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Relaxation of Metals and Their Impact on Nitroxides

Abstract

Pulsed and continuous wave electron spin resonance were used to characterize the relaxation rates of
selected paramagnetic metals at 5 to 15 K or 80 K, measure the impact of these rapidly relaxing metals
on the relaxation rates of nitroxide radicals in glassy mixtures and in discrete complexes, and characterize
novel iron-sulfur proteins.

Spin echoes were observed at 5 to 7 K in 1:1 water:glycerol for Er(diethylenetriamine pentaacetic acid)z'
(Er(DTPA)z'), Co(DTPA)3' and aquo Co?* with relaxation times that are strongly temperature dependent.
Deep proton modulation was present on spin echo decays (Ch. 3). For Gd®* and Gd(DTPA)Z' in1:1

water:glycerol at 80 K T1 is 1.5t0 2 mus and T2 is about 0.5 mys. When Gd%* is loaded into P22 viral

capsids with local concentrations up to about 180 mM the relaxation rates at 80 K are dramatically
increased (Ch. 6).

Relaxation rates for 0.2 mM nitroxide radical in mixtures with rapidly relaxing metal ions in 1:1
water:glycerol glasses were measured at temperatures between 20 and 200 K (Ch. 4). The enhancement

of the relaxation rate of the nitroxide increases in the order Co?* < Er®* < Dy3* < Tm3*. The maximum

spin-lattice relaxation enhancement occurs at about 35 K for Dy3+, 40 K for Er3+, and 80 K for Co2",
Changes in T1 are a much larger fraction of the non-interacting values than for T».

Complexes were prepared in which an ethylenediamine tetraacetic acid (EDTA) metal binding site was
separated via linkers of varying lengths from a nitroxide radical. Energy minimization calculations found
distances of 1.6, 2.4, and 3.4 nm between the metal binding and nitroxide N-O groups. The interaction
between a paramagnetic metal bound to the EDTA and the nitroxide were characterized by measuring
relaxation times and continuous wave power saturation.

The temperature dependence of the electron spin-lattice relaxation rates for iron-sulfur clusters from
Pyruvate Formate Lyase- Activating Enzyme, hydrogenase and Mycofactin C protein were studied (Ch. 7).
Compared to other iron-sulfur proteins the relaxation rates were relatively slow.
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Abstract

Pulsed and continuous wave electron spin resonance were used to characterize the
relaxation rates of selected paramagnetic metals at 5 to 15 K or 80 K, measure the impact
of these rapidly relaxing metals on the relaxation rates of nitroxide radicals in glassy

mixtures and in discrete complexes, and characterize novel iron-sulfur proteins.

Spin echoes were observed at 5 to 7 K in 1:1 water:glycerol for
Er(diethylenetriamine pentaacetic acid)? (Er(DTPA)?), Co(DTPA)* and aquo Co?" with
relaxation times that are strongly temperature dependent. Deep proton modulation was
present on spin echo decays (Ch. 3). For Gd** and Gd(DTPA)? in 1:1 water:glycerol at
80 K T1is 1.5t0o 2 us and T is about 0.5 us. When Gd** is loaded into P22 viral capsids
with local concentrations up to about 180 mM the relaxation rates at 80 K are

dramatically increased (Ch. 6).

Relaxation rates for 0.2 mM nitroxide radical in mixtures with rapidly relaxing
metal ions in 1:1 water:glycerol glasses were measured at temperatures between 20 and
200 K (Ch. 4). The enhancement of the relaxation rate of the nitroxide increases in the

order Co?" < Er** < Dy** < Tm®*. The maximum spin-lattice relaxation enhancement



occurs at about 35 K for Dy®*, 40 K for Er®*, and 80 K for Co?". Changes in Ty are a

much larger fraction of the non-interacting values than for Ta.

Complexes were prepared in which an ethylenediamine tetraacetic acid (EDTA)
metal binding site was separated via linkers of varying lengths from a nitroxide radical.
Energy minimization calculations found distances of 1.6, 2.4, and 3.4 nm between the
metal binding and nitroxide N-O groups. The interaction between a paramagnetic metal
bound to the EDTA and the nitroxide were characterized by measuring relaxation times

and continuous wave power saturation.

The temperature dependence of the electron spin-lattice relaxation rates for iron-
sulfur clusters from Pyruvate Formate Lyase- Activating Enzyme, hydrogenase and
Mycofactin C protein were studied (Ch.7). Compared to other iron-sulfur proteins the

relaxation rates were relatively slow.
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Chapter 1

Introduction

1.1 Study Overview

Understanding the relaxation effect of paramagnetic lanthanides and of cobalt(ll) on
nitroxides is the central goal of this dissertation. In addition, the electron paramagnetic
resonance (EPR) spectra of FeS clusters have been studied to help characterize several
proteins. The magnetic properties of lanthanides and transition metals and some
fundamentals of EPR and its application to measuring distances between spins have been

discussed in detail in Refs. [1-6].

1.2 Thesis Outline

The thesis has three main parts. In the first part relevant aspects of EPR are
introduced (Chapter 2). The second part contains information about the paramagnetic
properties of lanthanides (Chapter 3) and interactions of lanthanides and cobalt with
nitroxides, both intermolecular (Chapter 4) and intramolecular (Chapter 5). A study of
gadolinium (Gd®") in capsids is in Chapter 6. The third part is about Fe-S clusters in

some proteins (Chapter 7).



Chapter 2 of the thesis concisely describes relevant theory of the continuous
wave (CW) and pulsed EPR used in these studies. The EPR instrument used is also

described.

Chapter 3 provides general background concerning paramagnetic properties of
lanthanides, and cites some papers and reviews illustrating applications of lanthanides in
techniques such as NMR. The chapter includes a brief discussion of the g-values of

lanthanides and how they relate to the relaxation of lanthanides.

Chapter 4 discusses the intermolecular dipolar interactions between lanthanides
and cobalt(I1) ions and nitroxide in glassy solvent mixtures at temperatures below 200 K.
The concentration and temperature dependent effect of metals with differing relaxation

rates on the slowly relaxing nitroxide is the focus of this chapter.

Chapter 5 builds on the interactions in mixtures to understand the intramolecular
interactions between lanthanides and nitroxide in discrete complexes that contain both a
paramagnetic metal and a nitroxide. The goal of this chapter is to measure the relaxation

enhancement of the nitroxide by the lanthanide at three interspin distances.

In Chapter 6, the intermolecular interaction between Gadolinium
diethylenetriaminepentaacetic acid (Gd(DTPA)?) in a viral capsule P22 was studied by
EPR. This study helped in the understanding of Gd** loaded P22 viral capsid as a contrast

agent in MRI (Magnetic Resonance Imaging).



Chapter 7 describes EPR studies of FeS clusters in three proteins: pyruvate —
formate lyase activating enzyme (PFL-AE), enzymes of hydrogenase clusters (HydE and

HydF) and Mycofactocin (Mft) in Mycobacterium Tuberculosis.

Chapter 8 is a brief discussion of suggestions for future work.



Chapter 2

Electron Paramagnetic Resonance (EPR)

2.1 Introduction

Electron paramagnetic resonance (EPR) is a branch of magnetic resonance
spectroscopy, used for studying paramagnetic molecules or atoms that have an unpaired
electron. The unpaired electron in a molecular species has magnetic moment () due to
its own orbital magnetic moment and spin magnetic moment. The movement of the
electron around the nucleus corresponds to an orbital magnetic moment and the spin
magnetic moment is a quantum mechanical property that is metaphorically described as if
it were generated from the movement of the electron on its own axis. The two spin states
(ms) of an unpaired electron have degenerate energies when no external field is applied.
These spin states of an electron split into different energies (lower and higher energy)
under the influence of the external magnetic field (B) due to the Zeeman Effect. The
splitting is called Zeeman splitting. When the magnetic moment of an electron is aligned
in the direction of the applied magnetic field, the lower energy state (ms = -1/2) occurs
and when it goes against the applied magnetic field, the higher energy state (ms = +1/2)
occurs as shown in Figure 2.1. The energy difference between the two spin states is

proportional to the product of magnetic moment () and applied magnetic field (B). The
4



magnetic moment (u) is equal to msgpB, where g is the Zeeman splitting constant and f is

the electron Bohr magneton. The energy difference equation is,
AE = gBp 2.1

EPR spectroscopy also depends on absorption of electromagnetic radiation. Radiation

would be absorbed if

AE =hv 2.2
where, h is Planck’s constant and v is the frequency of the radiation.
The transition between two spin states (Figure 2.1) is possible only if

AE =hv = gBp 2.3

ms= +l/2

r

AE=hv=gB

2 ms= '1/2

Figure 2.1 Energy level diagram for unpaired electron spin states under the influence of
an external magnetic field (B).



According to the Boltzmann equation, the population of electrons in the two
different energy levels in the applied magnetic field at thermal equilibrium, is given by

the equation:

np/ny = e AFKT 2.4

where, ny = spin population of higher energy level, nj = spin population of lower energy
level, AE = energy difference between the two levels, k = Boltzmann constant and T =
absolute temperature. Substituting AE from equation 2.1, equation 2.4 can be rewritten

as:

nn/ny = e ¢BRKT 2.5

At 298 K and at the field of 3000 G, nn/n = 0.9986. The lower energy level has a
little more population than the higher energy level, which gives rise to the absorption
spectra in EPR. The two most common kinds of EPR experiments are continuous wave
(CW) where microwave radiation is applied continuously to the sample and pulse
experiments where a series of pulses of microwaves is applied to the sample. A brief
introduction about CW and pulse experiment is given in this chapter and details can be

found in Refs. [3, 7-10].

2.2 Continuous Wave (CW) experiment

In a CW experiment, microwave radiation is applied to the sample continuously at
fixed frequency and the strength of the magnetic field is swept to record the spectrum.

CW experiments are the most common EPR experiments. In this experiment, a derivative



spectrum is obtained instead of an absorption spectrum. The line width and the line
shape of the signals give information about the size of the molecule, concentration of the
molecule and many other things (Weil and Bolton [3], Eaton and Eaton [10]). The
interaction between the unpaired electron and nearby nuclei split the EPR signal which is
called hyperfine splitting. The hyperfine splitting gives information about the number of
nuclei in the vicinity of the unpaired electron (Figure 2.2) [3,7-10]. The anisotropic
contribution to the hyperfine depends on the distance between nuclei and electron. The

number of hyperfine lines can be calculated using:

2nl+1 2.6

where, n is the number of equivalent nuclei and | is the nuclear spin of the nuclei. An
isotropic EPR spectrum is obtained for a species that is tumbling sufficiently rapidly to
average anisotropy. An anisotropic spectrum is obtained for samples in rigid lattices such

as glasses, powders, or single crystals.



