the neighborhood contribute to the signal, creating an intermolecular distance (dashed
lines in Figure 1-16A). Thus, the time domain signal for the DEER experiment is a product of the
intra and intermolecular interactions (Figure 1-15B)

S() = Vintra(OVineer (©)  (18)

Because, the intermolecular interaction consists of a large range of distances and
orientations, the V;,;.,-(t) signal is just an exponential decay. V;,,;.-(t) signal depends on spin
concentration (C) and the fraction of the B spins (1) excited by the pump pulse as given by
equation 19.52

Vinter (t) = exp(—kCApt) (19)

_ 8_7T29A933e2
93 h

The intermolecular interaction dominates at longer t values, and to obtain the V¢ (%)
signal, the raw DEER data is background subtracted. This procedure is shown in Figure 1-16B.
The Vinerq (t) 1s given as,

Vinera(@®) = 1= [ p(r) (A — Apcos[w,pt])E(8)d(0)dr  (20)
where, p(r) is the distance distribution, Az is the fraction of B spins excited by the pump pulse,
hence the fraction of spins that perturb the A spins, and £(8) is the geometrical form factor.
To extract the distance distribution from the time domain data, model independent fits based on

Tikhonov regularization or model dependent fits such as a Gaussian distribution can be used.®3
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Figure 1-16 (A) lllustration of the intramolecular and the intermolecular interactions (B) The

procedure used to subtract the background subtracted DEER data to obtain Vintra is shown. (C) The

distance distribution obtained for the GCN4 peptide.
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2.0 ESEEM ANALYSIS OF MULTI-HISTIDINE Cu(ll) COORDINATION IN

MODEL COMPLEXES, PEPTIDES, AND AMYLOID BETA

Part of this work is written in collaboration with Brian C. Michael, Steven J. Geib, and Sunil

Saxena and has been published in Journal of Physical Chemistry B, 2014, V. 118, 8935-8944

2.1 INTRODUCTION

Among natural amino acids histidine is one of the strongest metal ion coordinators.® Hence,
histidine plays an important role in metal ion coordination in proteins and peptides. Histidine is a
tridentate ligand, which provides ligands at the imidazole imido nitrogen, the amino nitrogen, and
the carboxylate oxygen.'® The imidazole ring nitrogen of histidine residues often provides the
primary coordination site for metal ions.*> Copper is an essential metal ion for biological functions
and is found in bound forms in metalloproteins and in low molecular weight complexes to avoid
toxicity associated with free copper.r® Copper-containing proteins often have binding sites with
irregular geometries containing one or more histidine ligands.

Copper coordination in amyloidogenic proteins such as amyloid-p (Ap), prion, and a-
synuclein is achieved through histidine residues.” All these systems contain highly heterogeneous
copper coordination environments. Small changes in the coordination may have an effect on
aggregation and other chemical mechanisms in the diseased state.> Hence, it is critical to elucidate
the structural details of the different coordination modes to completely understand the biological

role played by metal—protein complexes.®
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In a-synuclein two Cu(ll) coordination sites at the N-terminal region were identified using
mass spectrometry (MS)® and nuclear magnetic resonance (NMR).®® Later circular dichroism
(CD)®® and electron spin resonance (ESR) results indicated that these sites are independent of each
other.%6-% The high affinity site is anchored by the N-terminus, and the second site is anchored by
the histidine at position 50.%° Other than these two sites, recent NMR and ESR results propose a
low affinity Cu(ll) binding site at the C-terminal region.®® 7 In prion protein the presence of four
binding sites at higher Cu(ll) occupancy in each of the PHGGGWGQ octarepeat regions were
identified based on ESR,® 4243 71-13 cp 4. 71-12 NMR, "> and X-ray absorption spectroscopy
(XAS)"®7 results. Two additional Cu(ll) equivalents coordinate via the histidine residues located
at positions 96 and 111.1" 3¢ 7376 Additionally, the Cu(ll) coordination environment in prion

octarepeat domain has been extensively studied by ab initio methods.”®-8°
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2 6
Cu(Il):AB(1-40) (molar ratio)

Figure 2-1 The morphology of the amyloid aggregates is affected by the Cu(ll):peptide ratio in

vitro. At sub equimolar and equimolar Cu(ll) ratios the fibrils are more dominant, while at greater
than equimolar Cu(ll) ratios amorphous aggregates become more dominant. The image was

adapted from Jun et.al. Biochemistry, 2009, 48 10724-10732.
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Amyloid-$ (1-40)
His14? His13?

®

His6?

AB (1-40) DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA
AB (1-16) DAEFRHDSGYEVHHQK

Figure 2-2 Metal binding domain of the AP (1-40) peptide is located in the N-terminus region
in the peptide. The metal binding site contains three histidine residues at positions 6, 13, and
14 which act as the anchoring residues. Ap (1-16) is used as a model complex to understand

the coordination of metal ions to Ap.
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The copper coordination to AP is highly heterogeneous, with the specific coordination
environment depending on the pH, ionic strength, concentration of the metal ions, and the presence
of other metal ions. Jun et.al showed that the morphology of A aggregates depends on the Cu(ll)
ratio in vitro as shown in Figure 2-1.>* The metal binding domain of AB contains three histidine
residues at positions 6, 13, and 14as shown in Figure 2-2.% 81 The Cu(ll) ion coordination in
AB(1-16) has been shown to be identical to that in the full length AB.%>" Hence, AB(1—16) is used
as a model system understand the metal ion interaction with AB. The presence of all three histidine
residues in Cu(ll) coordination spheres was initially proposed by NMR®®2 and was later
confirmed by ESR.2 Other techniques such as XAS,? Fourier transform infrared spectroscopy
(FTIR),> CD,® 887 yltraviolet—visible (UV-vis),®” MS,® and ab initio calculations®* 8- also
proposed the involvement of histidine residues in Cu(ll) coordination.

A number of ESR studies have suggested an equilibrium between two different Cu(Il)
coordination modes in an equimolar AB—Cu(ll) complex at pH 7.4, known as component | and
component 1.3 38 8L 9193 The component | is predominant at lower pH values (~pH 6.0).°
Component Il is dominant at higher pH (~pH 8.7).°

These two components are believed to have a different number of histidine residues
coordinated to the Cu(ll) ion.> Component | is believed to have two histidine residues that
simultaneously coordinate to Cu(ll).% 3 Previously Shin and Saxena used electron spin echo
envelope modulation (ESEEM) in conjunction with N isotopic labeling, to determine that the AB
component | consists of three subcomponents, at physiological pH where two of the three
histidines are simultaneously coordinated to Cu(ll) ion, as shown in Figure 2-3.% Interestingly,
only two of these subcomponents, are present at lower pH values.® 3 Cu(ll) coordinated to His

6—His 13 and His 6—His 14 are found in equal proportions, while the His 13—His 14 coordination
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is absent at lower pH.34 3 These measurements were able to uncover the critical role of His 13—His
14 in Cu(Il) coordination at physiological pH and provide a possible rationale for the presence of

amorphous aggregates, rather than fibrils at high Cu(ll) concentrations.* 38
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Figure 2-3 Three proposed subcomponents for component I in AB-Cu(ll) complex.
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The number of histidine residues coordinated to Cu(ll) in component Il is controversial.
One hypothesis proposes that Cu(ll) is coordinated to the CO group of the Ala 2—Glu 3 bond and
three histidine residues as shown in Figure 2-4.%! The second proposition involves the N-terminus,
one N atom from one of the three histidine imidazoles, the backbone N from Asp 1-Ala 2 peptide
bond, and the CO group of the Ala 2—Glu 3 peptide bond (Figure 2-4).3* The elucidation of the
coordination in component Il is critical as a recent research shows that, in the presence of Zn(ll),
Cu(ll) coordination moves to a component II-like coordination.®> % Furthermore, it has been
shown that Zn(11) can only displace Cu(ll) from component | coordination as discussed in chapter
3.92 One equivalent of Zn(ll) ions displaces ~25% of the bound Cu(Il) from AP(1-16) at
physiological pH, while rearranging the rest of the bound Cu(Il) in component 1.9 In the presence
of one equivalent of Zn(Il) ions, components | and 11 account equally for Cu(ll) coordination in
AB.%2 However, at excess amounts of Zn(ll), component Il becomes the dominant Cu(ll)
coordination mode.®? In brain tissues affected by the Alzheimer’s disease, the concentration of
Zn(ll) is approximately three times higher than Cu(ll).! Therefore, component 11 Cu(ll)
coordination may be the most dominant coordination mode in vivo. Shedding light into the

coordination of component Il is critical to understand the behavior of Cu(ll) in AD etiology.
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Flgure 2-4 Two proposed structures for the component 11 Cu(ll) coordination (A) Three histidine
coordination proposed by Drew et. al. J. Am. Chem. Soc. 2009, 131, 1195-1207 (B) One histidine

coordination proposed by Dorlet et. al. Angew. Chem., Int. Ed. 2009, 48, 9273—-9276.

44



Herein, we propose a method to quantify the number of 2N nuclei coordinated to a Cu(l1)
center by the use of integrated intensities of the Fourier-transformed ESEEM. ESEEM
spectroscopy is a pulsed ESR technique that has been used to identify and quantify the number of
histidine imidazoles coupled to a Cu(ll) center. Spectral simulations of the ESEEM spectra are
often used to determine the number of coupled **N nuclei.?® *® However, as shown by Figure 2-5,
different number of 2N nuclei coupled to the Cu(ll) yield similar fits. Also, when the number of
1N nuclei increased, the number of ESR parameters required is increased, making simulations less
reliable. Furthermore, the heterogeneous coordination environment of metal ions, makes it hard to
disentangle different subcomponents, since additional parameters for the proportions of each
subcomponent have to be included in the simulation.

Alternatively, Shin et al. compared the normalized integrated intensities of the frequency
domain ESEEM spectra to calculate the intensity reduction resulting from the replacement of a
1N with N in AB(1-16)—Cu(ll) complexes.® Although, the use of integration method was useful
in elucidating important structural information, the validity of the method was not tested
experimentally. Here we obtained ESEEM data from simple model complexes with different
numbers of imidazoles coordinated to Cu(ll). The normalized integrated intensities of the model
complexes increased monotonically, when the number of imidazole rings increased in model
complexes. Two small peptides with known Cu(ll) coordination was used to test the validity of
the method. The DAHK—Cu(ll) complex contains a single *N ESEEM active nucleus, while
PHGGGW-—Cu(ll) complex contains two nonidentical N ESEEM active nuclei. Finally, our
method was used to distinguish between the two proposed modes of Cu(ll) coordination. Then, in
conjunction with °N isotopic labeling we quantified the subcomponent proportions in component
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Figure 2-5 Experimental ESEEM spectrum of the one imidazole complex

overlaid with simulations performed using one and two *N nucleus.
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crystal structures.
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2.2 EXPERIMENTAL SECTION

Synthesis of Copper—Imidazole Complexes
For the preparation of tetrakisimidazolecopper(ll) sulfate (see Figure 2-6a), 40 mL of a 1
M imidazole (99% Sigma-Aldrich Co., St. Louis, MO) solution was added to 10 mL of 1 M
CuSO04-5H20 (98+% Sigma-Aldrich Co., St. Louis, MO) solution and left at room temperature to
evaporate. After a few days, dark blue colored crystals formed.®® For the preparation of bis(2-
methylimidazole)copper(ll) diacetate®” (see Figure 2-6b), 0.5 g of Cu(ll) acetate hydrate (98%
Sigma-Aldrich Co., St. Louis, MO) and 1.0 g of 2 methylimidazole (99% Sigma-Aldrich Co., St.
Louis, MO) were added and dissolved in a mixture of chloroform (10 mL) and methanol (2.5 mL).
This mixture was stirred for 30 min at 50 °C and filtered. Then, 15 mL of diethyl ether was added
to the filtrate and stirred for 10 min. Then another 5 mL of diethyl ether was added and filtered
under reduced pressure and washed with diethyl ether and chloroform. The solid was air-dried and
recrystallized from methanol/diethyl ether. For dienimidazolecopper(ll) diperchlorate (see Figure
2-6¢), 30 mL of 2 mM Cu(ClO4)2:6H0 (98% ACROS Organics, New Jersey) in a
methanol/acetonitrile (5:1) mixture was stirred with 3 mL of 2 mM triethylenediamine (>97%
Fluka, Netherlands) in water. Then, 10 mL of 2 mM imidazole in methanol was added to the
mixture. After being left overnight, blue colored crystals were obtained.® All the solvents used in
synthesis were purchased from Sigma-Aldrich Co., St. Louis, MO. Crystals were dissolved in
water to make 10 mM stock solutions. For ESR experiments, samples were prepared in the
presence of 25% (v/v) glycerol (>99% Sigma-Aldrich Co., St. Louis, MO), with a final Cu(ll)
concentration of 1.25 mM.
The peptide PHGGGW, the Cu(ll) binding domain of prion, was synthesized at the