Mms = +1/2

<
Mg = '1/2
B=0
E B ms:'1/2
/
\\‘_ Mms = +1/2

Figure 2.2 Energy level diagram for unpaired electron spin states interacting with one
proton in the presence of an external magnetic field (B).

2.3 Pulse experiments

In pulse experiments, microwave radiation is applied to the sample in the form of
short or long pulses at constant field and frequency. The pattern of pulses, the length of
the pulses and the time between the pulses define different experiments. Pulse
experiments can measure electron relaxation times. Changes in relaxation reflect
interactions between the unpaired electron and its surroundings. There are mainly two
types of relaxation times which can be measured by different pulse sequences — spin-spin

relaxation or transverse (T2) and spin-lattice relaxation or longitudinal (T1) time.

2.3.1 Spin-spin or transverse relaxation time (T2)

The spin-spin relaxation time is the constant for return to equilibrium of

magnetization in the x-y plane or the decay of an echo. A pulse sequence that is used to
8



measure this relaxation process is /2 — t — © — t — echo, where n/2 and © are 90° and
180° pulses and 1 is the time interval between the two pulses (Figure 2.3). The echo is
called a Hahn echo because it was described by Hahn in 1950 [11]. When the 90°
excitation pulse is applied to the net spin vector in z-direction, the vector is rotated into
the x-y plane (Figure 2.4). The spins start to dephase. They become out of phase with
each other in time period t. The 180° pulse flips the spins precession in the opposite
direction in the transverse plane, which is the x-y plane. The spins start refocusing and

produce an echo at time t.

T
/2 Echo

Time

Figure 2.3 Pulse sequence for Hahn-echo to measure spin-spin relaxation time.

M,
/2 T m t

Figure 2.4 Stepwise graphical illustration of magnetic spin vector at particular positions
in the two-pulse sequence depicted in Figure 2.3.



2.3.2 Spin-lattice or longitudinal relaxation time (T1)

The spin-lattice relaxation time constant is the time required to lose the energy
that was absorbed from the pulse to the lattice. The spin-lattice relaxation time can be
measured using a 3-pulse inversion recovery experiment (Figure 2.5). The pulse sequence
for this relaxation experiment is 1 — T — /2 — 1 — w — T — echo, where n/2 and 7 are the
90° and 180° pulses, T is the delay time and 7 is the time interval between the two pulses
of the spin-echo detection sequence. As the 180° excitation pulse is applied to the net
spin vector that is in z-direction, the spins move to the -z direction. Spins start recovering
in that direction during delay time T. The 90° excitation pulse is applied to the spin
vector that puts the spins in the x-y plane. The spins start to dephase in the x-y plane. The
180° pulse that is applied after a constant time t flips the spins in the opposite direction.
The spins start refocusing in the time period t to give the desired recovered echo (Figure

2.6) [8-10].

/2 Echo

Time

Figure 2.5 Pulse sequence for inversion recovery to measure spin-lattice relaxation time.
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T T /2 T

vy (D
T\

Figure 2.6 Stepwise graphical illustration of magnetic spin vector at particular positions
in the spin-lattice relaxation sequence.

2.4 Design of EPR spectrometer

The basic requirements for an EPR spectrometer are a source for microwave
radiation with a particular frequency, coaxial cables or waveguides to transmit the
radiation, a circulator to direct waves, and a resonant cavity that includes the sample, an

electromagnet and a detector (Figure 2.7).

2.4.1 Source

A Gunn diode or a klystron is the source of a particular frequency that is absorbed
by the sample and provides the spectrum. The required frequency depends on the specific
strength of magnetic field and the characteristics of the unpaired electrons. The source
can be tuned mechanically or by voltages applied to it, to determine the particular

frequency. The radiation is then propagated through a wave guide or coaxial cables. The

11



dimensions of the wave guide depend on the wavelength of the radiation. Coaxial cables

are less efficient for transmitting the radiation, but are not frequency specific.

2.4.2 Circulator

The circulator is used to propagate the waves to the resonant cavity and the
detector. Part of the radiation to the resonator is absorbed by the spin system. Part of the
radiation is reflected back from the resonator and goes to the detector through the

circulator. The reflected radiation goes to a detector that produces a DC output.

2.4.3 Resonator

The resonator holds the sample. It can be a rectangular cavity or other more
compact structure [12]. The dimensions of a cavity or other resonator depend on the
frequency of the source. The sample is placed in the middle of the resonator where it can
absorb the maximum radiation. An important property of a resonator is defined by the Q-

factor, which shows how much energy can be stored.

21 Energy stored

Q= 2.7

- Energy dissipated per cycle

Q = (Vres/ AV) 2.8

where, vres IS the resonant frequency and Av is the width at half height of the resonance.
The resonator efficiency Q is the proportionality between incident power, P and the

microwave magnetic magnetic field, B1.

Bi=Q\P 2.9

12



2.4.4 Electromagnet

The electromagnet creates a range of magnetic field strengths. As the field is
swept, electromagnets produce heat due to the current in the coils. Electromagnets are

cooled by the continuous flow of water from the cooling system.

2.4.5 Detector

The reflected waves from the circulator as described in section 2.4.2 are sent to
the detector to convert the microwave input to a DC output. The detector is often a
silicon crystal diode that converts microwave power to current. The absorption of
microwave radiation by the sample can be detected by the change in the detector current.

The detector current varies as the square root of power [10].

13
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Figure 2.7 Schematic diagram of a basic EPR instrument.
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Chapter 3

EPR of Lanthanide and Caobalt lons

3.1 Introduction

3.1.1 Lanthanides Magnetism

Lanthanides have unique magnetic properties because of their paramagnetism
(except for La®** and Lu®", which are diamagnetic) and their physio-chemical properties.
Lanthanides have much larger spin-orbit coupling than crystal field splitting, which
makes them different from transition metals. Their orbital angular momentum is also
large because of the number of unpaired electrons. In lanthanides, the magnetic moment
formula takes spin as well as orbital angular momentum into consideration [1, 2, 13]. The
magnetism of the lanthanides is very complicated. In addition, we have to consider spin
quantum number and include the value of Ms, with —S < Ms <S. Hence, in the zero fields
also, there can be some orientation dependence of magnetic moment [2,13,14]. The large
spin-orbit coupling makes their anisotropy larger too. The large anisotropy contributes to
a fast relaxation rate. Most of the lanthanides have fast electron spin relaxation as
discussed in this chapter, except Gd®* that has an S-state with half-filled f orbital. Hence,

most of the lanthanides can only be studied by EPR at very low temperature.

15



Lanthanides have been used as paramagnetic relaxation enhancers in Nuclear
magnetic resonance (NMR) [15,16,17] and in dynamic nuclear polarization [18,19] and
in EPR. La*", Nd®* and Pr®* were used with nitroxyl radical to see the paramagnetic g-
shift [13]. Dy*" was used as a relaxer for galvinoxyl, benzosemiquinone and free radicals
in tissues at 77 K [20]. Ho(EDTA)* and Dy*" were used to enhance relaxation of
semiquinone radicals in ubiquinone cytochrome ¢ oxidoreductase [21]. Dy** has been
used to decrease the power saturation of Fe* in cytochromes [22]. Dy®* has also been
used for relaxation enhancement studies, including measurement of interspin distances
[23-25]. Gd** has been used in studying distances in proteins by Double Electron-

Electron Resonance (DEER) at 95 GHz [25].

The lanthanide complexes (except for Gd**) also relax very quickly because the
difference between their ground state and excited state is relatively small. Due to their
fast relaxation, it is hard to measure their relaxation times directly except at low
temperature. Hence their relaxation times are sometimes measured indirectly by looking
at their effect on the relaxation of another slow relaxing species [27]. In this chapter, |
focus on the lanthanides and their complexes that | have studied using CW EPR and
pulse measurements of relaxation times, including Dysprosium (Dy**), Erbium (Er®"),
Gadolinium (Gd®*"), Thulium (Tm3") and the transition metal Cobalt (Co?*). These metal
ions were chosen after looking at the effect of different metals on relaxation of spins in
melanin at X-band at -150 °C in Hyde and Sarna et. al. (1976) [28]. They did CW power
saturation measurements, and observed that P12 (the microwave power at which the EPR

signal is half of the original signal without saturation) for Dy** and Tm?" is the highest so

16



they concluded that 2nvTim=1 for these ions at -150 °C. It was concluded that Gd** and
Ho** have 2nvTim>>1 and Er¥*, Nd**, Sm®*" and Pr** have 2nvTim<<1 at 150 °C. The
metals that have 2nvTim=1 and 2nvT1im<<1 have more effect on the spin-lattice relaxation

of the neighboring species than the metals having 2nvTim>>1.

3.2 Experimental Methods

3.2.1 Continuous Wave

X-band (~ 9.5 GHz) and Q-band (~ 34 GHz) continuous wave (CW) EPR spectra
were recorded on a Bruker E580 spectrometer with an ER4118X-MS5 split ring
resonator, an Oxford CF935 liquid helium cryostat, and an Oxford ITC503 temperature
controller.  Stock solutions (100 mM) of lanthanides DyCls.6H.0O, GdCls.6H.0,
TmCl3.6H20 and Er(NO3)3.5H20 or transition metal CoCl..6H2O were prepared by
dissolving in a 1:1 glycerol: water mixture (v/v). Different concentrations of lanthanide
or transition metal ions were prepared by diluting the stock solution with a 1:1 glycerol:
water mixture. The metal complexes of (DTPA)? (diethylenetriaminepentaacetic acid)
were formed by mixing equal moles of Dy%*, Gd**, Er®* or Co?* and DTPA? solutions in
1:1 glycerol: water (v/v) with pH maintained at 5.5-6 using 0.1 mM NaOH and stirring it
overnight. The Gd(dipicolinate); (Gd(DPA)s) complex was prepared by mixing Gd**
chloride and DPA in 1:3.5 ratio and NaOH was added to deprotonate the DPA with pH
adjusted to 5 at the end. Samples were put into 4 mm OD quartz tubes for X-band
experiments. Samples were transferred into quartz capillaries and centrifuged for 4 min at
1000 X g for Q-band experiments. CW spectra were acquired with 0.4 mT or 0.3 mT

17



magnetic field modulation amplitude at 100 kHz and 2.3 to 6.9 mW microwave power.
Resonator tuning at low temperature is more difficult than at ambient temperature, so
selection of power was based on incomplete power saturation information. The g-values

were estimated directly from the spectra without simulations.

3.2.2 Pulsed EPR measurement

X-band (~ 9.5 GHz) pulsed EPR experiments were performed on a Bruker E-580
spectrometer. Electron spin-spin relaxation times (T2) were measured by two-pulse spin
echo using pulse length of 40 and 80 ns. The initial time for data acquisition was 200 ns,
which is limited by the resonator ring-down. Electron spin-lattice relaxation times (T1)
were measured by inversion recovery using 80-40-80 ns pulses. The attenuation of the
power from the 2 KW TWT (Travelling Wave Tube) amplifier was selected to give 180
and 90° pulses. 2-Dimensional echo decay experiments and inversion recovery
experiments were done for Co?*, Co(DTPA)* and Er(DTPA)? in which the second
dimension was variation in field. These experiments measured the relaxation time as a
function of position in the spectrum. The relaxation times T, and T1 were obtained by
fitting single or double exponentials to the data using the Bruker E-580 XEPR software.
For Er(DTPA)? echo envelope modulation was observed in the two-pulse decay, so T
was calculated using the EXPON program and fitting to the peaks of the modulation,
which were selected manually. Field-swept echo detected spectra were obtained by

holding the time between pulses constant and stepping the magnetic field.
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3.3 EPR spectra of Dy®*, Er®*, Gd®*, Tm3" and Co?* and their complexes

3.3.1 Dy®* and its complexes

Dy®* has 9 electrons in its 4f shell. The total magnetic angular quantum number
for Dy is 15/2, the spin quantum number is 5/2, the orbital quantum number is 5, and the
spectral term for the ground state is ®His/2 [1]. The effective magnetic moment of Dy** is
10.3 to 10.6 Bohr magneton [13,29,30]. The g-value of Dy®* is orientation dependent and
can vary from 15 to 2 for magnetically dilute samples [31]. The g-value obtained from
the peak in the first-derivative CW spectrum at 10 K is 13.7 (Figure 3.1). The g-value
reported for Dy-EDTA in Refs. [22,32] is 14 to 15, which is similar to the value of 13.7
for the aquo ion. The g-value for Dy(DTPA)% is 15.8 to 16 at 10 and 15 K (Figure 3.2).
The g-value depends on the type and symmetry of the ligand. The full-width half
maximum line width (ABrwum) for aquo Dy3* is 300 to 384 G at 10 K and for
Dy(DTPA)? (Figure 3.2) is 100 G at 10 K, 146 G at 15 K, 244 G to 390 G at 20 K, which
are similar to 473 G reported for Dy(EDTA)* at 9 K [32]. The relaxation time for
Dy(EDTA)®** at 10 K was estimated from line broadening to be about 2x10° s [32]. The
ABrwHwm increases by a factor of 1.5 and the amplitude of signal decreases by a factor of 2
between 10 and 15 K. The broadening is attributed to decreasing T» that is driven by the
rapidly changing T1, with T1 = T, at temperatures higher than 20 K. The CW signals for
Dy** and Dy(DTPA)? were observable only at temperature up to 20 K because it is a
very fast relaxing ion. Reported relaxation values include T1 of about 2 x 101! s at 123 K,

where 2nvT1 ~ 1 at X-band [28] and 10™s at room temperature [30,33,34]. An electron
19



spin echo was not seen for Dy** or Dy(DTPA)?% at 5 to 10 K, which means that T is less
than about 0.2 ps at these temperatures. The inability to detect an echo at 5 K is
consistent with the report that the relaxation rate for Dy*" in YCIl36H20 is strongly

temperature dependent above about 2 K, with a T’ dependence [35].

ABFwWHM

Amplitude (a.u.)

! | ! | ! | ! | ! 1
0 1000 2000 3000 4000 5000
Field (G)

Figure 3.1 CW spectrum at X-band of 30 mM aquo Dy3*.

The sample was dissolved in 1:1 H>O: glycerol pH 6 at 10 K. The spectrum was
obtained with 5.9 mW power, 4 G modulation amplitude and 5000 G sweep
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Figure 3.2 CW spectra at X-band of 30 mM Dy(DTPA)2-.

The sample was dissolved in 1:1 H>O: glycerol pH 6. The spectra were obtained at 10 K
(red) and15 K (blue) with 2.3 mW power, 3 G modulation amplitude and 4500 G sweep
width. The signal at about 3000 G is due to a Cu(ll) impurity in the resonator and
appears larger at 15 K relative to the signal from Dy(DTPA)? than at 10 K because of
the broadening of the signal from Dy(DTPA)?Z.

3.3.2 Er®* and its complexes

Er¥* has 11 electrons in the 4f shell. The total magnetic angular quantum number
for Er®* is 15/2, the spin quantum number is 3/2, the orbital quantum number is 6, and the
spectral term for the ground state is *l1s;2 [1]. The effective magnetic moment of Er®* is
8.9 — 9.4 Bohr magneton [13,29,30]. The g-value obtained from the CW spectrum of
aquo Er®* is 7 at 5 K (Fig 3.3) which is in agreement with g = 6.7 reported in Refs. [36,
37] and lower than the g = 11 at observed at 10 K (Figure 3.4). The much broader
spectrum at 5 K than at 10 K (Figure 3.3 and 3.4 respectively) is not typical of

unsaturated signals. The broadening at 5 K (Figure 3.3) may be due to the power
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saturation or the signal may be a mixture of the absorption and dispersion. At 5 K values
of T: for Er** in ionic lattices are strongly dependent on lattice (see Appendix 2 of
Standley and Vaughn [38]). The spectrum at 5 K is included here for comparison, but
requires further evaluation. The g-values for Er(DTPA) 2" are 11.5 and 4.6 at 10 to 30 K
(Figure 3.5). The ABrwhm for Er®* is 341 G to 344 G at 10 to 15 K and for Er(DTPA) Z is
99 G at 10 K, 150 G at 20 K and 293 G at 30 K. The temperature dependence of ABrwHm

is attributed to the temperature dependence of Ti, with Ty = T at temperatures higher

than 30 K.
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Figure 3.3 CW spectrum at X-band of 30 mM aquo Er®*.
The sample was dissolved in 1:1 H2O: glycerol pH 6. The spectrum was

obtained at about 5 K with 6.9 mW power, 3 G modulation amplitude and 4500 G
sweep width. It is so wide because of the mixture of absorption and dispersion.
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Figure 3.4 CW spectra at X-band of 30 mM aquo Er®*.

The sample was dissolved in 1:1 H>O: glycerol pH 6. The spectrum was obtained at
about 10 K with 6.9 mW power, 3 G modulation amplitude and 4500 G sweep width.

The amazing difference between aquo Er®* and Er(DTPA)?> was in the pulse
experiments. In the case of aquo Er¥*, an echo was not seen at 5 K at X-band between
500 to 6000 G. The inability to detect an echo may be due to the large number of water
molecules coordinated directly to the Er®* ion that can produce deep proton modulation
and make T2* very short. However, for Er(DTPA)?, an echo was observed at 5-7 K.
Proton echo modulation is clearly seen in the T, decays (Figure 3.6). There was no echo

detected for higher g-values because the modulation becomes deeper at lower magnetic
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fields (higher g-values). The modulation is due to the electron-nuclear coupling. The
depth of proton modulation is inversely proportional to the distance between the unpaired
electron and the proton, so it is larger when water is directly attached to the Er®* than for
more distant protons [39]. The modulation frequency changes with magnetic field
because the proton resonance frequency is changing. The period of the modulation in T»
echo decay is about 103 ns at 2373 G, 97 ns at 2760 G and 98 ns at 2825 G. These
correspond to modulation frequencies of 9.7 MHz to 11 MHz, respectively, which are
consistent with the expected proton modulation frequencies of 10 or 12 MHz at these
magnetic fields respectively. There is a possibility of interactions with both protons of a
water molecule which can give rise to modulation at both vy and 2vu, and makes it more
difficult to estimate the modulation frequency. Fitting to all data points with the Bruker
Xepr software gave T, = 298 ns and T1 = 28 and 5.4 us when fitted bi-exponentially at 5
K. T relaxation times obtained using the peak picking method in EXPON are 168 ns at
2373 G, 223 ns at 2760 G and 238 ns at 2825 G. At 7 K T2 is 107 ps including all data
points and fitting with Xepr and 93 ps by the peak picking method and Ty is 1.32 ps. In
the field-swept echo spectra at 5 K (Figure 3.7), the maximum signal was seen at 1968 G
and 2760 G when the constant T was 100 ns, at 2373 G when the constant T was 200 ns
and at 1823 G and 2825 G when constant T was 142 ns. The maxima in the field-swept
echo-detected spectra are due in part to the variation in the proton modulation frequency
with field. At 7 K, (Figure 3.8) the maximum intensity peaks were seen at 2513 G and
3201 G in the field-swept echo, at constant T of 100 ns. The CW signal of Er®* and the

CW and echo spectra for Er(DTPA)* were observed only at temperature <15 K. This
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observation is consistent with the literature reports that it is a very fast relaxing ion with

T1 of about 1023 s in water at room temperature, measured by NMR linewidths [30,40].
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Figure 3.5 CW spectra at X-band of 30 mM Er(DTPA)?.

The sample was dissolved in 1:1 H>O: glycerol pH 6. The spectrum was obtained at
about 10 K with 2.3 mW power, 3 G modulation amplitude and 4500 G sweep width.
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Figure 3.6 T, echo decays of 30 mM aquo Er(DTPA)Z.

The spectra were obtained at X-band in 1:1 H20: glycerol pH 6 at about 5 K using 40 ns
90° pulses with an initial T value of 200 ns at three field positions: 2373 G (green trace),

2760 G (red trace) and 2825 G (purple trace). The time (x) axis is 2 7.
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Figure 3.7 Two-pulse field-swept echo-detected spectrum of 30 mM Er (DTPA)?Z.

The spectrum was obtained at X-band in 1:1 H,O: glycerol pH 6 at about 5 K, using
40 ns 90° pulses at 28 dB attenuation. The constant t value was 200 ns.
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Figure 3.8 Two-pulse field-swept echo detected spectrum of 30 mM Er(DTPA)?.

The spectrum was obtained at X-band in 1:1 H2O: glycerol pH 6 at about 7 K, using 40
ns 90° pulses at 25 dB attenuation. The constant t value was 100 ns.

3.3.3 Tm3* and its complexes

Tm?3* has 12 electrons in the 4f shell. The total magnetic angular quantum number
for Tm3* is 6, spin quantum number is 1, orbital quantum number is 5, and the spectral
term for ground state is *Hs [1]. The CW spectrum at 10 K (Figure 3.9) looks like a
saturated spectrum and it also may have a mixture of absorption and dispersion, but looks
similar to the spectrum at 4 K in Refs. [41]. In Table IV of Ref. [21] a g value of 9.2 is
listed. The field swept echo spectra at 7 to 15 K (Figure 3.10) show the impact of varying

proton modulation across the swept field. The temperature dependence of the fields at
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which maximum echo amplitude is observed is not understood. These spectra need to be
replicated. The CW signal and echo for Tm** were observed only at temperatures lower
than 15 K, which shows that it is a very fast relaxing species. The intensity of the echo
decreased as temperature was increased from 7 to 15 K, which means that the relaxation
rate increases with temperature. The value of Ti is about 10 s in water at room

temperature. Since g-value depends on both the S and J, spectra extend over many Gauss.
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Figure 3.9 CW spectrum at X-band of 30 mM aquo Tm?®".