Molecular Medicine Institute, University of Pittsburgh, using standard fluorenylmethoxycarbonyl
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chemistry.®9-1% |sotopically enriched [G-°N]-Na-Fmoc-Nt-trityl-L-histidine was purchased from
Cambridge Isotope

Laboratory (Andover, MA), in which all nitrogen atoms are *N enriched. Three different
variants of amyloid-p(1-16) (DAEFRHDSGYEVHHQK) with each containing an °N enriched
histidine at either position 6, 13, or 14 were synthesized at the Molecular Medicine Institute,
University of Pittsburgh, using standard fluorenylmethoxycarbonyl chemistry.®*1%° Double-
labeled peptides containing two °N enriched histidine residues were synthesized in the same
manner. All the labeled amyloid- (1-16) variants were purified by high performance liquid
chromatography and characterized by mass spectroscopy. Nonlabeled amyloid-p (1-16) peptide
was purchased from rPeptide (Bogart, GA). The peptide fragment DAHK, the N-terminus region
of the human serum albumin, was purchased from Fisher Scientific, Hanover Park, IL. For peptide
samples, the concentration of the peptide was 1.25 mM and an equimolar amount of Cu(ll) was
present in both the samples. Samples were prepared in Nethylmorpholine (NEM) buffer at pH 7.4
in 25% (v/v) glycerol and appropriate amounts of hydrochloric acid.
Single Crystal X-ray Data Collection

X-ray diffraction data for the one-imidazole and two-imidazole model complex structures
were collected using a single crystal on a Bruker X8 Prospector Ultra CCD diffractometer with a
CuKa (A = 1.54178 A) ImuS radiation source. The parameters used during the collection of
diffraction data for each structure are summarized in Supporting Information. Crystals were
mounted in Fluorolube oil on a Mitegen mount and placed in a cold N2 stream (150(1) K) for data
collection. X-ray diffraction data for the four-imidazole model complex was collected on a Bruker
Smart Apex CCD diffractometer with graphite-monochromated MoKa (A = 0.71073 A) radiation

at room temperature. A single crystal was mounted with epoxy onto a glass fiber.
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For each structure, unit-cell dimensions were derived from the least-squares fit of the
angular settings of 999 strong reflections from the data collection. Data were corrected for
absorption using the Bruker AXS program SADABS. Each structure was solved via direct
methods, which located the positions of the non-hydrogen atoms. All non-hydrogen atoms were
refined anisotropically. Final difference Fourier syntheses showed only chemically insignificant
electron density. An inspection of Fo vs Fc values and trends based upon sin 0, Miller index, or
parity group failed to reveal any systematic error in the data. All computer programs used in the
data collection and refinements are contained in the Bruker program package Apex2 v.2013.10-0.
All three crystal structures have been reported previously, and our results are in substantial
agreement with those previously reported structures,%-%

Electron Spin Resonance Spectroscopy

A 200 mL aliquot of complex samples with a concentration of 1.25 mM was transferred
into a quartz tube with an inner diameter of 3 mm. Glycerol (25%, v/v) was added as a
cryoprotectant. All ESR experiments were performed on a Bruker ElexSys E580 Xband or a
Bruker ElexSys E680 X-band FT/CW spectrometer equipped with Bruker ER4118X-MD5 and
EN4118X-MD4 resonators, respectively. The temperature was controlled using an Oxford ITC503
temperature controller and an Oxford CF935 dynamic continuous flow cryostat connected to an
Oxford LLT 650 low-loss transfer tube. Continuous-wave ESR experiments were carried out on
sample solutions at 80 K and at X-band microwave frequency. The magnetic field was swept from
2600 to 3600 G for 1024 data points. A time constant of 10.24 ms, a conversion time of 20.48 ms,
modulation amplitude of 4 G, a modulation frequency of 100 kHz, and a microwave power of

0.1993 mW were the other instrument parameters used for the CW experiment.
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The three-pulse ESEEM experiments were performed on the sample solutions at 20 or 80
K, by using a /2 — 1 — /2 — T— m/2-echo pulse sequence with a /2 pulse width of 16 ns. The first
pulse separation, T, was set at 144 ns, and the second pulse separation, T, was varied from 288 ns
with a step size of 16 ns. The experiments were carried out at the magnetic field, where the ESR
intensity was maximum. A four-step phase cycling was employed to eliminate unwanted echoes.*
101 The raw data was phase corrected, and the real part was selected. After the baseline correction,
the spectra were fast Fourier transformed. Then the final spectra were obtained as the magnitude
of the Fourier transforms.
ESEEM Data Analysis

We normalized the ESEEM spectra using the integrated intensity of *H ESEEM signal
(13—-16 MHz). Possible limitations of the above method are discussed in the results section. For a
single N nucleus coupled to an electron spin, the relative modulation depth is®

K3 (1 - Ky)
K /K = — 2
K (2 - k& - KL,

Where K is the modulation depth and subscripts 14 and 1 denote the N and H spin,
respectively. Superscripts o and  denote the a and B spin manifolds of the electron spin,
respectively.®

For two equivalent **N nuclei coupled to an electron spin the relative modulation depth
becomes®®

4K, (1 - K{3)(1 - Ky)

K& /K = . [2]
Ki[2(1 - KE)? + (KE)? +2(1 - Kf,) + (K2

K& is the modulation depth of the o spin manifolds of the two equivalent **N nuclei. The
relative modulation depth of 1*N increases with the addition of the N nucleus, and the factor of

increase is given by
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(K& /K) 4(1 - K&) (2 — K& — KE)
a - 2
KK 21— kg2 + (ke)? +2(1 - KE) + (kL2

[3]

If K7, and Kf4 are much smaller than 1, the factor converges to 2. The theoretical value for

K¢, and Kﬂis approximately 0.15, for a n/2 pulse length of 16 ns.
If two nonequivalent N nuclei are coupled to the electron spin, the relative modulation

depth is given as®®

K + , —2K&EKE)(1 - K
K&H/Kl — ( 14 14 14 14)( 1) [4]

K [(1— K& - K&) + (1 - Koy - k%))

K%' is the modulation depth of the a spin manifolds of the two nonequivalent **N nuclei.

The increase in the relative modulation depth with the additional **N nuclei is given by

(K& /KD (K& + K& — 2KEKE) (2 — K — KL,
a
(KE/KD ke - kg1 - KS) +(1-K5) (1 - K5,))

[5]

If K%, Ky  KP,  and K 14 are much smaller than 1, eq 5 simplifies to

(KK _ | Ky
WE/KD) K

[6]

If two 14N nuclei are equivalent (i.e., K7 = K/, ), the factor in eq 6 becomes 2.
However, obtaining modulation depth information from ESEEM time domain data
is difficult as many components are overlaid in the signal. It has been shown that integrated
intensities can be used to account for the changes in the modulation depth.® In the frequency
domain N ESEEM signal is well separated from the *H ESEEM signal, so it is possible to
integrate separately. The N ESEEM intensity is obtained by integrating between 0—-11 MHz, and

the 'H ESEEM intensity is obtained for the region between 13—-16 MHz.
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2.3 RESULTS AND DISCUSSION

In this work we experimentally determine the validity of the use of ESEEM integration
intensities to quantify the number of *N nuclei coupled to a Cu(ll) center. To this end a series of
model complexes with different numbers of imidazole ligands coordinated to copper are used.
Then, the ESEEM analysis was carried out on two small peptides with known Cu(ll)—histidine
coordination, namely DAHK and PHGGGW peptides. The DAHK peptide is the N-terminus
region of the human serum albumin (HSA) and coordinate Cu(ll) in the well characterized
ATCUN motive.'% The DAHK—Cu(ll) complex contains a single *N ESEEM active nucleus
through the histidine imidazole coordination. The peptide PHGGGW is a truncated fragment of
the octarepeat Cu(ll) binding domain of the prion protein and has a known Cu(ll) coordination
including a crystal structure.** The PHGGGW—Cu(ll) complex is specifically used as there are
two nonidentical **N ESEEM active nuclei coupled to Cu(ll). One *N nucleus is from the histidine
imidazole coordination and the other from the peptide backbone coordination.” Then we used
ESEEM to distinguish between the two proposed modes of coordination for component II of Ap.
Furthermore, the proportions of each histidine residue coordinated to Cu(ll) ion as an equatorial

ligand were measured with the use of systematic **N-labeled histidine residues.
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Figure 2-7 CW-ESR spectra of model complexes acquired at 80 K.
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Electron Spin Resonance of Model Complexes.

In copper—imidazole complexes, the imidazole ring has a noncoordinated distal nitrogen,
which contributes toward the ESEEM signal at X-band frequencies (~9.5 GHz), with pulse lengths
used in this work (/2 = 16 ns).?* Hence, the 1*N ESEEM intensity will increase with the addition
of imidazole rings to the coordination. In order to quantify the increase in N ESEEM intensity
we synthesized three model complexes (shown in Figure 2-6) containing 1, 2, and 4 imidazoles
coordinated to a copper center, respectively. All three complexes were crystalized, and the
structure of the complexes was verified using X-ray crystallography. The crystal structures of the
complexes are shown in Figure 2-6. All these structures contain copper centers coordinated with
four equatorial ligands according to the information gained from crystal structures. In the one-
imidazole and the four-imidazole complexes, structures of the counter ion ligands perchlorate and
the sulfate, respectively, are resolved as shown in Figure 2-6. ESR measurements are less sensitive
to axial ligands®* and are not considered in the analysis. The one-imidazole complex contains four
directly coordinated nitrogens; three from the tridentate ligand, and one from the imidazole ring.
Directly coordinated nitrogens do not contribute to ESEEM at X-band, with pulse lengths used in
this work. The one-imidazole model complex contains just a single 1*N ESEEM active nucleus,
which is in the imidazole ring.

First, CW-ESR experiments were carried out on the model complexes. As shown in Figure
2-7, the one-imidazole complex has gy and Ay values of (2.22 + 0.005) and (191 + 1) Gauss,
respectively. These ESR parameters correspond to four nitrogen nuclei coordinated to the Cu(ll)
center in the equatorial plane,*® which is consistent with the structure of the one-imidazole
complex, as shown in Figure 2-6a. The two imidazole complex has gy and Ay values of (2.30 +

0.005) and (158 + 1) Gauss, respectively, which is consistent with a two nitrogen and two oxygen
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nuclei equatorial coordination.’® For the four-imidazole complex, gi and A values are (2.26 +
0.005) and (182 + 1) Gauss, respectively, which again is consistent for four directly coordinated
nitrogen nuclei.!® Hence, CW-ESR parameters clearly show that model complexes maintain the
same Cu(ll) coordination environment in solution.

Then the ESEEM experiments were performed on model complexes. The ESEEM spectra
of these complexes are shown in Figure 2-8. Nuclear quadrupole interactions (NQI) of N give
rise to features below 2 MHz. The broad feature around 4 MHz is due to the double quantum (DQ)
transition of the remote nitrogen in an imidazole ring.2* * The intensity of the DQ peak increases
with the number of imidazole rings coordinated to the Cu(ll) center.®> A peak around 9 MHz (black
arrow in Figure 2-8) is also indicative of multiple imidazole coordination.®> % This peak is clearly
observed in the two- and four-imidazole complexes.