The sample was dissolved in 1:1 H>O: glycerol pH 6. The spectrum was obtained at
about 10 K, with 6.9 mW power, 3 G modulation amplitude and 6000 G sweep width.
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Figure 3.10 Two-pulse field-swept echo detected spectrum of 20 mM aquo Tm®*.

The sample was dissolved in 1:1 H>O: glycerol pH 6. The spectrum was obtained at
about 7, 10 and 15 K, using 40 ns 90° pulses at 31 dB with a constant t value of 200
ns at X-band.

3.3.4 Co?* and its complexes

Co (1) has a d’ electron configuration in its high spin configuration. The g-value

obtained from the CW spectrum at 10 K is 5 for aquo Co?* (Figure 3.11) and 5.2 for

Co(DTPA)* (Figure 3.12) which are similar to the g-values in Refs. [39,42] for aquo

Co?* and Co(DTPA)*. The linewidth for Co?* is 1000 G (Figure 3.11) and Co-DTPA is

1400 G (Figure 3.12). For aquo Co?* and Co(DTPA)%, a field swept echo spectrum was

seen at 5 K to 10 K for Co?* (Figure 3.13) and for Co(DTPA)* (Figure 3.14) with
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maximum intensity at 2249 G and 2860 G for Co?* and 2794 G and 3029 G for
Co(DTPA)* when the constant T is 100 ns. The amplitudes of the field-swept echo-
detected spectra decrease with the increase in temperature for both Co?* and Co(DTPA)?.
This occurs because the difference in Boltzmann populations of the two levels decreases
and because T decreases with increasing temperature. No echo was detected for lower
field positions which is attributed to the deep proton modulation that can be clearly seen
in T2 decay plots (Figure 3.15 for Co?* and Figure 3.16 for Co(DTPA)*). Also, T2 is
shorter at lower field (Figure 3.15). The modulation is due to the electron-proton
interaction, analogous to what was observed for Er(DTPA)%. It was hard to calculate T,
because of the deep proton modulation, but T> was very short at 10 K and T approached
T, above 10 K. At 5 K T, for Co?* is 1.0 s + 0.2 ps if calculated in XEPR using all data
points and 0.8 + 0.1 ps if calculated using the peak picking method in EXPON. At5 K T»
for Co(DTPA)* is 1.2 ps + 0.2 ps using XEPR with all points and 0.9 + 0.1 ps using the
peak picking method in EXPON. The proton modulation was field dependent (Figure
3.15 and 3.16), with deeper modulation at lower field than at higher field. The period of
the modulation for aquo Co?* is about 89 ns at 2974 G (Figure 3.15), which corresponds
to a frequency of 11 MHz. Since the modulation is relatively shallow this is in
reasonable agreement with the expected *H modulation frequency of 13 MHz. The period
decreases with increasing field, as expected. For Co(DTPA)* the modulation period is 97
ns at 2000 G (Figure 3.16), which corresponds a modulation frequency of 10.3 MHz,
which is in reasonable agreement with the 8.5 MHz H frequency at this field. The 1/T;

rate increased with increasing temperature for both Co?* and Co(DTPA)* and was not

31



strongly field dependent (Fig. 3.17 and 3.18). The average T: obtained for Co?* at 5 K
was 228 + 70 ps, 17+ 3 usat 7 Kand 1.5 £ 0.5 ps at 10 K. The average T1 obtained for
Co(DTPA)* at 5 K was 241 +52 s, 25 + 6 us at 7 K and 2.7 + 0.7 ps at 10 K. These
values are different from the T values of 1.6 ms at 6.5 K, 25 ps at 8.2 K and 8 ps at 10 K
in Ref. [39]. There can be 2 reasons for the differences. Firstly, my samples were 6 times
more concentrated than the samples in Ref. [39] and secondly, T1 in Ref. [39] was
measured using saturation recovery rather than inversion recovery that was used to

measure Ty in these experiments.
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Figure 3.11 CW spectrum at X-band of 30 mM aquo Co?".

The sample was dissolved in 1:1 H>O: glycerol pH 6. The spectrum was obtained at 10 K
with 2.3 mW power, 3 G modulation amplitude and 5700 G sweep width. This is a
derivative spectrum that exhibits passage effects and looks more like an absorption

spectrum.
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Figure 3.12 CW spectrum at X-band of 30 mM Co(DTPA).

The sample was dissolved in 1:1 H>O: glycerol pH 6. The spectrum was recorded at
about 10 K, with 2.3 mW power, 3 G modulation amplitude and 6000 G sweep width.
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Figure 3.13 Two-pulse field-swept echo-detected spectra at X-band of 30 mM

aquo Co?*.

The sample was dissolved in 1:1 H»>O: glycerol pH 6. Spectra were recorded at
about 5 K (green), 7 K (purple) and 10 K (blue) with 5000 G sweep width using
40 ns 90° pulses at 20 dB attenuation. Shot repetition time was 510 ys and 1 scan
was taken for each spectrum. Shots/point was 64.
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Figure 3.14 Two-pulse field-swept echo-detected spectra at X-band of 30 mM
Co(DTPA)*.

The sample was dissolved in 1:1 H>O: glycerol pH 6. Spectra were obtained at about 5 K
(green), 7 K (purple) and 10 K (blue) with 6500 G sweep widths using 40 ns 90° pulses
at 22 dB attenuation. The shot repetition time was 1000 ps for each spectrum and
amplitude was normalized for 1 scan. The shots/point was 64.
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Figure 3.15 T, decays at five field positions at X-band for 30 mM aquo Co?*.

The sample was dissolved in 1:1 H2O: glycerol pH 6. Decays were recorded at about 7
K. The field positions are 3500 G (blue), 3289 G (green), 3184 G (purple), 3079 G (red)
and 2974 G (dark green). The time (x) axis is 2 t.
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Figure 3.16 T, decays at five field positions at X-band for 30 mM Co(DTPA)*.

The sample was dissolved in 1:1 H>O: glycerol pH 6. Decays were recorded at about 7
K, using 40 ns 90° pulse. The field positions are 2000 G (grey), 3684 G (light green),
3579 G (purple), 3474 G (red) and 3368 G (dark green). The time (x) axis is 2 1.
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Figure 3.17 Spin-lattice relaxation rates (1/T1) for aquo Co?* as a function of field.

The rates were measured at 5 K (green line), 7 K (blue line) and 10 K (red line).
Uncertainty is about 4- 6%.
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Figure 3.18 Spin-lattice relaxation rate (1/T1) for Co(DTPA)* as a function of field.
The rates were measured at 5 K (green line), 7 K (blue line) and 10 K (red line).

3.3.5 Gd®** and its complexes

Gd** has 7 electrons in the 4f shell. The total magnetic angular quantum number
for Gd** is 7/2, the spin quantum number is 7/2, the orbital quantum number is 0, and the
spectral term for ground state is Sz [1]. Aquo Gd®* has a magnetic moment of 8 Bohr

magneton [40]. The relaxation time of aquo Gd**, measured by NMR linewidths, is in the
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range of 10® to 10 s in water at room temperature, which is longer than other lanthanide
metal ions [27]. CW spectra of Gd** and its complexes were recorded at 80 K, instead of
lower temperatures, because the signals have been reported to saturate very readily at
lower temperatures. Q-band was used to increase spectral resolution and because the
linewidths of the ms = +1/2 transitions are smaller at Q-band than at X-band. These
transitions occur near g = 2 and dominate the CW spectra. In Q-band CW spectra at 80 K
the ms = +1/2 transitions have a linewidth of 23 G for Gd** (Figure 3.19) and 62 G for

Gd(DTPA)?Z (Figure 3.20).

Fluid solution spectra in aqueous solution at ambient temperature were recorded
at X-band. The CW spectra of Gd(DTPA)? (Figure 3.23) and Gd(DPA); (Figure 3.24) in
water, have some complex features which are not present in spectra of Gd(EDTA)
(Figure 3.22) and aquo Gd** (Figure 3.21). In Benmelouka et al. [43], these complex
spectral features of Gd(DTPA)? were attributed to the large magnitude of the zero field
splitting (ZFS). Since the static ZFS parameters are similar in frozen and fluid solution,
the ZFS values are relevant to spin relaxation in aqueous solution. In aqueous solution the
linewidth for Gd(DTPA)? (Figure 3.23) is between 580 to 604 G, which is similar to 600
G found in Ref. [44]. The linewidth of Gd** (Figure 3.21) is between 525 to 540 G which

is similar to the linewidth found in Refs. [45,46].

Complexes with higher symmetry have narrower linewidth and longer electron Ty
[45,47,48]. Relaxation times are interpreted in terms of static and transient ZFS. Static
ZFS arises from the low symmetry of the molecule and transient ZFS is for the vibrations

and collisions with the solvent molecules [49]. The relaxation time of Gd®* in solution
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depends on the magnetic field also because of the rotational correlation time that matters
to slow relaxing species. As shown in Table 3.1, at 80 K at Q-band T> for 5 mM and 10
mM Gd** is between 0.21 and 0.31 ps and Ty is between 1.2 to 1.4 ps. However, at 80 K
at X-band with 7 mM Gd*", T, is 0.241 ps and Ti is 0.473 ps. For Gd(DTPA)? at 80 K
the T2 is 0.5 pus and Ty is 1.5 ps at Q-band whereas at X-band, T2is 0.24 ps and Ty is 0.85
Ms . These results show that values of T1 shown in Table 3.1 are longer at Q-band (34
GHz) than reported previously [25,5025] at X-band (9 GHz). Values of Ty are not very
concentration dependent, but values of T, are concentration dependent above 2 mM.
According to Table 3.2, T> and Ty are temperature dependent. T» and T1 get shorter with
increase in temperature. Values of T» and T1 are in good agreement with unpublished
values that were obtained in our lab by Brent Schuchmann for Gd** and Gd(DTPA)*

species.

Table 3.1 Concentration dependence of T1 and T2 for aquo Gd** and Gd(DTPA)? at 80 K
and 34 GHz in 1:1 water: glycerol.

Concentration T2 (us) T1 (us)?
0.1mM Gd®* 0.73 1.7,0.70
0.2mM Gd®* 0.69 15,054
0.5mM Gd** 0.58 15,06
1mM Gd®* 0.50 1.4,0.57
2mM Gd®* 0.43 1.60, 0.67
5mM Gd** 0.31 1.4,0.55
10mM Gd®* 0.21 1.2,0.35
20mM Gd** 0.09 0.96
2mM Gd(DTPA)Z' 0.50 1.6,0.51
20mM Gd(DTPA)? | 0.2 1.5,0.52
1mM Gd(DPA)s3 0.26 1.5,0.44

4The two values are the results from a two-component fit.
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Figure 3.19 Q-band (33.97 GHz) CW spectrum of 1 mM Gd®*.
The sample was dissolved in 1:1 H20O: glycerol. The spectrum was taken at 80 K with
modulation amplitude of 5 G and 2.37 mW power.
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Figure 3.20 Q-band (33.95 GHz) CW spectrum of 2 mM Gd(DTPA)?Z.