The integrated intensity for 1*“N-ESEEM was calculated for the region between 0-11 MHz
and then divided by the 'H ESEEM intensity integrated between 13 and 16 MHz. Details of the
error calculation are provided in Appendix A. The normalized *N-ESEEM intensity increases
from 8.4 to 21 when going from single imidazole to two imidazoles as shown in Table 2-1. When
there are four imidazoles coordinated to the Cu(ll) center, normalized *N-ESEEM intensity is
increased to 40. Hence, there is a monotonic increase in the normalized *N-ESEEM intensity with

the increase of number of imidazole rings coordinated.
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Figure 2-8 Experimentally obtained three-pulse ESEEM spectra model complexes at maximum
g. position. Appearance of a peak around 9 MHz in two and four imidazole complexes is indicative

of multiple imidazole coordination.
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ESEEM Analysis on Cu(l1)—Peptide Complexes with Known Coordination

In order to test our claim in a biologically relevant system, ESEEM experiments were
conducted on two different peptide fragments with well-known Cu(ll) coordination. The four
amino acid peptide DAHK is the N-terminus fragment of the human serum albumin.1®? In the
DAHK peptide, the imidazole ring of the histidine residue coordinates to the Cu(ll) ion, and the
distal nitrogen of the imidazole ring is the only ESEEM active nucleus as shown in Figure 2-9.
The comparison between the ESEEM spectra of Cu(ll)-DAHK and one-imidazole complex is
shown in Figure 2-9. Both complexes show the characteristic three NQI peaks and the broad DQ
peak. The intensities of the DQ peaks are comparable in the two complexes. The intensity of DQ
peak reflects the number of imidazoles coordinated to the Cu(ll) center.® The normalized
integrated intensity for Cu(l1l)-DAHK is 7.0 = 0.1 compared to 8.4 + 0.1 for the one-imidazole
complex (Table 2-1).

Then we used the PHGGGW peptide fragment, which is the Cu(ll) binding domain of the
prion protein.**2 Burns et al. resolved the Cu(ll) coordination environment of the octarepeat
fragment using ESR experiments and a crystal structure of the Cu(1)-PHGGGW complex.*! As
shown in Figure 2-10, Cu(ll) is coordinated to an imidazole nitrogen in a histidine, two backbone
nitrogens from two glycine residues,and an oxygen from a carboxylic group. The structure of the
Cu(Il) bound HGGGW pentapeptide was found to be unstable in solution due to the breaking of
the axial water coordination.”® However, the complex still maintains the equatorial square planar
coordination.” Also, ESEEM results have indicated that histidine imidazole coordination and
backbone coordination is present in the Cu(11)-PHGGGW complex in solution.®® "* The ESEEM
spectra of the Cu(I)-PHGGGW complex and the two-imidazole complex are shown in Figure 2-

10 for comparison. Given the different coordination environments the two spectra do not have
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identical peak positions. Importantly, the intensity of the DQ peak is different. The two-imidazole
complex has a larger DQ peak compared to the PHGGGW complex. The reported structure for the
Cu(I)-PHGGGW structure contains two *N-ESEEM active nuclei from the distal nitrogen of the
imidazole histidine and the backbone coordination as shown in Figure 2-10.3% Hence, the intensity
of the DQ peak is expected to be different between the two complexes, as DQ peak intensity is
indicative of the number of imidazoles coordinated.?®?° However, the normalized *N-ESEEM
integrated intensity obtained for the Cu(ll)-PHGGGW complex is similar to the integrated
intensity of the two-imidazole complex. This information verifies that the integration method can

predict the number of **N nuclei coupled to a Cu(ll) center.
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Figure 2-9 The comparison of ESEEM spectra of Cu(ll) — DAHK complex and one imidazole

complex. Only one *N-ESEEM active nuclei is present in the reported coordination of DAHK.
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Figure 2-10 The comparison of ESEEM spectra of Cu(ll)-PHGGGW complex and the two

imidazole complex. Cu(l)-PHGGGW complex contains two *N-ESEEM active nuclei.
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Quantification of Histidine Residues Coordinated to Component Il of Cu(ll)-Ap(1-16)
Complex.

The integration analysis was used to determine the number of nitrogens coupled to the
Cu(Il) ion in AB(1—16) in component Il. As shown in the inset of Figure 2-11, Zn(ll) selectively
displaces Cu(ll) coordinated to component I. At excess amounts of Zn(ll) (ten equivalents of
Zn(11)), component Il accounts for ~65% of the overall coordination (inset of Figure 2-11), where
in the absence of Zn(l1) the percentage is only 35%.% Amyloid aggregates in brain tissues contain
approximately three times Zn(l1) than Cu(I1).! Hence, component Il becomes the dominant Cu(ll)
coordination mode in vivo. Figure 2-11 shows the comparison between the two-imidazole complex
and the AP(1-16)—Cu(ll) complex at pH 8.7. At pH 8.7 only the component Il of Cu(ll)
coordination exists.>** The integrated intensities tabulated in Table 2-1 suggest that two **N nuclei
are coupled to the Cu(ll) ion. The features of the ESEEM spectrum clearly illustrate the imidazole
histidine coordination as shown in Figure 2-11. The peak around 2.8 MHz is indicative of
backbone coordination.*! The backbone coordination peak is possibly due to the coupling between
the Cu(ll) ion with the remote backbone nitrogen nuclei of Glu 3, where Cu(ll) is coordinated to
the carbonyl oxygen of Ala 2.°* To further confirm the backbone coordination we performed
HYSCORE experiments and as shown in Figure 2-12, the cross peak around (2.8 MHz, 4.3 MHz)
(dashed circles) was clearly observed for all the peptide analogues tested. The presence of this
cross peak further confirms the backbone coordination in component 11 374

The normalized integrated intensity (}*N-ESEEM/'H-ESEEM) of AB(1-16) is 17
compared to 21 and 22 for the two-imidazole complex and the PHGGGW, respectively. The lower
value for AB(1-16) is possibly due to the smaller number of protons that interact with the Cu(ll)

center. The Cu(Il) centers in the model complexes are solvent accessible. In AB(1-16) the
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solvent—Cu(Il) interaction may be restricted because of the neighboring amino acids. In our
analysis we have normalized the integrated area of the H-ESEEM peak to be the same for all
spectra. Therefore, we may be underestimating the *N-ESEEM integrated intensity for AB(1—16).
Nevertheless, the normalization method does suggest that Cu(ll) is coupled to two *N-ESEEM
active nuclei, not one or three. Hence, we can answer the crucial question of the number of

histidines coordinated to component I1.

63



—— AB

Fourier transfrom Amplitude (Arbitrary)

Two imidazoles ‘

Component |

-l.l
o
ot
Teer

g
-------

et €0 |

Component |l
—— AB:Cu(ll):Zn(l1)=1:1:0

weee AB:Cu(ll):Zn(IN)=1:1:10

2600 2800 3000 3200

3400 3600|

Magnetic Field/ G
| J&
0 2 4 6 8 10 12 14 16 18 20
Frequency / MHz
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presence of Zn(11).
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Table 2-1 Integrated intensities of the peaks at the *N-ESEEM region (011

MHz) and *H-ESEEM region (13-16 MHz) and the ratio of **N to 'H integrated

intensities

Complex 4N_ESEEM IH-ESEEM 4N/TH
Four imidazole 3486 + 3 87 +2 40+ 1.5
Two imidazole 1868 + 2 87+1 21+1.0
One imidazole 723+0.4 86+0.2 8.4+0.1
DAHK 603 +£0.4 86+0.2 7.0+ 0.1
PHGGGW 1875+ 0.7 86+0.2 22+0.1
AB(1 - 16) pH 8.7 1412 + 0.7 87+0.2 17+0.1
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Figure 2-12 HYSCORE spectra acquired for Af samples at pH 8.7. Peaks resulting from the

backbone coordination are indicated by dashed circles.
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Contributions of Each Histidine toward Component Il and Physiological Importance.

Three-pulse ESEEM spectroscopy was used in conjunction with isotopic substitution to
determine the coordination of component Il. Specifically the aim of these experiments was to
provide more insight into the proportions of histidine residues involved in component Il
coordination. First, double-labeled variants of AB(1-16) were used. Two histidine residues at a
time are isotopically labeled with ™N. Upon ®N substitution, the modulation depths of the
frequencies due to ESEEM active N nuclei will decrease. This decrease is because the single
quantum transition of >N nuclei does not substantially contribute to the ESEEM signal.2: 3139 103-
105 \We compare the integrated intensities of nonlabeled and *°N labeled variants. As the modulation
depth of the H frequency is not affected by the °N substitution, the *H ESEEM peak is used to
normalize the integrated intensity of *N ESEEM. Because two of the three histidine residues are
labeled, the N ESEEM signal intensity results only from the single nonlabeled histidine. This
isotopic substitution provides a direct method to determine the extent to which each histidine
residue is involved in component I1.

All the samples were at pH 8.7, and the experiments were carried out at 3355 G, which
corresponded to the maximum signal in the echo detected field sweep. The ESEEM intensities are
integrated between 0 and 11 MHz in all the ESEEM spectra collected (Figure 2-13). The integrated
ESEEM intensity of the His 6,13-labeled variant was ~40% of that of the nonlabeled variant. In
the His 6,13 variant, His 14 is the only unlabeled histidine residue and the *N ESEEM intensity
results from only His 14. Likewise, His 13 contributes ~40% and His 6, 20%, toward the
component Il Cu(ll) coordination (Table 2-2). The integrated intensities are tabulated in the Table
2-3.

To further confirm the proportions of the histidine residues, we performed the experiments
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using single-labeled variants in which only one histidine is labeled at a time. The decrease in the
signal intensity in the 1N ESEEM region with respect to the nonlabeled variant indicates the extent
of the involvement of the labeled histidine in the coordination. The ESEEM spectra for single-
labeled variants are shown in Figure 2-14. The integrated *N ESEEM intensities for single-label
variants as shown in table 2-4 follow the similar pattern of His 14 = His 13> His 6 as observed
with the double-label variants. This trend can be rationalized by the pKa values of the histidine
side chains. His 6 has a pKa of 7.1, while for His 13 and 14 the pKa values are 7.7 and 7.8,
respectively.l%® As the imidazole ring in His 6 has a lower pKa value, ring nitrogens will be
deprotonated at lower pH values than in His 13 and 14. This deprotonation makes the ring
nitrogens accessible for Cu(ll) coordination. When the pH is raised, His 13 and 14 rings become
more accessible for Cu(Il) coordination. Hence the proportions of His 13 and 14 are increased with
the increase in pH. These results are in accordance with an X-ray examination of AB(1—16), which
suggests that His 13 and His 14 are readily accessible for metal ion coordination.'® The design of
a curcumin scaffold was discussed in this work, which is used to compete for Cu(ll) coordination
with the His 13—His 14 dyad.!%” In addition, steric reasons may play a role in this trend observed.

Hence, we suggest only one histidine residue is involved in component 11, with a preference
to His 13 and His 14 over His 6. The other residues involved in the component Il coordination are
the carbonyl oxygen of Ala 2,1% the Nterminus (Asp 1),** and the amide nitrogen of Ala 2.3* The
peak around 2.8 MHz in the ESEEM spectra is indicative of backbone coordination and further
confirms the involvement of the peptide backbone in component Il coordination.337 4142 The

possible subcomponents of component Il are shown in Figure 2-15.
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Figure 2-13 Three-pulse ESEEM spectra of the nonlabeled and single ®N-labeled AB(1-16)
variants mixed with equimolar amounts of Cu(ll) at pH 8.7. The decrease in intensity below 8
MHz in N labeled AB(1-16) variants gives the contribution of each histidine residue for
component [ in AB(1-16)—Cu(ll). The inset shows an expanded view of the 0—6 MHz region for

the labeled peptides.
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Table 2-2 Contributions from each histidine residue at different pH values for Af (1 — 16)-Cu(ll)

complex.
pH His 6 His 13 His 14
6.0(comp 1 only)*® 50% 25% 25%
7.4(comp I and 11)% 33% 33% 33%
8.7(comp Il only) 20% 40% 40%

70



Table 2-3 Relative integrated intensities of ESEEM spectra of the nonlabeled and °N- double
labeled AP(1 — 16) variants at pH 8.7 mixed with an equimolar amount of Cu(ll) at the *N-

ESEEM region (0 — 11 MHz) and *H-ESEEM region (13 — 16 MHz) and the relative contribution

from each histidine.

Sample “N-ESEEM | 'H-ESEEM “N/'H % involvement
AB(1-16) 10767 = 7 951 +5 1132£0.1

His 6,13 4270+ 7 950 £ 5 449 +0.1 39.6+ 1

His 6,14 4313+ 7 950 + 5 454+0.1 40.1+1
His 13,14 2795+ 7 950 £ 5 2.94+0.1 259+1
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Figure 2-14 Three-pulse ESEEM spectra of the nonlabeled and single °N labeled AB(1 — 16)
variants mixed with equimolar amounts of Cu(ll) at 3355 G at pH 8.7. The decrease in intensity
below 11 MHz in °N labeled AB(1 — 16) variants gives the contribution of each histidine residue

for component II in AB(1 — 16)-Cu(ll).
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Table 2-4 Relative integrated intensities of ESEEM spectra of the nonlabeled and *N-
single labeled APB(1 — 16) variants at pH 8.7 mixed with an equimolar amount of Cu(ll)

at the *N-ESEEM region (0 — 11 MHz) and *H-ESEEM region (13 — 16 MHz) and the

relative contribution from each histidine.

sample “N-ESEEM | 'H-ESEEM “NE % reduction
AB(1-16) 5847 + 4 515+3 11.35 £ 0.07
His 6 4673 £3 508 + 2 9.20 + 0.04 189407
His 13 3329+ 5 500 + 4 6.66 = 0.05 413208
His 14 3431 £3 466+ 2 7,36+ 0.03 351407
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Figure 2-15 Different Cu(ll) binding modes for component Il. His 13 and His 14 equatorially

coordinate to Cu(ll) more than His 6.
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Our ESEEM results performed using both the double and single ®N-labeled histidine
residues indicate that His 13 and His 14 have a higher preference for the equatorial coordination
position in Cu(ll) component 1l coordination. Chemically, component Il Cu(ll) coordination is
really interesting as Zn(ll) is not able to displace Cu(ll).%2 Biologically, it is important to
understand the component 11 coordination, as component Il may be the most significant Cu(ll)
coordination in vivo, as Zn(l1) coexists with Cu(l1). The insight into the component 11 coordination,
more importantly the proportions of subcomponents, will shed light on the role of metal ions in

Alzheimer’s disease.

24  SUMMARY

We experimentally validated the use of ESEEM intensities to quantify the number of **N nuclei
coupled to a Cu(ll) ion. A monotonic increase in the 1*N ESEEM intensities were observed for the
model complexes synthesized with different numbers of imidazole rings. Then, the validity of the
method was tested with two well-characterized Cu(ll) binding peptides. We used our method to
solve an important structural problem in AB—Cu(ll) complex formation. We determined that only
a single histidine residue is coordinated to Cu(Il) ion in component II in AB. Finally, in component
I1, Cu(ll) uses His 13 and His 14 as an equatorial ligand over His 6. The proportions of the three
histidine residues in Cu(lIl) coordination can be rationalized by the pKa values of the histidine side
chains. Shedding light into the component Il coordination was critical as component 1l might be

the dominant Cu(II) coordination mode of A in vivo.
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3.0 Zn(I1) IONS SUBSTANTIALLY PERTURB Cu(ll) ION COORDINATION IN

AMYLOID BETA AT PHYSIOLOGICAL pH

This work is written in collaboration with Sunil Saxena, and has been published in Journal of

Physical Chemistry B, 2013, V. 117, 9986-9394

3.1 INTRODUCTION

Metal ion competition in biological systems is important for maintaining a proper ion balance,
which in turn is critical for homeostasis.!® Copper and zinc ions play critical roles in many
biological pathways, including respiration, cell signaling, and electron transfer.*1%12 |n the central
nervous system, metal ion competition is critical as these metal ions are involved in a large variety
of activities, including the development and maintenance of enzymatic activities, neuro
transmission, etc.**® lonic imbalance in the central nervous system can lead to several neurological
diseases, such as Alzheimer’s disease, which is the most common cause of neurodegenerative
dementia. 114116

Herein we examine the metal-binding competition in the AP peptide which is involved in
Alzheimer’s disease. Much research has been conducted to determine the role metal ions play in
the etiology of Alzheimer’s disease. Interestingly, micro-particle induced-ray emission
microscopy measurements have shown that amyloid aggregates in brain tissues show abnormally
high levels of Cu(ll) and Zn(lI)1. Furthermore, these metal ions are co-localized within the AP

deposits.! Several coordination modes have been proposed for these metal ions in AP on the basis
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of several spectroscopic techniques such as nuclear magnetic resonance (NMR), circular
dichroism, X-ray absorption spectroscopy, electrospray-ionization mass spectroscopy, and Raman
spectroscopy.> "8 117 Most of these investigations were focused on single metal ion coordination
in AB. In this work, we utilize electron spin resonance (ESR) in conjunction with isotopic labeling
to establish the coordination environment of Cu(ll) in the presence of Zn(ll).

The higher concentration of these ions in amyloid plaques? raises the possibility that these
metal ions might be involved in the plaque formation. AP peptide undergoes metal-induced
oligomerization under physiological conditions.!’ It is important to note that the aggregated states
of AB-Cu(Il) and AB-Zn(ll) are very different. Saxena and co-workers reported that Cu(ll) induces
mature fibril formation at subequimolar concentrations, while granular amorphous aggregates are
observed at higher concentrations of Cu(Il).* Zn(1l) on the other hand forms more amorphous
aggregates rather than fibrillar aggregates even at sub-equimolar concentrations.!'81% |t has been
suggested that the different coordination modes of Cu(Il) and Zn(II) ions in A are related to the
different morphologies and toxicities of aggregates.20-12

The Cu(II) ion coordination in AB(1—16) has been shown to be identical to that in the full
length AB.122124 Continuous wave electron spin resonance (CW-ESR) spectroscopy has revealed
that there are two major coordination modes in AB- Cu(ll), known as component | and component
11.34 81,91 Component I is the major Cu(ll) coordination mode at physiological pH, accounting for
65—75% of the overall coordination.® *® A number of experimental techniques have revealed that
the histidine residues in AP at positions 6, 13, and 14 are involved in the Cu(II) coordination.> "
34,84 previous work done in our group using electron spin echo envelope modulation (ESEEM)
spectroscopy and hyperfine sublevel correlation (HYSCORE) showed that all three histidine

residues in AB(1—16) are involved in the coordination of Cu(II).8 In component I, Cu(11) is thought
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to be coordinated to two out of three histidine residues present in Af at positions 6, 13, and 14.
Depending on which histidine residues are coordinated to Cu(ll), two possible coordination modes
for Cu(ll) component | were proposed at pH 6.0.° Component IA contains simultaneous
coordination of His 6 and His 13, while component IB contains His 6 and His 14 (Figure 3-1). At
pH 6.0, the simultaneous coordination of Cu(ll) by His 13 and His 14 is almost nonexistent.
However, Shin et al. showed that simultaneous coordination of His 13 and His 14 is as important
as His 6 and His 13 coordination at physiological pH.3 Thus, a subcomponent IC, as shown in
Figure 3-1, was introduced to account for the simultaneous His 13 and His 14 coordination. A
recent investigation done in AB(1—40) fibrils using pulsed ESR revealed a bis-cis-His equatorial
coordination geometry for Cu(11).%3 Also, this research proposed a structure in which Cu(ll) is
coordinated to His 6/His 13 and His 6/His 14 alternatively along the fibrillar axis on opposite sides
of the B-sheet structure.®® The other two equatorial ligands for Cu(Il) component | are believed to
be the N-terminus®* 1123 and the carbonyl oxygen from Asp 1.9

The metal-binding site for Zn(l1) ion lies in the N-terminal hydrophilic region of AB(1—16),
as is the case for Cu(11).1%1%6 |t is believed that all three histidine residues are involved in the
coordination of Zn(Il) in AB(1—16).1261%0 Classically, Zn(ll) coordination involves four to six
ligands. The identities of other ligands are still controversial. The AP ligands proposed in binding
Zn(I1) in addition to the three histidine residues are the N-terminal amine from Asp 1, the Glu 11

carboxylate side chain, the deprotonated amide of the Arg 5 backbone, and Tyr 10.°
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Figure 3-1 Three proposed subcomponents for component I in Cu(II) coordinated to AP peptide
and the percentages of each component at pH 7.4. In subcomponent IA, His 6 and 13
simultaneously coordinate the Cu(ll) ion in the equatorial plane. Subcomponent 1B Cu(ll)

coordinates His 6 and 14, while subcomponent IC coordination contains His 13 and 14.
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The Cu(Il) coordination in AB(1—16) is heterogeneous and involves all three histidine
residues in different coordination modes. Given the coexistence of Cu(ll) and Zn(Il) in amyloid
plaques, it is critical to study the Cu(ll) coordination in the presence of Zn(Il). This represents a
better depiction of the in vivo environment. We used CW-ESR spectroscopy in conjunction with
simulations to determine how Zn(II) competes with Cu(Il) for AB(1-16) coordination at
physiological pH. These results show that the overall affinity of Cu(Il) toward AB(1—16) is higher
than that of Zn(ll). Importantly, only component | of Cu(ll) was substituted by Zn(ll). ESEEM
experiments were performed at low magnetic field strength (2800 G), at which only component |
of Cu(ll) coordination is present. Single-labeled and double-labeled peptides containing one and
two N isotopically labeled histidine residues were used to obtain detailed information on the role
of each histidine residue in Cu(Il) coordination. In the presence of an equimolar amount of Zn(ll),
the ESEEM results suggest that approximately half of the peptides in the ensemble use His 14 as
an equatorial ligand for Cu(ll) coordination in component I. Furthermore, the proportion of
subcomponent IC was increased in the presence of Zn(Il). The atomic force microscopy (AFM)
results obtained using AB(1—40) show that amorphous aggregates are prevalent in the presence of

both Zn(11) and Cu(ll).

3.2 EXPERIMENTAL SECTION

Peptide Synthesis and Cu(l1)/Zn(I11) Complex Preparation.
Isotopically enriched [G-15N]-Na-Fmoc-Nr-trityl-L-histidine, in which all nitrogen atoms
are N-enriched, was purchased from Cambridge Isotope Laboratory (Andover, MA). Three

different variants of amyloid-p(1-16) (DAEFRHDSGYEVHHQK) containing an *N-enriched
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histidine at position 6, 13, or 14 were synthesized at the Molecular Medicine Institute, University
of Pittsburgh, using standard fluorenylmethoxycarbonyl chemistry.**1% Double-labeled peptides
containing two N-enriched histidine residues were synthesized in the same manner. All the
labeled amyloid-p(1—-16) variants were purified by high-performance liquid chromatography and
characterized by mass spectroscopy. Nonlabeled amyloid-B(1-16) peptide was purchased from
rPeptide (Bogart, GA). Isotopically enriched (98.6%) %3CuCl, was purchased from Cambridge
Isotope Laboratory, and anhydrous ZnCl, powder (>99.995% metal basis) was purchased from
Sigma-Aldrich Co. (St. Louis, MO). The enriched isotope was used to minimize inhomogeneous
broadening of the Cu(ll) ESR spectra. N-Ethylmorpholine (NEM) was purchased from Sigma-
Aldrich Co.

The 2.5 mM solutions of peptides were prepared in 100 Mm NEM buffer (pKa = 7.8) at
pH 7.4 in 50% (v/v) glycerol and appropriate amounts of hydrochloric acid. Cu(Il) and Zn(l1) stock
solutions at 10 mM were prepared in NEM buffer. Appropriate amounts of stock solutions of
Cu(ll) and Zn(11) were added to a tube. Then the peptide was added to the tube containing Cu(ll)
and Zn(I1) to make sure the peptide coordinates with both the metal ions simultaneously. The final
peptide concentration of the ternary complexes was 1.25 mM. For all ESEEM experiments
equivalent amounts of Cu(ll) and Zn(Il) were added (peptide:Cu(ll):Zn(ll) = 1:1:1). For CW
experiments the metal ion concentrations were changed to provide the desired ratios. Samples of
double-isotopic labeled peptide were prepared following the same procedure used for the single-
isotopic labeled peptides.

Electron Spin Resonance Spectroscopy
A 200 pL aliquot of the sample was transferred into a quartz tube with an inner diameter

of 3 mm. Electron spin resonance experiments were performed on either a Bruker ElexSys E580
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or a Bruker ElexSys E680 X-band FT/CW spectrometer equipped with a Bruker ER4118X-MD5
or EN4118X-MD4 resonator, respectively. The temperature was controlled using an Oxford
ITC503 temperature controller and an Oxford CF935 dynamic continuous flow cryostat connected
to an Oxford LLT 650 lowloss transfer tube. All samples were frozen quickly by immersion in
liquid nitrogen. Then the samples were inserted into the sample cavity which was precooled to the
desired temperature (20 or 80 K).