The sample was dissolved in 1:1 H>O:glycerol. The spectrum was taken at 80 K with
modulation amplitude of 3 G and 0.24 mW power.
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Figure 3.21 X-band (9.84 GHz) CW spectrum of 5 mM Gd** in water at room

temperature.
The spectrum was taken with modulation amplitude of 3 G and at 2.37 mW power.
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Figure 3.22 X-band (9.84 GHz) CW spectrum of 5 mM Gd(EDTA)" in water at room
temperature.
The spectrum was taken with modulation amplitude of 3 G and 2.37 m\W power.
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Figure 3.23 X-band (9.84 GHz) CW spectrum of 2 mM Gd(DTPA)* in water at

room temperature.
The spectrum was taken with modulation amplitude of 3 G and 2.37 mW power.
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Figure 3.24 X-band (9.84 GHz) CW spectrum of 1 mM Gd(DPA)z in water at room
temperature.
The spectrum was taken with modulation amplitude of 3 G and 7.56 mW power.

3.4 Overview of Relaxation Times.

A summary of the limited information available for relaxation times of these
metals at 5 to 12 K is given in Table 3.3. For Dy** the relaxation rates are so fast, even at
these low temperatures that estimates can only be obtained from the temperature
dependent contribution to linewidths. For Er(DTPA)? 1/T1 increases by about an order of

magnitude between 5 and 7 K. For aquo Co?* and Co(DTPA)** 1/T1 increases by about
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two orders of magnitude between 5 and 10 K. The strong dependence of relaxation rate
on temperature is consistent with observations at lower temperature for these metal ions

in ionic lattices [38].

Table 3.2 Temperature dependence of T: and T, for aquo Gd** at 9.5 GHz in 1:1
water: glycerol.

Temperature T2 (us) T1 (us)
(K)

30 2.23 21.6
50 1.09 5.45
70 0.631 1.48

Table 3.3 Overview of Relaxation Times for Dy(EDTA)*, Er(DTPA)?>, Co?
and Co(DTPA)* at5to0 12 K

Metal lon Temperature T1(s) T2 (us) Ref.
K
Dy(EDTA)* (8) 2.6x10% [32]
12 1.7x10™0 [32]
Er(DTPA)* | 5 5.4x10°2 ~0.20
28x10°°
1.3x10°® ~0.10
Aquo Co?* 5 230x10°® 1.0°
7 17x10°
10 1.5x10°®
Co(DTPA)* |5 240x10° 1.2
7 25x10°®
10 2.7x10°®

2 Biexponential fit. ® Values of T2 have substantial uncertainty due to deep
proton modulation.
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Chapter 4

Effect of Lanthanides and Cobalt lons on Nitroxide in Mixtures

4.1 Introduction

4.1.1 Intermolecular Effect of Lanthanides and Cobalt ions on the relaxation of
nitroxide

A lot of work that has been done on transition metals in the field of EPR, and
lanthanides have been studied in the field of NMR more than in EPR. Some of the
lanthanides like Dy**, Gd®*" have been studied in EPR but mostly for decreasing power
saturation of slowly relaxing radicals and finding distances through DEER, respectively.
Most of the lanthanides are fast relaxing as discussed in Chapter 3. At temperatures
above about 10 K, their relaxation behavior (other than for Gd**) cannot be studied
directly due to their fast relaxation. Hence, they are studied indirectly by looking at their
effects on slow relaxing species. Lanthanides are widely used as shift reagents and in
paramagnetic relaxation enhancement experiments in NMR [51]. They have also been
used in EPR to reduce the spin-lattice relaxation times of spin probes and spin-labels [5].
According to the Boltzmann distribution, as temperature decreases, the equilibrium
nuclear polarization increases, but spin-lattice relaxation times also increase. Lanthanides

can speed up solid state NMR experiments by reducing the nuclear spin-lattice relaxation
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time (T1n) and various lanthanides work differently in different temperature ranges. They
can act as relaxation switches by enhancing relaxation at low temperatures but not on

rewarming or dissolution of reagents for dynamic nuclear polarization [51].

In 1969, Leigh did a dipolar interpretation of manganese-nitroxide interactions,
and his model was followed by others to explain the interactions between rapidly relaxing
metals and slower relaxing radicals. According to his analysis, in the rigid lattice, the
interaction is orientation dependent and line broadening is proportional to p2?tr® where
M2, is the metal magnetic moment, T is the metal electron relaxation time, and r is the
distance between the metal and nitroxide electron spins. He also mentioned that for some
cases the amplitude of the CW spectrum changes but the lineshape remains the same. His
interpretations helped in finding the distances in many proteins [52-54]. However, in
Eaton et. al. (1979) [55], it was pointed out that contrary to Leigh’s model there was
substantial broadening of lines, which can be detected by integrating the first-derivative
spectra and calculating the area under the absorption curve.

Dipole-dipole interactions play a larger role than exchange interactions when a
fast relaxing metal is present. Rapid metal relaxation averages the dipole-dipole
interactions significantly. In the case of an interaction between paramagnetic ions and
nitroxide, there is less effect on lineshapes of the nitroxide, than would be seen in an
absorption spectrum, because the first-derivative CW lineshape is dominated by the
sharpest components.

In some experiments, for example in spin-labeled hemoglobin, iron-nitroxide

interactions were quantitated by taking the ratio of the sum of the heights of high- and
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low-field lines to the height of the center line of the 3-line nitroxide pattern at 77 K
(d1/d). The value of di1/d is used to monitor dipolar interaction between the nitroxide label
and the iron [52,56].

The dipolar interactions can be calculated by the energy of interactions of two

magnetic dipoles at distance r.
U = papo/r® 4.1

Where p1 and P2 are the magnetic moments of dipole 1 and dipole 2 and r is the distance

between the two dipoles.

The interaction depends on the orientation of the two dipoles so equation 4.1 can

be rewritten as-
U = pap2/r® (1-3c0s?0) 4.2

Where 0 is the angle between the external magnetic field and the line joining the two
dipoles. The methods that calculate the changes in spin-lattice rates depend on the square
of the dipolar interactions and hence depend on r® [57]. The Solomon-Bloembergen

theory (1956) is used to describe the interaction between two paramagnetic centers.

Bloembergen's model [58] as written by Abragam [59] is as follows-

1 1 szzf C2T1f eszf

~+S(S+ D) 4.3

T1s 1

1+(wf—ws)2Tzf2+b2T1szf 1+ws?Ty ¢ 1+(wf+ws)2T2f2

B term C term E term

51



8, -/ 1 1- 3c0529
b?=-[= — 1 95978

1?

2 4 Sin20cos?6
ﬁ h2r6é

c?=3gs%gf

2_3 2 451719
€ _ng ﬁ h2r6

where f is fast relaxing spins and s is slow relaxing spins, T1 is Tz of the slow relaxing
species in the absence of interaction, Tis is the Ty of the slow relaxing species in the
presence of interaction, S is the electron spin of fast relaxing center, ws and o are the
resonant frequencies of slow and fast relaxing spins, respectively, r is the distance
between the two spins, J is the electron- electron exchange interaction and 0 is the angle
between the line joining the two spins and the external field. All the three B, C and E
terms are in terms of magnetic moments [60]. One more thing which is important is the
product of relaxation time Ty for the second center and the difference between the
resonance frequencies of the two spins (Aw). The second spin interacts with the
permanent dipole, when Aw?T1? >>1 and the interaction is considered weak due to fast

relaxation when Aw?T12<<1 [28].

The expression given for the pairs that have slow relaxing species with long Tas

and T1s and fast relaxing species characterized by Tisudr® << 1 is-

1 1 1 ur?y? 24 12 4

A—= ———=-—L"5 s+ ——+ . 4.4
T1s Tis  Tis 61Ty f S(wf+ws) S5ws S(wf—ws)
1 1 1 aus?y?

AN—= —— — = f Tlf 4.5
Tos Tos  Tas 1576
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All the parameters have the same meaning as in the earlier equations. The effect of fast
relaxing metal on the Tys of the slow relaxing species is maximum when 1/T s is equal to
the Larmor frequency (2xv) of the slow relaxing species. It can also be maximized if 1/T»
of the fast relaxing metal is equal to the difference of the Larmor frequencies of two
species [57]. The assumption in equations 4.4 and 4.5 is Tt = Tar, (0r0s)?T1? >> 1 and

osT1 >> 1 [13,52]. According to Ref. [60], the three terms reduced to —

S ) () 13— 4.6

1+(wf—ws)2T1f2 1+w52T1f 1+(wf+ws)2T1f2

These terms explain the behavior of lanthanides as relaxing agents. When the g-value of

the metals is high, the C term dominates. If o = Tif! = § of, the ratio of the three terms

will be 11—0 : % : % and this is what happened in case of Dy** and Tm** in Ref. [28]. The

metals are arranged in a sequential order in Table 1 of Ref. [28] based on the Py values
for the radical interacting with the metal. Dy** and Tm®* are in the middle of the
sequence. For the metals listed below Dy** and Tm®* in the sequence, the last term
dominates, for example Pr3*, and they don’t act as good relaxing agents. For metals
above Dy** and Tm®" in the sequence, such as Gd**, the B term dominates. Gd*" has a
slow relaxation rate as compared to other lanthanides and hence it is not as good relaxing

agent [28, 60].

Likhtenshtein proposed that the dipole-dipole interactions increase 1/T, and 1/T;
by the same amount, but 1/T1 is more sensitive to the increment because for a slowly

relaxing radical in the slow tumbling regime T> << T and thus 1/T> >> 1/T1 [61]. The
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fast relaxation of metals usually has negligible effect on T» and has more effect on Ti.
However, there are additional contributions to 1/T2s that are significant when the
relaxation rate of the fast relaxing metal is comparable to the dipolar interaction between
the two paramagnetic centers [62,63], which is much slower than the rates required for
the maximum impact on 1/Tis. This enhancement of 1/T»s has been demonstrated for
spin-labeled low-spin iron porphyrins [62], spin-labeled metmyoglobin [64] and spin-

labeled myoglobin [65].

The paramagnetic effects of metals on nitroxides can be studied through CW
power saturation curves and through relaxation studies. CW power saturation curves
depend on the product of T, and Ty, relaxation studies can monitor the two parameters
independently [5,6,and52]. The power saturation of spin labels attached to hemes to find

the iron- nitroxide interactions has been shown in Refs. [52,66].