Continuous-wave ESR experiments were carried out on sample solutions at 80 K with a
microwave frequency of approximately 9.69 GHz. The magnetic field was swept from 2600 to
3600 G for 1024 data points. A time constant of 40.96 ms, a conversion time of 81.92 ms, a
modulation amplitude of 4 G, a modulation frequency of 100 kHz, and a microwave power of
0.1993 mW were the other instrument parameters used for the CW experiment. The experimentally
obtained spectra were compared with simulations using Bruker Simfonia.

Three-pulse ESEEM experiments were performed on the sample solutions at 20 K,
using a w/2—t—n/2—T—n/2—echo pulse sequence with a /2 pulse width of 16 ns. The first pulse
separation, T, was set at 144 ns, and the second pulse separation, T, was varied from 288 ns with a
step size of 16 ns with the magnetic field strength fixed at 2800 G. Component | of the Cu(ll)-
APB(1-16) complex is almost exclusively observed at this magnetic field at physiological pH. Four-
step phase cycling was employed to eliminate unwanted echoes.® 1! The raw data were phase
corrected, and the real part was selected. After the baseline correction, the data were fast Fourier
transformed. Then the final spectra were obtained as the magnitude of the Fourier transforms.

Four-pulse HYSCORE experiments were carried out at 20 K with a n/2—t—n/2—tl-n—t2—
n/2—t—echo pulse sequence with /2 and © pulse lengths of 16 and 32 ns, respectively. The first

pulse separation, T, was set at 144 ns, and both the second (t1) and third (t2) pulse separations were
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varied with a step size of 16 ns and 100 shots per points. The final data consisted of 256 data points
in both t1 and t2. The magnetic field was fixed at 3360 G, where the echo intensity is a maximum.
Four-step phase cycling was employed to eliminate unwanted signals. The real parts of the
collected two-dimensional data were baseline corrected and zero filled to 1024 points in both
dimensions. After the two-dimensional Fourier transformation was performed, the final spectra
were obtained as contour plots of the magnitude of the Fourier transforms.
ESEEM Data Analysis

For systems where Cu(ll) is coordinated to *N, the ESEEM spectrum contains three
characteristic peaks between 0 and 2 MHz.2"-31 When the exact cancellation condition is fulfilled,
these three ESEEM frequencies correspond to vo, v-, and v+ for the nuclear quadrupole interaction

(NQI) transitions.

e?qQn = e?qQ(3—n) = e?qQ(3 + 1)

Vo= o 0 - 4h * 4h [1]

In the equations above e is the electron charge, q is the z-component of the electric field gradient
across the nucleus, Q is the *N nuclear quadrupole moment, 7 is the asymmetry parameter, and h
1s Planck’s constant.

Apart from these three NQI peaks there is a broad peak around 3.8 MHz, which is attributed

to a double quantum transition (DQ) 2’3, The double quantum transition frequency is given by

A? B\? 2
g =2 j(w )+ (& +(29) 6

Where vy, is the double quantum transition frequency, v, is the Larmor frequency of 1N,

and A and B are the secular and the pseudo secular part of the hyperfine interaction respectively.
In this work we compare the ESEEM signals of wild type A (1-16) with *N labeled AB

(1-16) peptides. Upon *°N substitution the modulation depths of the signals due to *N nuclei will
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decrease in ESEEM. This decrease is because the single quantum transition of *N nuclei does not
substantially contribute to the ESEEM signal.?! 3139103105 |n gyr approach **N ESEEM signal is
normalized by the 'H ESEEM signal as the *H ESEEM modulation depth is not affected by a
replacement of *N with °N. The decrease in the relative modulation depth of the **N nuclear
transition frequency can be calculated by comparing the relative integrated intensity of the °N
labeled peptide with the non-labeled peptide. For a single ¥*N nuclei coupled to an electron spin
system, this decrease in modulation depth is,*

B
Kisaabeteay/ Kiqavetea) B 1-1) [2 - (K1a4 + K14)]
K&(non labeled)/Kl(non labeled) 2—-(1- f)(Kﬁ + Klf’;)

Where, K is the modulation depth, and f is the fraction of *N nucleus that has been
replaced. Subscripts 14 and 1 denote the N spin and *H spin, respectively. Subscripts « and S
represent the a and B spin manifolds of the electron spin, respectively. Shin and Saxena showed
that this normalized **N modulation depth is a monotonic function of the fraction of N that is

replaced with °N.® It is evident that the decrease in the relative modulation depth of the N
nuclear transition frequency is greater than that in the fraction of N. If K& and Kf; are much
smaller than 1, the factor converges to(1 — f), which is the fraction of 1*N. For example if the K

and Kﬁ, values are approximately 0.15 eq [3] becomes,

Kisqaveteay/Kiqavereay ~ 1.70(1 — f)
K14(non labeled)/Kl(non labeled) 1.70 + 0'30f

[4]

In the case of a 33% replacement of “N with ®N, the ratio F(m!°N/0°N) is
approximately 0.63, which indicates that the relative modulation depth of the N transition

frequency decreases by 37%, just 4% greater than the expected from the fraction of replacement.
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However, it is difficult to obtain modulation depths as many components are overlaid in
the ESEEM time domain curve. Shin and Saxena showed that the integrated intensity can be used
to account for the decrease in the modulation depth upon *N labeling, in the *N ESEEM signal.*
In the frequency domain the H signal is well separated from the signal produced by *N so it is
possible to integrate each separately. The *N ESEEM integrated intensity is obtained by
integrating between 0—8 MHz, and for the'H ESEEM the integration is done between 10—-14 MHz.
Thus relative integrated intensities can be used to calculate the fraction of **N nuclei coordinated

to Cu(ll). Detailed equations for multiple histidine coordination are provided in reference 38.3®

3.3 RESULTS

Zn(IT) Competes with Cu(II) for Ap(1-16) Coordination

Continuous-wave ESR experiments were carried out on the equimolar mixture of Cu(ll) and
AB(1-16) in the presence and absence of Zn(ll) in 100 mM NEM (pH 7.4) buffer. These
experiments were performed to demonstrate the binding competition between Cu(Il) and Zn(lI)
for AB(1—16) coordination. As Zn(Il) is a diamagnetic ESR silent species, the change in the Cu(ll)
signal is used to investigate the effects of Zn(l1) in the system. At the physiological pH in NEM
buffer, free Cu(ll) precipitates and does not contribute to the signal.®! Figure 3-2 shows the
experimentally obtained CW-ESR spectra in the presence and absence of Zn(ll). In the presence
of 1 equiv of Zn(lIl), the intensity of the ESR signal decreased as shown in Figure 3-2.
Quantitatively the double-integrated intensity was reduced by ~25%. Upon the addition of 4 equiv
of Zn(ll), the double-integrated signal intensity of Cu(ll) was decreased by ~40%. The decrease

in the double-integrated intensity of the Cu(ll) signal clearly illustrates the fact that Zn(ll)
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competes with Cu(Il) for AB(1-16) coordination. To understand how the Cu(ll) signal intensity
changes with the increase in Zn(ll) concentration, further CW experiments were carried out. The
ratios of AP(1—16) and Cu(ll) were kept constant, and the Zn(ll) ratio was changed from 0 to 10
in these experiments. The double-integrated intensity of these CW spectra was calculated to
elucidate the amount of Cu(l1) bound to the peptide at different Zn(ll) ratios as shown in Figure 3-
3. The amount of bound Cu(Il) remains approximately constant after the addition of 4 equiv of
Zn(11) to the mixture. Approximately 60% of the initially added Cu(ll) is still bound to AB(1—16)
even at large excess concentrations of Zn(ll) under conditions where both metal ions compete

simultaneously for peptide coordination.
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— AB16:Cu(ll):Zn(l1)=1:1:0
Component|  ___ aAg16:cu(il):zn(i)=1:1:1
----- AB16:Cu(ll):Zn(l)=1:1:4

Component |l

2600 2800 3000 3200 3400 3600
Magnetic Field/ G

Figure 3-2 CW-ESR spectra illustrating the reduction of Cu(ll) intensity in the presence of Zn(ll)
when coordinated to AB(1-16) peptide at physiological pH. At equimolar amount, Zn(II) reduces
the double integrated intensity of Cu(ll) signal by ~ 25 % with respect to the no Zn(ll) spectra, and

at four equivalents of Zn(lIl) the signal intensity is reduced by ~ 40 %.
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Figure 3-3 Double integrated intensity of Cu(II) signal of AB(1-16)-Cu(11)/Zn(I1) ternary complex

at different equivalents of Zn(ll) added at pH 7.4
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Zn(11) Competes Only with Component | of Cu(ll) at Physiological pH

The AP(1-16)-Cu(ll) CW spectrum contains two clear components at physiological pH
(Figure 3-2). Component I, which is the major component of Cu(ll) coordination at physiological
pH, has gy and Ay values of 2.26 + 0.005 and 170 £ 1 G, respectively. These ESR parameters are
consistent with a type 11 Cu(ll) center, coordinated to three nitrogen ligands and one oxygen ligand
in the equatorial plane.’® Likewise, the gy and A values of 2.23 + 0.005 and 156 + 1 G,
respectively, of component Il are consistent with coordination of either three nitrogen ligands and
one oxygen ligand or four nitrogen ligands.®

A close inspection of CW-ESR spectra of AB(1-16)-Cu(Il) and AB(1—16)-Cu(ll)/Zn(11)
showed an interesting pattern. Figure 3-4a shows the CW-ESR spectra of AB(1—16)-Cu(ll) and
AB(1-16)-Cu(11)/Zn(I1) complexes at pH 7.4. Interestingly, in the presence of Zn(ll) the intensity
of only component | was decreased. The intensity of component Il remains very similar in both
the presence and the absence of Zn(Il). Spectral simulations were performed to quantify the
proportion of each component in the AB(1—16)-Cu(ll) complex. ESR parameters used for the CW
simulations are tabulated in the Table 3-1. An overlay of experimental and simulation results is
shown in, Figure 3-5. In the absence of Zn(ll), component | was the major component and account
s for ~65% of the overall signal. However, in the AB(1-16)-Cu(l1)/Zn(11) equimolar complex the
amount of component | is ~53%. At a 4-fold excess of Zn(Il), the proportion of component | is
~35%. To confirm the selective substitution of Cu(ll) by Zn(ll), experiments were repeated at pH
8.7. At this pH, only component 11 of Cu(ll) binding is present. The double-integrated intensity of
the Cu(ll) signal in the presence and absence of 1 equiv of Zn(Il) remained approximately the
same, as shown in Figure 3-4b, indicating that Zn(ll) was unable to displace Cu(ll) from

component II.
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AB16:Cu(ll):Zn(1)=1:1:0
AB16:Cu(ll):Zn(I1)=1:1:1

Component |
pH71 JM

Con;lponent | |

2600 2800 3000 3200 3400 3600
Magnetic Field/ G

pH 8.7

Component I

2600 2800 3000 3200 3400 3600
Magnetic Field/ G

Figure 3-4 (a) Overlay of CW-ESR spectra of AB(1—16)-Cu(ll) equimolar binary complex (black)
and AB(1-16)-Cu(I1)/Zn(I1) equimolar ternary complex (gray) at pH 7.4 and (b) at pH 8.7. At pH
8.7, only component Il of Cu(ll) binding is present. Interestingly, the double-integrated intensity
of the spectra remains almost the same, suggesting Zn(Il) cannot compete with Cu(ll) for

component Il coordination.
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Table 3-1 Relative proportions of AB(1-16)-Cu(ll) component I and I1 at different equivalents of

Zn(1l) added at pH 7.4.

Equivalents of Component | % Component 11 %
Zn(11) added
0 65 35
0.5 58 42
0.75 56 44
1 53 47
2 40 60
4 35 65
8 31 61
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Figure 3-5 Simulated CW spectra for AP(1-16)-Cu(Il) binary complex and AP(1-16)-
Cu(11)/Zn(11) ternary complex. Experimental spectra are shown in solid lines and simulated ones

are shown in dashed.
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Contribution of Each Histidine Residue for Component I in AB(1-16)-Cu(ll1)/Zn(l1)

Complex

As discussed earlier, all three histidine residues are involved in the Cu(ll) coordination at
physiological pH** & %land component | consists of three subcomponents (Figure 1).*8 Our CW
results show that Zn(Il) competes only with Cu(ll) for component | coordination. Thus, it is of
interest to discover which subcomponents of component I compete with Zn(II) for Ap(1-16)
coordination by evaluating the contribution of each histidine residue to the Cu(ll) coordination in
component |. Experiments are carried out at a magnetic field strength of 2800 G, where the
contribution from component Il is negligible.

Figure 3-6 shows the ESEEM spectrum of unlabeled AP(1—16) peptide coordinated to
Cu(ll) and Zn(I1) at physiological pH and 2800 G. The spectrum contains three peaks around 0.55,
1.01, and 1.54 MHz. The nuclear quadrupole parameters, €2qQ/ h and 1, are determined to be 1.70
+ 0.03 MHz and 0.65 + 0.02, respectively. These numbers are comparable to those for Cu(ll)
histidine complexes.?-* The broad peak around 3.8 MHz is due to a double quantum (DQ)
transition of the remote nitrogen of the imidazole.?* # As two histidine residues are likely
simultaneously coordinated to Cu(ll) on the equatorial plane, two simultaneous histidine
coordinations are assumed to yield the best fit for ESEEM simulation (Figure 3-6). Apart from the
peaks arising from 1N, there is another peak around 11.9 MHz which is similar to the *H Larmor
frequency at 2800 G. This peak is a result of hydrogen atom(s) weakly interacting with the electron

spin of Cu(Il).
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Figure 3-6 Experimentally obtained and simulated three-pulse ESEEM spectra of the
nonlabeled AB(1—16) peptide mixed with equimolar amounts of Cu(Il) and Zn(II) at

2800 G and pH 7.4.
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Next, we analyzed the three-pulse ESEEM spectra obtained for three singly labeled
APB(1-16) peptide variants. The spectra are shown in Figure 3-7. In these peptides, a single
histidine at either His 6, His 13, or His 14 is isotopically labeled with ©®N. All these AB(1—16)
variants were mixed with equivalent amounts of Cu(ll) and Zn(I1) at pH 7.4. The four spectra have
similar line shapes and peak positions in the *N-ESEEM region. The similarity in the peak shapes
implies that the ESEEM active *N of each histidine residue has almost the same nuclear transition
frequencies.®® In ESEEM experiments, the 1*“N-ESEEM intensity is related to the number of N
histidine residues coordinated to Cu(ll) (see Experimental Section). The single-quantum transition
of ®N, a nucleus with a spin of 1/2, contributes minimally (~2%) toward the ESEEM signal .3 3
Hence, when a N nucleus is replaced with a >N the ESEEM signal intensity will decrease.

The three-pulse ESEEM spectra of three single-labeled peptides and the wild type were
normalized using their *H-ESEEM intensities at or around 11.9 MHz. Then the ESEEM spectra
were integrated between 0 and 8 MHz and compared between the wild-type and the °*N-labeled
peptides (see Experimental Section). As Figure 3-7 illustrates, the °N-labeled variants have lower
intensities in the N region below 8 MHz. At physiological pH, the normalized *N-ESEEM
intensity of His 14-labeled peptide decreased by approximately 50% compared to that of the
unlabeled ternary complex (AP(1—-16)H14[**N] in Figure 3-7). The decrease in *N-ESEEM
intensity indicates that ~50% of the peptides in the ensemble use His 14 as an equatorial ligand in
Cu(ll) coordination. The reductions of **N-ESEEM intensity for His 6- and His 13-labeled samples
were ~20% (AB(1-16)H6[*°N] in Figure 3-7) and 30% (AB(1-16)H13[**N] in Figure 3-7),
respectively. These values suggest that ~20% and ~30% of the peptides in the mixture equatorially
coordinate to Cu(ll) through His 6 and His 13, respectively. Hence, His 14 becomes the most

significant equatorially coordinated histidine ligand in Cu(ll) binding (~50%) in component I. In
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the AP(1-16)-Cu(ll) binary complex, both His 6 and His 14 were equally important in Cu(ll)
binding, each accounting for ~40%.26 Thus, the Cu(ll) coordination environment is rearranged in
the presence of Zn(l1).

The same set of experiments was carried out using three double-labeled AB(1—-16) variants. In
these double-labeled peptides, two out of three histidine residues in AB(1—16) are isotopically
labeled with °N. As two of the three histidine residues are labeled, **N-ESEEM signal intensity
results only from the nonlabeled histidine. This provides a direct methodology for determining the
extent to which each of these residues is involved in the ternary complex. All the experiments were
carried out at 2800 G, where only component I is present.

Despite a low signal-to-noise ratio, because of the fact that only one histidine is responsible
for the 1*N-ESEEM signal, we were able to do the analysis with extensive signal averaging. As
shown in Figure 3-8, as expected, His 14 was the highest contributing highest contributing
histidine ligand in Cu(Il) coordination in the ternary complex. The ESEEM signal intensity of His
6- and His 13-labeled peptide (in which only His 14 gives rise to the signal) is approximately 50%
of that of the nonlabeled peptide (AP(1—16)H6,13[**N] in Figure 3-8). This signal intensity
indicates that ~50% of the peptides in the mixture use His 14 as an equatorial ligand. The ESEEM
signal intensities of AB(1—16)H6,13[**N] (His 6 nonlabeled) and AB(1-16)H6,13[**N] (His 13
nonlabeled) were ~20% and ~30%, respectively. Hence, the percentages of each histidine residue
involved as an equatorial ligand in Cu(ll), obtained from both single- and double-labeled peptides,
were similar. The integrated intensities of each spectrum and the relative contributions from each

histidine residue toward the *N-ESEEM signal are tabulated in the, Tables 3-2 and 3-3.
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Figure 3-7 Three-pulse ESEEM spectra of the nonlabeled and single-°N-labeled
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H

APB(1-16) variants mixed with equimolar amounts of Cu(ll) and Zn(ll) at 2800 G and
pH 7.4 (peptide:Cu(l1):Zn(I1) = 1:1:1). The decrease in intensity below 8 MHz in °N-
labeled AP(1-16) variants gives the contribution of each histidine residue for
component I in the AP(1-16)-Cu(Il)/Zn(Il) complex. AP(1-16)H6[°N],
AB(1-16)H13[*®N], and AB(1-16)H14[**N] denote peptides in which His 6, His 13,

and His 14 are labeled with °N, respectively.
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Table 3-2 Relative integrated intensities of ESEEM spectra of the nonlabeled and °N- single

labeled AP(1-16) variants at pH 7.4 mixed with equimolar amounts of Cu(Il) and Zn(Il) at the

14N-ESEEM region (0-8 MHz) and *H-ESEEM region (10-14 MHz) and the relative contribution

from each histidine residue.

Sample | N-ESEEM 'H-ESEEM | N/H % reduction
AP 1400 + 4 240+ 3 5.83 +0.07
His 6 1153+ 4 23743 4.86 +0.06 16.6+ 1.6
His 13 981 £ 7 236+ 4.16 +0.09 28.6+2.0
His 14 6375 23743 2.69 +0.04 53.8+ 1.5
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Figure 3-8 Three-pulse ESEEM spectra of the nonlabeled and double **N labeled

APB(1-16) variants mixed with equimolar amounts of Cu(Il) and Zn(II) at 2800 G at
pH 7.4. Integrated area between 0 — 8 MHz gives the contribution of the nonlabeled
histidine residue in double labeled AB(1-16) variants for component I in AB(1-16)-
Cu(IlyZn(Il) complex. AP(1-16)H13,14['°N], AP(1-16)H6,14[*°N], AB(1-
16)H6,13[*°N] denote peptides where His 13/14, His 6/14, and His 6/13 are labeled

with N, respectively.
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Table 3-3 Relative integrated intensities of ESEEM spectra of the nonlabeled and °N- double
labeled AB(1-16) variants at pH 7.4 mixed with equimolar amounts of Cu(ll) and Zn(ll) at the
14N-ESEEM region (0-8 MHz) and *H-ESEEM region (10-14 MHz) and the relative contribution

from each histidine residue.

sample “N-ESEEM | 'H-ESEEM | 'N/H % involvement
Ap 1400 4 240+ 3 5.83 40,07
His 6,13 (His 14) | 720+ 7 29+5 3.14£008 | 539+15
His 6,14 (His 13) | 382+ 6 240+ 5 1594005 | 272+1.0
His 13,14 (His 6) | 316+ 10 24747 1284005 | 21912
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The integrated intensity of the DQ peak depends on the number of 1*N-ESEEM active histidine
residues.?® Hence, the double quantum signal was weak in the double-labeled peptides as only one
14N-ESEEM active histidine residue is present. Comparison between the single- and double-
labeled peptide showed that the DQ integrated intensity is greater in the single labeled peptide. If
there is just single-histidine coordination, the DQ intensity would remain similar between the
single- and double-labeled peptides. Therefore, the simultaneous coordination of two histidine
residues in component I of the AB(1—16)-Cu(l1)/Zn(I1) ternary complex is preserved as it is in the
AP(1-16)-Cu(ll) binary complex.3# 38 91

HYSCORE experiments were carried out in nonlabeled and labeled AB(1—16)-Cu(l1)/Zn(11)
at physiological pH and at the magnetic field of 3360 G. The spectra obtained showed the same
frequency patterns as in the Cu(ll) complex,® 8 indicating that despite the presence of Zn(ll), the
coordination of Cu(ll) remains essentially unchanged as shown in Figure 2-9. The primary
difference between the two sets of spectra was that the intensities of correlation peaks were reduced

as Zn(I1) replaced approximately 25% of bound Cu(ll) at equimolar amounts.

102



AB His 14
6 6
5 5
—4 -~ 4
N
T 4
= H
> 3 > 3
2 2
1 1
0 0
0 1 3 4 5 6 7 0 1 3 4 6 7
v,(MHz) v,(MHz)

5 6 7

0 1 2

0 1 2 6 7

3 a
3 4
v,(MHz) v,(MHz)

Figure 3-9 N and *®N-ESEEM regions of the HYSCORE spectra of the nonlabeled and
15N labeled AB(1 — 16) variants mixed with equimolar amounts of Cu(ll) and Zn(ll) at
3360 G at pH 7.4. Peak shapes and positions remain constant between the binary Ap(1-
16)-Cu(II) and AB(1-16)-Cu(l1)/Zn(I1) ternary complex. The cross peak around 1.8 MHz,
8.0 MHz is not visible in the ternary complex as the signal intensity is decreased ~ 25 %

due to Zn(Il) substitution.
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3.4  DISCUSSION

Selective Zn(11) Competition for Component | Cu(ll) Coordination

Much work has been performed to determine the coordination environments and aggregate
forms of AP in the presence of metal ions such as Cu(Il) and Zn(II). However, multiple metal ion
interactions in AP are not well-understood. The changes in Cu(ll) coordination modes in the
presence of Zn(Il) in prion protein were examined using CW-ESR™ and X-ray absorption
spectroscopy (XAS).”® These results in AB(1—16) show the usefulness of ESEEM to elucidate
molecular level details of metal ion competition and coordination. These kinds of experiments are
important as multiple metal ions coexist in an in vivo environment. Using CW-ESR and spectral
simulations we established that Zn(11) competes only with component | at physiological pH. Our
CW-ESR and simulations revealed that at excess amounts of Zn(Il), component Il becomes the
most significant coordination mode. In brain tissues affected with Alzheimer’s disease, the
concentration of zinc is higher than that of copper.® Hence, it will be critical to understand the
microscopic details of component Il coordination.