Eq. 4.1 has been proposed as a model to explain the effect of paramagnetic ion.
According to Van Vleck et. al. [67], dipolar Hamiltonian was calculated using method of
moments. All the moments are concentration dependent, therefore P1, and relaxation

times would be concentration dependent [20,60].

Hyde and Sarna (1978) [68] measured T1 and T for nitroxide colliding with Cu®
as well as Gd** and other lanthanides in fluid solution. The three magnetic interactions
between nitroxide and paramagnetic metal that one might consider are Heisenberg
exchange, dipolar contributions to the spin-lattice relaxation probability and secular

dipolar contributions to the linewidth. Hyde and Sarna concluded that the interaction
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between Cu?* and nitroxide is predominantly Heisenberg exchange, but that dipole-dipole
spin relaxation is the major contribution to broadening of nitroxide in collisions with
Gd*". According to their article, exchange between fast and slow relaxing species
contributes equally to T1 and T.. The transition metals and lanthanides show different
kinds of interaction with nitroxide radical because of their electronic configurations. Cu?*
and Gd*" complexes have about the same rotational correlational times but S(S+1) for
Gd*" is greater by a factor of 21. The greater S(S+1) value of Gd** is due to the number
of unpaired electrons. The smaller contribution from exchange interaction for Gd** is due
to the f-orbital contraction for the lanthanides and the fact that the unpaired electrons in a
collision are protected by 5s and 5p electrons. An additional contribution might be that
the efficiency of collisions leading to Heisenberg exchange is decreased for Gd** because
of steric effects associated with molecules coordinated to the metal ion [68].

This chapter reports my studies of the relaxation effect of lanthanides on
nitroxide. The effect of Dy**, Er¥*, Gd**, Tm3* (and Co?") in the range of 1 to 30 mM on
the relaxation times of 0.2 mM tempone (2, 2, 6, 6-tetramethyl-4-oxo-piperidin-1-oxyl) in
1:1 water: glycerol at pH 6 was studied. The metal ions were selected on the basis of the
P12 values given by Sarna, Hyde, and Swartz, where the larger P12 means a larger effect
of the metal ions on the radical relaxation [28]. Nitroxide T1 and T> in the presence and
absence of paramagnetic metal ions were measured by inversion recovery and spin echo

dephasing, respectively, between 10 and 295 K.

Another aim of the project was to look for the best metal ion that can increase the

spin-lattice relaxation rate with minimal impact on spin-spin relaxation rate. Nitroxide
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spin labels are used in DEER experiments for determining distances between two
unpaired electrons in biomolecules. DEER is usually done at 80K to maximize nitroxide
T, and still be able to use liquid nitrogen instead of liquid helium. At this temperature, the
motion of the methyl groups in the spin label has relatively little impact on T2 [69,70]. In
DEER, the signal intensity is weak. A lot of signal-averaging time is required to get high
enough signal-to-noise for accurate distance distributions. 1/T1 limits the pulse repetition
rate for the averaging and metal ions can increase the spin-lattice relaxation rate. 1/T>
controls the intensity of the DEER signal; and, hence, we don’t want any decrease in the

spin-spin relaxation rate after the addition of metal ions.

Addition of an appropriate metal ion could permit more averaging in less time and

ultimately improve the signal to noise ratio in DEER experiments.

4.2 Experimental Details

4.2.1 Preparation of samples

The stock solutions of metal ions and their complexes were prepared using the
same method as in section 3.2.1 of chapter 3. The samples were prepared by mixing
appropriate quantities of metal ions or their complexes with a solution of tempone to
achieve a final concentration of 0.2 mM tempone. The solvent was a 1:1 water: glycerol

mixture which forms a glass when cooled quickly.
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4.2.2 Pulsed EPR measurement of electron spin relaxation times at 10 to 80 K

Pulsed EPR experiments were performed at 10 to 200 K at X-band (9.5 GHz)
with the same procedure as mentioned in section 3.2.2 of chapter 3. Q-band was
performed on a Bruker E580 spectrometer with an ER5107D20602 dielectric resonator.

The initial time for data acquisition for both X- and Q- band was 200 ns.

The T, decays were fitted using the Bruker Xepr software. The inversion recovery
curves were fitted using the uniform penalty method UPEN analysis. UPEN analysis
gives the distribution of relaxation times, T1 [71,72]. The relaxation times distribution is

wide, so the median value is reported in this chapter.

Pulse experiments were also done on syntaxin protein labeled with nitroxide with
different concentrations of Dy%*, Er®*, Dy(DTPA)? and Er(DTPA)?. DEER experiments
were done on samples prepared by Virginia Meyer and Hilary Weismiller, working in the

laboratory of Dr. Martin Margittai at the University of Denver.

4.3 Effect of the lanthanides on the relaxation of tempone

4.3.1 Effect of the rapidly relaxing metals on the spin-lattice relaxation of tempone

The temperature dependence of the spin-lattice relaxation rates (1/T1) for tempone
in 1:1 water:glycerol (Figures 4.1- 4.5) is similar to that reported in Ref. [73]. Between

about 20 and 100 K the Raman process dominates. As temperature is increased above
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100 K, there is increasing contribution from a local mode [73]. Addition of 30 mM Dy?®*,
Er¥*, Tm®", or Co?* enhances the tempone relaxation over the full range of temperatures
studied (Figure 4.1). At X-band (9.5 GHz) the maximum enhancement occurs when Ta¢
~ 1.7x10! s (see discussion of Eq. 4.3) and is observed for these metal ion:tempone
mixtures at about 35 K for Dy®*, about 40 K for Er** and about 80 K for Co?* (Figure
4.1). The maximum spin-lattice enhancement increases in the order Co?*~ Er¥* < Dy** <
Tm3*. (Equation 4.3) predicts dependence on gr. For lanthanides strong spin-orbit
coupling means that S is not a good quantum number, so J is also a factor in the
relaxation enhancement. For each of these metals the g values are highly anisotropic.
The predicted relaxation enhancement (Eq. 4.3) is inversely proportional to 8 which is
proportional to the square of the dipolar interaction. For a random mixture of ions in
solution, r* is inversely proportional to concentration, so the relaxation enhancement is
predicted to be proportional to the square of the concentration of the paramagnetic ion.
The dependence of relaxation enhancement on the square of the concentration has been
confirmed for Dy** [23]. The temperature dependence of the spin-lattice relaxation for 0.2
mM tempone for various concentrations of added metal ions is shown in Figure 4.2 for
Dy®*, in Figure 4.3 for Er**, in Figure 4.4 for Tm®", and in Figure 4.5 for high-spin Co?*.
Analogous data over the limited temperature range of 80 to 200 K are in Figure 4.4 for
Tm3". For each of the metals the relaxation enhancement for tempone increases
approximately quadratically with the concentration of the metal ion, as predicted.

It has been shown previously that the half width of an Fe-S signal increased with

the decrease in temperature and the increase in concentration of Dy(EDTA)? [32]. We
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did not see any change in the linewidths of the nitroxide though the linewidth is
dominated by the sharpest components. Also, at temperatures below about 80 K the T:
for nitroxides becomes very long, which makes it difficult to record lineshapes that are

free from passage effects.

In Refs. [21,74], they showed that Py is linearly dependent on the concentration
of DY(EDTA)? and in Ref. [74], derived T1 from Py, for nitrogenase by assuming
constant T2. The relaxation enhancements of tempol by Dy*" were checked in Refs.
[24,75]. However, Er®* has not been used as a relaxing agent in other labs. Our findings
are consistent with the expectation that relaxation enhancement depends on the

concentration of the paramagnetic metal and on temperature [28,60].
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Figure 4.1 Effect of metals on the spin-lattice relaxation rate for 0.2 mM tempone.

The effect of 30 MM Dy** (#),30 MM Er¥* (O ), 30 mM Tm?*" (O ), 30 mM Co?
(%) on the spin-lattice relaxation rate for 0.2 mM tempone ( 0) in 1:1 water:glycerol as
a function of temperature at X-band. Uncertainty in relaxation times is about 10%. The
lines connect the points.
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Figure 4.2 Concentration dependence of the effect of Dy** on the spin-lattice relaxation
for 0.2 mM tempone as a function of temperature at X-band.

The sample was dissolved in 1:1 water: glycerol and the concentrations of Dy®* are 0.0
mM (0),1mM (% ),10mM (O),20 mM (A) and 30 mM ( O ). Uncertainty in
relaxation times is about 10%. The lines connect the points.
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Figure 4.3 Concentration dependence of the effect of Er®* on the spin-lattice relaxation
for 0.2 mM tempone as a function of temperature at X-band.

The sample was dissolved in 1:1 water:glycerol and the concentrations of Er®* are 0.0
mM  (0),5mM (%), 10mM (O ),20 mM (A) and 30 mM ( O ). Uncertainty in
relaxation times is about 8%. The lines connect the data points.
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Figure 4.4 Concentration dependence of the effect of Tm®* on the spin-lattice relaxation
for 0.2 mM tempone as a function of temperature at X-band.

The sample was dissolved in 1:1 water:glycerol and the concentrations of Tm3* are 0.0
mM (0), 1 mM (<), 3mM (¢),5mM (4 ), 10 mM (O), 20 mM (A) and 30 mM (O).
Uncertainty in relaxation times is about 10%. The lines connect the points.
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Figure 4.5 Concentration dependence of the effect of Co?* on the spin-lattice relaxation
for 0.2 mM tempone as a function of temperature at X-band.

The sample was dissolved in 1:1 water: glycerol and the concentrations of Co?* are 0.0
mM (0),5mM (4 ), 10 mM (O ), 20 mM (A), and 30 mM ( O ). Uncertainty in
relaxation times is about 7%. The lines connect the data points.

4.3.2 Effect of the rapidly relaxing metal ions on the spin-spin relaxation of
tempone.

The spin-spin relaxation rate (1/T2) for the nitroxide tempone in 1:1 water:
glycerol and its dependence on temperature (Figure 4.6- 4.10) are similar to that reported
in Ref. [76]. Below about 80 K the relaxation rate is independent of temperature. The
echo decay curves below 80 K were fitted with stretched exponentials with x = 2.3,
which is characteristic of dephasing dominated by nuclear spin diffusion [76]. As the

temperature is increased above about 80 K the increasingly rapid rotation of the gem
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dimethyl groups enhances spin echo dephasing. Above 80 K the decay curves were fitted
with x = 1, which is a simple exponential fit, and is characteristic of dephasing that is
dominated by a dynamic process that is occurring on the timescale of the spin echo
experiment. The effect of different metals on the stretch exponent (x) can be seen in
Table 4.2 to 4.5. Enhancement of 1/T, for tempone above about 40 K by the
paramagnetic ions is relatively modest (Figures 4.6 — 4.8 and 4.10). For the solutions
containing 30 mM metal ions the maximum enhancement of 1/T, above about 40 K is
less than a factor of 2. As noted in the introduction to this chapter, 1/T, in this
temperature range is much larger than 1/T1, so contributions to relaxation that are
described by eq. (4.3) are much smaller fractions of 1/T» than of 1/T1. Furthermore, the
dependence of the enhancement on the concentration of the metal ion between about 40
and 80 K (Figures 4.6 — 4.8, 4.10) is approximately linear in concentration, which
suggests that the dominant contribution is different than for 1/T1.The enhancement of
1/T, by Dy*", Er** and Co?* increases as the temperature is decreased below about 40 K.
It is proposed that the mechanism of this enhancement in 1/T> for tempone is similar to
that observed for nitroxides in spin-labeled hemoglobins and iron porphyrins [62,64,77].
This enhancement is largest when the metal relaxation rate is comparable to the dipolar
interaction between the metal and the nitroxide. In random solutions of metal ions and
tempone, this maximum will be broad because of the wide distribution in metal-radical
distances. Because of the very fast metal relaxation rates, the tempone dephasing
experiments would need to be extended to temperatures much less than 10 K to define the

temperature for the maximum effect on 1/To.
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Figure 4.6 Effect of metals on the spin-lattice relaxation rate for 0.2 mM tempone.

The effect of 30 mM Dy** (4 ), 30 MM Er** (O ), 30 mM Tm*" (O ), and 30 mM Co?
(* ) on the spin-spin relaxation for 0.2 mM tempone ( ¢ ) in 1:1 water: glycerol as a
function of temperature at X-band. Uncertainty in relaxation times is about 5%. The lines
connect the data points.
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Figure 4.7 Concentration dependence of the effect of Dy** on the spin-spin relaxation for
0.2 mM tempone as a function of temperature at X-band.

The sample was dissolved in 1:1 water:glycerol and the concentrations of Dy** are 0 mM
©),1mM (5 ),10mM (O ), 20 mM (A), and 30 mM (). Uncertainty in relaxation
times is about 5%. The lines connect the data points.

Table 4.1 Concentration and temperature dependence of stretched exponential parameter
x for solutions of 0.2 mM tempone and Dy**

Temperature Tempone | +1mM | + 10 mM +20 mM +30 mM
(K) Dy** Dy** Dy** Dy**
20-70 2.3 1-1.5 1-1.37 1

80 1.58 1.59 1.42 1.22 1.16
100- 200 1 1 1 1 1
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Figure 4.8 Concentration dependence of the effect of Er®* on the spin-spin relaxation for
0.2 mM tempone as a function of temperature at X-band.

The sample was dissolved in 1:1 water:glycerol and the concentrations of Er®* are 0 mM
©),5mM (4 ),10mM (O ), 20 mM (A), and 30 mM (O ). Uncertainty in relaxation
times is about 5%. The lines connect the data points.

Table 4.2 Concentration and temperature dependence of stretched exponential parameter
x for solutions of 0.2 mM tempone and Er®*

Temperature | Tempone +5mM | +10mM | +20mM | +30 mM
(K) Er¥* Er¥* Er¥* Er¥*
20-70 2.3 1.1-1.6 1-14
80 1.58 1.46 1.46 1.62 1.25
100- 200 1 1 1 1 1
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Figure 4.9 Concentration dependence of the effect of Tm®* on the spin-spin relaxation for
0.2 mM tempone at X-band.

The sample was dissolved in 1:1 water:glycerol and the concentrations of Tm3* are 0.0
mM (0), 1 mM (%), 3mM (¢),5mM (4 ), 10 mM (O), 20 mM (A) and 30 mM (03).
Uncertainty in relaxation times is about 10%. The lines connect the points.

Table 4.3 Concentration and temperature dependence of stretched exponential parameter
x for solutions of 0.2 mM tempone and Tm**

Temperature | tempone | +1 +3 +5 + 10 + 20 + 30
(K) mM mM mM mM mM mM
Tm* | Tm®* | Tm® | Tm® | Tm® | Tm®
80 1.58 1.58 1.51 141 |1.19 1.01 1.03
100- 200 1 1 1 1 1 1 1
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Figure 4.10 Concentration dependence of the effect of Co?* on the spin-spin relaxation
for 0.2 mM tempone as a function of temperature at X-band.

The sample was dissolved in in 1:1 water:glycerol and the concentrations of Co?* are 0
mM (0),5mM (4 ),10mM (O ), 20 mM (A), and 30 mM (B ). Uncertainty in
relaxation times is about 5%. The lines connect the data points.

Table 4.4 Concentration and temperature dependence of stretched exponential parameter
x for solutions of 0.2 mM tempone and Co?*

Temperature Tempone |+ 5mM [ +10mM | +20mM | + 30 mM
(K) Co* Co? Co** Co**
20-70 2.3 1-1.67 1-1.48 1-1.34
80 1.58 1.49 1.45 1.33 1.23
100- 200 1 1 1 1 1
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4.3.3 Effect of Lanthanides and their complexes on the spin-lattice relaxation of
nitroxide at X-band and Q-band

When Dy(DTPA)%* is added in place of aquo Dy*" the temperature for the
maximum enhancement of the tempone relaxation shifts from about 35 K to about 80 K
(Figure 4.11), but the magnitude of the maximum enhancement is unchanged. The
relaxation enhancements are similar at X-band and Q-band. These observations suggest
that the relaxation rates for the metal in the DTPA complex are substantially slower than
for the aquo complex. The relaxation enhancement of a spin label by Dy** coordinated to
the cyclic polydentate chelator DOTA (1,4,7,10-tetraaacyclododecane-1,4,7,10-
tetraacetic acid) was maximum at about 80 K [75], which is similar to the maximum
shown in Figure 4.11 for Dy(DTPA)%. In an earlier paper it was reported that the
maximum relaxation enhancement for Dy(DOTA)" was at about 40 K [24]. However, in
Ref. [24] it was stated that the Dy*" and DOTA were mixed several hours prior to
performing experiments. Since the rate of reaction of Dy*" with DOTA is relatively slow
[78], conversion to the complex may not have been complete. The maximum effect at
about 40 K reported in Ref. [24] is similar to the maximum at about 35 K that what was
observed in our studies for aquo Dy*". When Er(DTPA)? is added to tempone in place of
Er¥*, the maximum enhancement again shifts to higher temperature (Figure 4.12), which
indicates slower relaxation of the metal ion in the DTPA complex than for the aquo ion.
In addition, the magnitude of the maximum enhancement is smaller for the complex than

for the aquo ion, which may reflect changes in effective g values. For Er*" and
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Er(DTPA)? the relaxation enhancement is similar at X and Q-band at 80 to 150 K

(Figure 4.12).
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Figure 4.11 Effect of Dy3* and its complex on spin-lattice relaxation rate of nitroxide at
X- and Q-band as a function of temperature.

The effect of 30 mM Dy** (O ), 30 mM Dy(DTPA)?* (@) on nitroxide at X-band (0)

and 30 mM Dy** (%) and 30 mM Dy(DTPA)% (™) on nitroxide at Q-band (#) spin-
lattice relaxation rate (log (1/T1)) as a function of temperature. Uncertainty is about 8%.
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Figure 4.12 Effect of Er®* and its complex on spin-lattice relaxation rate of nitroxide at
X- and Q-band as a function of temperature.

The effect of 30 mM Er®* (O ), 30 mM Er(DTPA)?* (@) on nitroxide at X-band (¢) and

30 mM Er¥* () and 30 mM Er(DTPA)? () on nitroxide at Q-band (#) spin-lattice
relaxation rate (log (1/T1)) as a function of temperature. Uncertainty is about 9%.

4.3.4 Effect of Lanthanides and their complexes on the spin-spin relaxation of
nitroxide at X-band and Q-band

When Dy(DTPA)? is added to tempone in place of aquo Dy*" the enhancements
in 1/T, at low temperature are shifted to higher temperature than for Dy** (Figure 4.13).

Analogous to the observations for the enhancements of 1/T1 this shift suggests that
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relaxation rates are slower for the metal in the DTPA complex than in the aquo ion.
When Er(DTPA)?% is added in place of aquo Er®* (Figure 4.14) the enhancement of 1/T,
for tempone is decreased, which again is similar to the impact of complexation on the
enhancement of 1/T1. At Q band, Dy** and Dy(DTPA)?%, Er¥* and Er(DTPA)? have less
effect on the nitroxide rate (1/T>) at 80 to 150 K as compared to X-band at 80 K and there
was no significant effect between 100-150K. At Q-band, the global maximum (the center
of the spectrum) chosen from the field swept echo is orientation selective, since the signal
at this position is mainly for molecules orientated with gyy along the magnetic field. At Q-
band molecules with gxx parallel to the field have resonances mainly at the lower field
and for g,; resonance is at higher field. The spectra at X-band are less orientation

dependent [79].
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Figure 4.13 Effect of Dy*" and its complex on spin-spin relaxation rate of nitroxide at X-
and Q-band as a function of temperature.

Effect of 30 mM Dy** (O ), 30 mM Dy(DTPA)? (®) on nitroxide at X-band () and 30
mM Dy** (*) and 30 mM Dy(DTPA)%* (™) on nitroxide at Q-band (#) spin-spin
relaxation rate (log (1/T2)) as a function of temperature. Uncertainty is about 9%.
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Figure 4.14 Effect of Er®* and its complex on spin-spin relaxation rate of nitroxide at X-
and Q-band as a function of temperature.

The effect of 30 mM Dy** (3 ), 30 mM Dy(DTPA)?* (@) on nitroxide at X-band (0)

and 30 mM Dy** (%) and 30 mM Dy(DTPA)? () on nitroxide at Q-band (#) spin-
spin relaxation rate (log (1/T2) as a function of temperature. Uncertainty is about 5%.

4.3.5 Effect of the more slowly relaxing Gd®* ion on the spin-lattice relaxation of
tempone.

The 1/T; rate for tempone increases only at the highest concentration of Gd** at
80 to 120 K (Figure 4.15). The effect of Gd** on the spin-lattice relaxation of nitroxide is
maximum at about 80 K. As discussed in the introduction to chapter 4, Gd** did not have

large effects on 1/T1 because of its slow relaxation as compared to the other lanthanides
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studied (see Tables 3.1 and 3.2 in chapter 3). Due to its slow relaxation rates, Eq 4.3 does
not apply to Gd** relaxation enhancement. The effect is too small to claim a dependence

on metal concentration.
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Figure 4.15 Concentration dependence of the effect of Gd** on the spin-lattice relaxation
for 0.2 mM tempone as a function of temperature at X-band.