Change in Component I Cu(II) Coordination in Ap(1-16) in the Presence of Zn(I1)

The ESEEM results show that at physiological pH proportions of peptides coordinated
through histidine residues in the equatorial plane are in the order His 14 > His 13 > His 6. These
contributions are significantly different from the contributions reported for component I in the
Cu(I1)-AB(1-16) binary complex. Previous work done in our group reported that the order for the
binary complex was His 14 ~ His 6 > His 13.%8 This is the first investigation reporting the
contributions of each histidine residue in the AB(1—16)-Cu(ll)/Zn(ll) ternary complex. These

results suggest the importance of His 14 in Cu(ll) coordination in the presence of Zn(ll).
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Damante et al.,®! in their work done using the AP(1—16)-polyethylene glycol-ylated
peptide, suggested that the addition of Zn(l1) does not liberate Cu(ll) ions but modifies the metal
ion distribution in AB(1-16). Also Alies et. al.; recently showed that Zn(ll) ions shift Cu(ll)
coordination toward component 11 coordination.®* In our findings, Zn(I1) can partially substitute
(~25%) bound Cu(Il) from AB(1—16) at equimolar concentrations. Also, the present work adds
critical details regarding the redistribution of Cu(ll). Using the proportions of each histidine
residue involved in AP(1-16)-Cu(ll), the proportion of peptides in each component was
calculated.® Figure 3-10 shows the overall coordination environment of Cu(Il) in AB(1—16) in the
presence and absence of 1 equiv of Zn(ll). Notably, all the Cu(Il) ions in subcomponent IA, in
which the metal ion is simultaneously coordinated to His 6 and His 13, are replaced by Zn(ll). The
proportion of Cu(ll) coordinated peptides in subcomponent IB is decreased, while the number of
peptides in subcomponent IC is increased. These observations can be rationalized using the
individual affinities of histidine residues toward Cu(ll). The affinity of each histidine residue is in
the order His 14 > His 13 ~ His 6.3 This order would suggest Zn(11) is more likely to remove
Cu(Il) coordinated to His 6 and His 13 than it is to remove Cu(ll) coordinated to His 14. Hence,
Zn(11) is most likely to substitute Cu(ll) in subcomponent IA.

Information on Cu(ll) and Zn(II) coordination in AP will help establish the conformational
preferences and structure of the N-terminus. This insight is crucial because current models of
structure do not include any metal ions. Furthermore, these results are also likely to guide rational

structure-based design of metal chelates as therapeutics for Alzheimer’s disease. 32134
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Figure 3-10 Overall population distribution of Cu(II) binding modes in AB(1-16) in the presence
and the absence of Zn(ll) at physiological pH. The proportion of Subcomponent IC, which may
inhibit the formation of ordered fibrillar forms, is increased.® Subcomponent IA is no longer

present in the presence of Zn(Il) and IB proportion is decreased.
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Figure 3-11 Location of His 13 and His 14 in the fibrillar structure of Ap(1-40). (PDB ID :

2LMN).
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Physiological Importance of Simultaneous His 13 and His 14 Coordination

It is known that at greater than equimolar concentrations the proportion of amorphous
aggregates is greater than that of the ordered fibrillar aggregates.* Previously, we had proposed
that simultaneous His 13-His 14 coordination (subcomponent IC) might be the genesis of this
effect. Simultaneous coordination of His 13 and His 14 to Cu(ll) is expected to prevent the
formation of ordered B-sheet structures, as the side chains of the histidine residues would be forced
to be on the same side (Figure 3-11). In the presence of Zn(ll), the proportion of subcomponent IC
increases. It has also been postulated that a salt bridge between His 13 and Asp 23 is important for
the formation of a key intermediate toward the formation of ordered fibrils.**>%¢ Zn(lI) or Cu(ll)
coordination to His 13, even at very low concentrations, may disrupt the salt bridge, leading to the
formation of disordered amorphous aggregates rather than ordered aggregates. We performed
AFM imaging to test these hypotheses. In the presence of Zn(ll), amyloid-f forms more
amorphous aggregates. These AFM experiments were carried out using Ap(1—40) (Figure 3-12),
as this variant contains the hydrophobic region necessary for aggregation of the peptide, which is
absent in AB(1-16). The trend observed is different when just Cu(ll) is used as observed earlier
(cf. Figure 2-1).# In general, when the metal ion concentration increases, the probability of forming
fibrillar aggregates decreases. These results suggest that metal ion coordination to His 13 likely
plays a decisive role in dictating the morphology of the aggregates. It would be fascinating to

directly monitor the disruption of the His 13-Asp 23 salt bridge by solid state NMR.*%
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Figure 3-12 Morphology of AB(1-40) aggregates formed under (a) low Cu(Il): low Zn(II), (b)
low Cu(Il): high Zn(I1), (c) high Cu(l1): low Zn(I1), (d) high Cu(ll): high Zn(I1). All samples were
incubated along with metal ions at 37" C. In the presence of Zn(ll) the probability of forming

amorphous aggregates is favored.
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3.5 SUMMARY

We used the well-known metal-binding peptide AP, which is involved in Alzheimer’s
disease, to study the metal-binding competition between Cu(ll) and Zn(ll). The two metal ions,
Cu(ll) and Zn(II), have different affinities toward AB(1—16), and even at large excess of Zn(ll),
~60% of Cu(Il) is still bound to AB(1—-16). Interestingly, Zn(1l) was able to replace only Cu(ll)
coordinated in component I, while component Il bound Cu(ll) resisted the Zn(Il) substitution.
Subcomponent IC in which His 13 and His 14 are equatorially coordinated to a Cu(ll) ion becomes
the most significant coordination mode. This is a very interesting observation as subcomponent IC
might be responsible for the formation of amorphous aggregates. This work shows the ability of
ESEEM measurements to provide molecular level information of metal ion coordination and
competition. Such molecular level details of metal ion coordination may ultimately pave the way
to understanding the formation of aggregates of different morphologies and the toxicity associated

with Alzheimer’s disease.
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4.0 ORIGINS OF STRUCTURAL FLEXIBILITY IN PROTEIN-BASED

SUPRAMOLECULAR POLYMERS REVEALED BY DEER SPECTROSCOPY

Part of this work is written in collaboration with Nathan A. Tavenor, Sunil Saxena, and W. Seth
Horne and has been published in the Journal of Physical Chemistry B, 2014, V. 118, 9881-9889.
Author contributions: W.S.H. and S.S. designed research; N.A.T synthesized the peptides, K.1.S
performed DEER measurements, K.I.S and S.S analyzed DEER data, W.S.H resolved the X-ray

structure, N.A.T performed MD simulations, N.A.T, K.1.S, S.S and W.S.H wrote the paper

4.1 INTRODUCTION

Coiled coils are a-helical folding®*® motifs found in ~ 10% of eukaryotic proteins.'*® These
structures are formed when two or more sequences, that demonstrate heptad signatures, coil around
each other in a very specific manner.!®® These complexes are highly stable in agqueous
environments. Unique characteristics of coiled coil assemblies such as oligomerization state,'*
size, 142143 stability’** and direction of binding*%’ can be modulated by the careful selection of
the sequence.'®®149 The noncovalent association of the coiled coils is sensitive to external
parameters such as temperature, ionic strength, pH and choice of solvent, which affects both
electrostatic and hydrophobic interactions.*%1%® Hence, coiled coils have become useful for the
programmed self-assembly of supramolecular polymer materials.

Supramolecular polymers are a class of materials constructed through noncovalent

interactions such as metal ion coordination, hydrogen bonding, hydrophobic interactions and n-n
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interactions.’>*1°8 They are dynamic reversible assemblies based on noncovalent interactions
frequently found in nature.’***% The dynamic nature of these polymers make them sensitive to
external stimuli, which makes them ideal candidates for the formation of smart materials. These
materials can be used for applications such as analytical devices, organic electronics and
regenerative devices.!®11%* An understanding of the molecular origins of the chain dynamics in
these polymers is essential in developing smart materials.

Previous work done in the Horne lab has shown two coiled-coil forming peptides linked at
their midpoints by an organic linker can lead into the formation of programmed supramolecular
polymers.® 1%° Two organic linkers used for these assemblies are shown in Figure 4-1.% 1% These
linkers, based on either ethylenediamide (EDA) or piperazine (PIP), connect the two coiled coil
peptides through a solvent exposed Cys residue. Despite being structurally similar to each other,
these two linkers form supramolecular polymers with different physical properties. Primarily, the
apparent hydrodynamic radius of the subunits formed with PIP linkers was larger than the subunits
formed with EDA linkers.® This result suggests that the rigidity of the linkers plays an important
role in controlling the structure of the polymers.

The critical point to understand in the above work is the role of linker flexibility in dictating
the overall structure of the polymer. By the first principles, the more rigid linker PIP would lead
to the formation of stiffer polymer structures. However, it is difficult to test this hypothesis. To
explore different conformational distributions resulting from the linkers used we use double
electron-electron resonance (DEER) spectroscopy experimentally. DEER spectroscopy is a pulsed
electron spin resonance (ESR) technique that measures a distance between two paramagnetic
centers. This method is capable of measuring distances ranging from 1.5 — 10 nm making it an

ideal technique to probe protein based structures,> 166-168
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Figure 4-1 The sequence of the GCN4 peptide with the cross linking cysteine shown in green. A
subunit building block of the coiled coil forming peptide linked with the linkers. The structures of

the two organic linkers that connects the chains.
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4.2 EXPERIMENTAL SECTION

Double Electron—Electron Resonance (DEER) Spectroscopy.

DEER experiments were performed on either a Bruker ElexSys E580 or a Bruker ElexSys
E680 X-band FT/CW spectrometer equipped with a Bruker ER4118-MD5 or EN4118X-MD4
resonator, respectively. The sample temperature was regulated using an Oxford ITC503
temperature controller and an Oxford CLT650 low-loss transfer tube. For each measurement,
~150 pL of the appropriate sample was transferred into a 3 mm inner diameter quartz tube, flash
frozen in liquefied methylacetylene-propadiene and propane (MAPP) gas, and inserted into a
sample cavity precooled to 80 K. The four-pulse DEER experiments were carried out using a pulse
sequence of (1/2)v1-t1-()vi-T-(m)v2-T2-(m)vi-t2-ech0.1®® The pump frequency, v, was set at the
maximum of the nitroxide spectrum. The observer frequency, vi1 was offset by ~70 MHz. The
lengths of the (7/2)v1 and (m)v1 pulses were 16 and 32 ns, respectively. The (w)v2 pulse was set to
16 ns. Step sizes of 8 and 16 ns were used to measure shorter and longer distances, respectively,
for 128 data points. Deuterated solvent and glycerol-d8 were used to increase the phase memory
time of the linker samples. Raw DEER data were analyzed using the DEERAnalysis 2013
software. Given the scope of the present work, where general features of the distance distributions
were needed, we analyzed the data assuming a Gaussian distance distribution. Although model
dependent, such fits improve the reliability of the analysis.®® The use of Gaussian models also
facilitates comparison of trends in closely related samples and minimizes artifacts arising from
low signal-to-noise, which can complicate data interpretation.

Details of sample preparation, X-ray crystallography, circular dichroism spectroscopy and

molecular dynamics aided modeling are given in reference 170.*7°
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4.3 RESULTS AND DISCUSSION

Selection of the spin label for DEER spectroscopy

After the synthesis of the helix forming peptide GCN4 as shown in Figure 4-1, our goal
was to select the best spin label to use for distance measurements. The most widely used spin labels
are based on a nitroxide functional group.’*7? In expressed proteins the nitroxide functional
group can be introduced via a covalent modification of a cysteine residue with a thiol-active
reagent 1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl)methanethiosulfonate (MTSSL) (Figure 4-
2).173175 For synthetic peptides the nitroxide group can also be introduced through an unnatural
amino acid, such as 2,2,6,6-tetramethyl-N-oxyl-4-amino-4-carboxylic acid (TOAC). TOAC is an
a,a-disubstituted cyclic amino acid, which can be directly incorporated into a peptide sequence
(Figure 4-2). TOAC is a significantly more rigid spin label compared to MTSSL. This spin label
rigidity enables ESR measurements to more closely mimic the backbone dynamics. In the case of
MTSSL, data interpretation is complicated by the dynamics of side chain.1”® Shortcomings of the
TOAC label are the difficulty of synthesis and the possible disruption of certain protein folds.
TOAC in a coiled-coil fold should not disrupt the structure due to the higher helix forming
propensity of the unnatural amino acid.*”’

In the initial experiments, the MTSSL spin label was placed at position 14, where a Ser is
mutated into a Cys. This position is located in the solvent exposed outer surface of the coiled-coil.
The TOAC label was positioned by replacing a Glu residue at position 10. On the basis of the
crystal structure published, position 10 was selected as a possible location that would tolerate the
steric bulk.1®17° A crystal structure made with a simplified analogue of TOAC, confirmed this

hypothesis."°
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Figure 4-2 Structures of the two spin labels used MTSSL and TOAC. The GCN4 peptide sequence

used and the position of the spin labels within the sequence and the helical wheel.
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Then, DEER experiments were carried out on the two labeled peptides. The raw DEER
data and the background subtracted DEER data are shown in Figure 4-3A and B. The modulation
depth difference observed is due to the different labeling efficiencies shown by the two systems
(~88% for MTSSL and ~80% for TOAC). The published coordinates of the MTSSL spin label on
an a-helix was overlaid on the Ser 14 residue of the peptide to obtain the most probable distance. %
The most probable distance obtained for MTSSL from the DEER experiment was 2.40 nm (Figure
4-3C) with a standard deviation of 0.26 nm, while the model structure predicted a distance of 2.36
nm. Similarly, a model structure was made for TOAC labeled peptide with the aid of a crystal
structure containing TOAC like hexane analogue. This model structure for TOAC predicts a
distance of 1.87 nm, while the most probable distance obtained from DEER is 1.95 (Figure 4-3C)
nm with a standard deviation of 0.07 nm.

As predicted by previous work, TOAC spin label generated a narrower distance distribution
compared to MTSSL.1"® The raw time domain data shows that there are four full periods observed
for TOAC, while MTSSL has a single period, indicating the rigidity of the TOAC label. Hence,
we decided to select the TOAC spin label to study the chain dynamics of the coiled-coil assemblies.
More importantly, due to the sub angstrom standard deviations obtained, the distance distributions

maximally reflect the conformational preferences of the supramolecular assemblies.
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Figure 4-3 Predicted spin label distances from the structural data for peptides and the DEER
distance comparison. Crystal structures shown with the permission of American Chemical Society
(Tavenor et.al; J. Phys. Chem. B 2014, 118, 9881-9889). The background subtracted DEER data
are shown along with the single Gaussian fits. As expected the TOAC label gave a much narrower

distance distribution.
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DEER spectroscopy on homodimeric capped peptides

With the choice of the TOAC spin label, we extended these experiments to supramolecular
polymer chains that are linked by bis-iodoacetamide groups.® We decided to compare the
differences in the chain dynamics of the two linkers (EDA and PIP) used in the formation of
supramolecular polymers (Figure 4-1).

The TOAC labeled peptide was mixed with the cross linked subunits. This mixture should
give rise to the two products. First, self-associated spin labeled peptides which gives a shorter
distance (~ 2nm) and second, a capped subunit where the spin labeled peptides cap the cross linked
peptides, which will result in a longer distance. We mixed these peptides in a ratio which is
intended to give a statistical distribution. A high ratio of capped peptide was expected based on
prior observations. Hence, a higher proportion of the longer distance (subunit A in Figure 4-4) was
expected.

The DEER data obtained for the mixtures and the distance distributions obtained are shown
in Figure 4-4. Initially the experiments were carried out using an acquisition time of ~2.5 s
anticipating the capped subunit distance around 4-5 nm. However, as these measurements did not
yield a period corresponding to the longer distance around 4-5 nm, the experiments were carried
out with a shorter acquisition time (~ 1 ps) to obtain more definitive information about the shorter
distance. As shown by Figure 4-4, a single Gaussian distance distribution with a most probable
distance around ~1.9 nm was observed. These distance distributions match well with the distance
distribution from the TOAC labeled peptide. Hence, the major species in the mixture is the spin
labeled dimers (subunit B in Figure 4-4). The lower signal to noise compared to Figure 4-3, may
be due to the formation of longer supramolecular polymers where the spins are not in the range for

a DEER measurement.
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Figure 4-4 Background subtracted DEER data for the GCN4 mixed with GCN4 linker assemblies.

Only the shorter distance resulting from homodimerization of the GCN4 is observed. The overlay

of DEER data with the GCN4 alone match well with the GCN4+linker assemblies.
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Although it is possible to increase the proportion of capped subunit by tuning the
stoichiometric ratios, a more general solution would be the design of a heterodimer coiled-coil
system. The heterodimer system will specifically form more capped subunits which are essential
to measure the flexibilities of the covalent linkers used.

DEER spectroscopy on heterodimeric capped peptides

The design of the heterodimeric coiled-coil sequence was based on sequences reported in
literature.'®! The hydrophobic core of the heterodimer assembly was similar to the homodimer
system. In BASEp: peptide, eight Lys residues are introduced at the coiled coil interface in the
folded state. Introduction of these Lys residues creates a highly cationic sequence. In ACIDp:
peptide, the Lys residues are replaced with Glu to create a highly anionic sequence. As these
different residues result in charge repulsion, the homodimerization of either sequence is
unfavorable. Hence, a heterodimeric assembly is formed with complimentary charged sequences.

A Cys mutation is introduced into the BASEp; for the position corresponding to the cross-
linking site. The ACIDp: peptide was modified by introducing TOAC at two different positions.
First, the spin label was positioned at the 9" residue (ACID9) which is located close to the
crosslinking site. Then, the labeling was done at position 2 (ACID2), closer to the N-terminus of
the peptide. This results in four samples with two different linkers and two spin label positions.
The CD data showed that the capped sub units are much more stable than in the statistically
controlled homodimer samples.

The DEER experiments were conducted on the four samples and data obtained were much
higher quality than what we obtained for the homodimer system. The raw DEER data and the
background subtracted DEER data for the ACID9 peptide are shown in Figure 4-5A and B. The

differences in modulation depths observed for two linkers in Figures 4-5 are attributed to different
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labeling efficiencies (EDA ~85% and PIP ~95%). Resulting distance distributions for both EDA
and PIP linkers display a similar most probable distance at ~ 4.2 nm as shown by Figure 4-5.
However, the more rigid linker PIP gave a broader distance distribution. The DEER data acquired
for ACID2 peptides are shown in Figure 4-6A and B. Again, the differences in modulation depths
are attributed to different spin labeling efficiencies (EDA ~77% and PIP ~98%). In these peptides
PIP linker exhibits a bimodal distribution as shown by Figure 4-6. The two distributions were
centered on ~ 4.2 nm and ~ 2.3 nm. EDA linked peptides gave rise to a distance distribution
centered on ~ 4.2 nm. The DEER signal from PIP linker was fit using the double Gaussian function
as two modulations were observed in the signal. Also, the truncation of the data preserved the
proportions of the bimodal distribution. The Tikhanov regularization fit for the EDA linker showed
a minor population at ~2.3 nm. Suppression of this peak did not impact the fit significantly,
suggesting a very small population. Hence, both the placement of the spin label and the choice of
the linker affects the distance distributions.

Molecular dynamics aided modeling, conducted by the Horne lab, enabled us to rationalize
the distances obtained from DEER data. First, the MD simulations were performed on EDA and
PIP linkers attached with a thioethyl moiety. Then, a random subset of structures was obtained for
the trajectories of the thioethyl moiety. Next, a structure derived from the coiled coil peptides was
attached to either end. In the ensuing step, the structures that encounter steric clashes with the
newly introduced peptide were filtered. Finally, the structures that match up well with the DEER
distances within the standard deviations were selected. For bimodal distances, separate sets of
structures were generated for each distance.

To visualize the dynamics of the polymer chain the focus was on the C, atom of the Ser 14

in the two outer helices of the capped units. The most significant difference in DEER data was
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observed when the spin label was placed near the N-terminus. The EDA linker showed a single
distance around ~ 4 nm, while PIP linker showed two distances around 4 nm and 2.3 nm. The
capped subunits for the ~ 4 nm distance shows a random relative orientation of the two coiled coils
as shown in Figure 4-7A and B. This orientation will enable the polymer to grow at a wider
distribution. For the ~ 2.3 nm distance, the PIP linker shows more restricted structures, where two
coiled coils are aligned in a parallel orientation as shown in Figure 4-7C. With the MD results
obtained for EDA linked peptides, we hypothesize a more randomly distributed orientations that
give rise to the more compact structures with a short persistence length (Figure 4-7D). The PIP
linked coiled coils, with the restricted motion around the cross linked sites, only allow the polymer
to grow along the same direction at each sub unit as shown in Figure 4-7D. This will result in an

increase in chain stiffness and persistence.
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Figure 4-5 The comparison of DEER data for the EDA and PIP linkers with the spin label

positioned near the linker position (9). PIP linker shows a much broader distance distribution.
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Figure 4-6 The comparison of DEER data for the EDA and PIP linkers with the spin label

positioned near the N-terminus (2). PIP linker shows a much bimodal distance distribution.
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Figure 4-7 Representative ensemble for subunits with EDA linker (A) and PIP linker (B and

C). Models are superimposed on two coiled coils and the orange dots represents position of
the second coiled coil with respect to the point of attachment. Image reproduced with the
permission of American Chemical Society (Tavenor et.al; J. Phys. Chem. B 2014, 118,

9881-9889).
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44  SUMMARY

In this work we examine the molecular origins of the observation that PIP linked coiled coil
subunits form polymers with a larger apparent hydrodynamic radius than EDA linked subunits. To
achieve this objective we employed DEER spectroscopy along with molecular modeling. For
DEER experiments a TOAC spin label was preferred over the more common MTSSL spin label.
Our strategy was to measure the conformation of a single subunit linked with either PIP or EDA
by DEER spectroscopy. We found out that stoichiometric mixing of linked monomers was
insufficient to generate adequate quantities of isolated subunits, but instead led to longer polymer
chains. Therefore, we modified the sequence of the coiled coil such that only capped subunits are
formed. In coiled coil assemblies, where the spin label was placed in the middle of the chain, both
linked peptides showed a single distance distribution, with PIP linked peptides showing a broader
distance distribution compared to EDA linked peptides. When, the spin label was placed near the
N-terminus EDA linked peptides showed a single distance distribution, while PIP linked peptides
yielded a bimodal distribution. Molecular dynamic simulations guided by the experimental DEER
data suggest that the shorter distance associated with PIP linked peptides gives rise to sets of
conformers where the coiled coils are oriented parallel and the positioning of the cross linking sites
of the outer helices is restricted. This sub population with restricted motions along the chain causes
polymer chain to propagate in the same direction, which in turn increases the hydrodynamic radius

of the supramolecular assemblies.
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50 OVERVIEW OF MAJOR ACHIEVEMENTS

The metal ion coordination in amyloidogenic AP peptide is highly heterogeneous. Three histidine
residues located at positions 6, 13 and 14 are involved in the coordination of both Cu(ll) and Zn(Il)

ions. In this context we experimentally verified a method to quantify the number of histidine

residues coordinated to a Cu(ll) ion using ESR spectroscopy. A series of model complexes were

synthesized with different number of imidazole rings coordinated to a Cu(ll) center. These
complexes were used to show that the N ESEEM integrated intensity increased monotonically
with the number of imidazole rings that are coordinated to Cu(ll). To check the validity of the
method we used two small peptides with known Cu(ll) coordination. Then the ESEEM

spectroscopy is used to quantify the number of histidine residues coordinated to Cu(ll) in

component Il coordination. We unequivocally showed that only a single histidine residue is

coordinated to Cu(ll) in component Il. This information is critical as our experiments suggest the

component 11 coordination is the most dominant coordination mode in the presence of Zn(ll) for
AB.
Then, we probed the changes that occur in Cu(ll) coordination in the presence of Zn(ll)

with the use of ESR spectroscopy. We showed that Zn(Il) competes with only component | of

Cu(II) coordination in AP at physiological pH. With the aid of ESEEM spectroscopy we measured

the changes in proportions of Cu(ll) subcomponents in the presence of Zn(ll). Our results suggests

the proportions Cu(ll) binding to simultaneous His13-His14 Cu(ll) coordination is increased in

the presence of Zn(ll). An increase in His13-His14 metal ion coordination possibly leads to an

increase in the amount of amorphous aggregates formed, as metal ion coordination by adjacent
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amino acid residues prevents the formation of -sheets. Furthermore, we suggest the importance
of His 13 in modulating the morphology of AP aggregates.

Finally, we used DEER spectroscopy to determine the molecular level interactions that

dictate the formation of supramolecular polymers. Specifically, we determined the factors that

govern the formation of polymers with different hydrodynamic radii when ethylenediamide (EDA)
and piperazine (PIP) organic linkers are used to append coiled coil domains. Strategic placement
of the spin label enable us to observe different conformers for single coiled coil subunits linked
with organic linkers. Molecular dynamic simulations guided by DEER data suggest some
conformer populations assist the chain propagation in the same direction leading to the formation
of polymers with larger hydrodynamic radius. This information is critical in the design of smart
materials based on protein structures.

In addition to this research we have helped other researchers by proving valuable ESR data.

The published and submitted papers are listed below.
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