The sample was dissolved in in 1:1 water:glycerol and the concentrations of Gd** are 0
mM (0),1mM (% ),2mM(O),5mM (A), and 7 mM (B ). Uncertainty in relaxation
time is about 10%. The lines connect the data points.
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4.3.6 Effect of the more slowly relaxing Gd®* ion on the spin-spin relaxation of
tempone.

The change in the 1/T, rate of nitroxide under the influence of Gd** is
quadratically concentration dependent. The 1/T» rate of nitroxide became faster at 80 to
200 K (Figure 4.16). The spin-spin relaxation rate was so fast at the highest Gd®*
concentration studied (7 mM) Gd** that an echo for nitroxide was not observable above
150 K. The T2 values were fit to a single exponential (Table 4.5).

7.2 =

6.8 = %

o
i
|

log(1/T2) s-1
()]
L.

5.6 =

52 | ' | ' | ' |
80 120 160 200
Temperature (K)

Figure 4.16 Concentration dependence of the effect of Gd®* on the spin-spin relaxation
for 0.2 mM tempone as a function of temperature at X-band.

The sample was dissolved in in 1:1 water:glycerol and the concentrations of Gd** are 0
mM @), 1mM(*+),2mM(O) 5mM (A), and 7 mM (8 ). Uncertainty in
relaxation time is about 8%. The lines connect the data points.



Table 4.5 Concentration and temperature dependence of stretched exponential parameter
x for solutions of 0.2 mM tempone and Co?*

Temperature tempone |[+1mM |[+2mM |+5mM |+7mM
(K) Gd* Gd** Gd* Gd**
80 1.58 1.52 1.05 11 1

100- 200 1 1 1 1 1

4.4 Prediction of signal-to-noise (S/N) improvement for DEER

For a given sample concentration, the S/N for a DEER experiment depends on
both 1/T1 and 1/T>. As 1/T1 increases, the shot repetition time can be decreased
proportionally, which increases the number of averages per unit time. For white noise the
S/N increases proportional to the square root of the number of scans. The impact of 1/T>
depends on the extent to which the exponential decay has reduced the intensity of the
echo at the fixed time delay (t) at which the echo is measured for the DEER experiment.
The echo decay curves were fit to a stretched exponential with exponent x (Table 4.1 to
Table 4.5). The longer the value of t, the longer the interspin distance that can be

measured. These factors are combined in the following expression
SIN = (exp(-2t/T2)* / exp(-2t/Tstd)*® )* (sqrt (T1std/T1)) 4.7

Where, delay time t, varies with sample, T>= spin-spin relaxation time in the presence of
metal, Tastg= Spin-spin relaxation time in the absence of metal (values from figures 4.13

to 4.16), x= stretch exponent (values from Tables 4.1 to 4.4), Tista= Spin-lattice relaxation

78



time in the absence of metal (values from Figures 4.1 to 4.5), T1= spin-lattice relaxation

time in the presence of metal (values from Figure 4.1 to 4.5).

Equation 4.7 was used to predict the improvement in the signal to noise ratio
(S/N) for nitroxide spin labels (Figure 4.17) in DEER experiments. In the comparison
calculations t = 2 ps was used. The predicted improvements in S/N were: 30 mM Dy?**
and Er®* factors of 18 and 22, respectively at 30 to 40 K; 30 mM Co?* factor of 5 at 40 to
80 K; 7 mM Gd*" no improvement at 80 to 200 K; and 30 mM Tm?®" a factor of 3 times
improvement. For 30 mM Er(DTPA)? and 30 mM Dy(DTPA)? a S/N ratio improvement
of 10 was predicted at 20 K and about 9 at 40 to 60 K. Er(DTPA)? and Dy(DTPA)? were
selected to improve the S/N ratio for DEER experiments because free aquo ions Dy** and
Er¥* can bind to the protein. In the case of nitroxide attached to syntaxin protein,
Er(DTPA)? and Dy(DTPA)? were predicted to improve S/N ratio in DEER experiments
at 80 K by factors or 5 and 3, respectively (Figure 4.18). T, and T1 used to find the S/N

ratio improvement is given in Tables 4.6 and 4.7, respectively.

Unfortunately, we did not see the predicted S/N ratio improvement in DEER
experiments. One possible explanation may be that Er(DTPA)?> and Dy(DTPA)? are
attaching to the syntaxin protein because they are charged complexes. In Ref. [80], it has
been shown that syntaxin has positively and negatively charged amino acids in its
structure. In previous NMR studies an interaction between lanthanides and protein was
observed. Ref. [28] reported a decrease in amplitude of CW spectra of melanin (10
mg/ml) after adding 5 mM of lanthanide metals. In Ref. [81] different lanthanides

showed different percentage of quenching in the signal of anionic spin-labeled penicillin.
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If the metal were to bind close to the spin label, the effective local concentration could be

much higher than the range we tested.

N
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Figure 4.17 Predicted DEER S/N improvement with a 2 s spacing between pulses.

Calculated effect of 30 mM Dy** (red ), 30 mM Er®* ( purple), 30 mM Tm?3* ( orange), 30
mM Co?* (green), 7 mM Gd** (pink), 30 mM Dy(DTPA)? (light green) and 30 mM
Er(DTPA)? (cyan) on S/N ratio at X-band. Uncertainty is 5%.
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Table 4.6 T values of spin label on syntaxin with and without metal ions at 30 to 80 K.

Temperature | T2(S) T2(S) T2(S) T2 (S) T2 (S)

(K) syntaxin | 1mM Dy- | 1mM 0.5 mM 2mM Dy-
*10° dtpa*10® | Erdtpa*10® | Er-dtpa*10° | dtpa*10®

30 3.71 3.15 1.11 1.57 1.53

40 3.52 2.99 1.18 1.71 2.42

50 3.68 3.16 1.21 1.77 2.81

60 3.59 3.22 1.22 1.82 2.99

70 3.43 3.11 1.25 1.8 2.9

80 3.05 2.64 1.07 1.52 2.62

Table 4.7 T1 values of spin label on syntaxin with and without metal ions at 30 to 80 K.

Temperature | T1(s) | T1(s) ImM | T1 (S) T1(s) T1 (S) 2mM
(K) std* | Dy- ImM Er- | 0.5mM Er- | Dy-
10% | dtpa*10® | dtpa*10°® | dtpa*10° | dtpa*10®

30 7980 | 1600 132 349 1430

40 3600 | 1040 61.4 217 606

50 1850 | 645 38 152 356

60 1110 | 412 32.2 101 230

70 695 308 27 82 167

80 427 229 19.5 71.3 131
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Figure 4.18 Predicted DEER S/N improvement for metals and their complexes for
nitroxide attached to syntaxin for a constant pulse spacing of 2 us.

Effect of 1 mM Dy(DTPA)? (red ), 2 mM Dy(DTPA)? (orange), 0.5 mM Er(DTPA)*
(green), 1 mM Er(DTPA)? (blue) on S/N ratio at Q-band. Uncertainity is 4%.
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Chapter 5

Distance between lanthanide and nitroxide

5.1 Introduction

The fundamental question of this research is whether the distance dependence of
the enhancement of the relaxation of a nitroxide radical by a lanthanide can be used to
measure distances. As a step toward answering this question, a series of molecules was
synthesized to contain both a lanthanide and a nitroxide radical. After characterization
to estimate the degree of labeling with the lanthanide and nitroxide, relaxation
measurements were made by pulsed EPR. Other labs have reported studies related to the
results in chapters 4 and 5, as cited below. This effort is part of a multi-pronged
development of distance measurements of organic polymers, proteins, nucleic acids, and
membrane systems. The wide range of systems requiring distance measurements

necessitates a large toolkit of techniques.

Many techniques have been used to characterize and find distances and dynamics
in biological molecules. These include X-ray crystallography [82], fluorescence [83],
NMR [17], and EPR [5,52,84,85]. X-ray crystallography has been a very powerful tool to
study the crystal structure of protein, but sometimes it is hard to get crystals of proteins.

In addition, it is well-known that the structure in the crystal can be different from that in

83



fluid solution. Fluorescence has also been used, but for this technique there can be
interference if the solution is opaque. NMR is extensively used to measure distances in
proteins in fluid solution and in solids. Short distances are measured in diamagnetic
systems.  Longer distances can be measured when the protein is labeled with
paramagnetic species by using relaxation enhancement. EPR has special advantages in
the measurement of distances. In many cases, long distances measured by electron-
electron interactions importantly supplement the shorter distances measured by nuclear-
nuclear or electron-nuclear interactions. EPR can be used to find distances in fluid and
frozen solutions, and in solutions that are opaque. There are no molecular mass

limitations for EPR [5].

Many EPR techniques have been used for finding distances. The broadening of
hyperfine lines has been used qualitatively to find distances between two paramagnetic
centers [5, 6,68,84-87]. Transition metals and lanthanides are used as one of the
paramagnetic centers. In many published papers [5,83,84], there is detailed information
about metals and nitroxide interactions and the methods used to find the distances and the
spin labels that can be used to do these experiments. An important early paper by Taylor
et al. [88] on the interaction between Mn?* and nitroxides stimulated numerous studies.
Then Likhtenshtein and Kulikov [63] did extensive work to study the interactions
between metals and nitroxide. In many of their studies, they used paramagnetic metals to
find the depth of immersion of proteins in membrane [5]. According to Leigh, distances
can be measured by comparing the amplitude of the nitroxide spectrum in the presence

and absence of the metal ion. The decrease in amplitude can give the distance between
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nitroxide and metal ion, but the assumptions for this theory are not satisfied for many
experiments. The distances were also obtained by relaxation measurements, but power
saturation was used to find the relaxation rate (1/T1). As discussed in chapter 4, the di/d
ratio was also used in finding distances. Half-field transitions and analysis of resolved
splitting were also used in the past to find distances [84]. DEER is used widely to find
distances between nitroxide- nitroxide, metal- metal and metal- nitroxide [89-92]. DEER
is not very useful when metals are fast relaxing; in this case relaxation enhancement
proves to be a better method of finding distances. It has been used to find distances in
photosystems [93,94], low spin metmyoglobin variants [65], and proteins with iron-sulfur
clusters [95,96]. Lueders et al. [23,92] propose that relaxation enhancement is more
reliable than DEER and may extend the distance range. In Ref. [92], relaxation
enhancement was used to find the distances, which were compared with that found by
DEER. Moreover, they were able to increase the accessible distance range. The key point
of Ref. [92] was that the Dy-DOTA complex decreases nitroxide T1, but only weakly
affects T, in the 20-100 K temperature range at S, X and Q-band. The Dy-DOTA and
nitroxide were attached to WALP23 polypeptides. In Ref. [97] also, relaxation

enhancement was used to find distances. They found distances using equation 5.1-

5.1

where 11 is the time where the signal has decayed to 1/e of its value att =0 and € is an

average relaxivity that depends on Tir. Husedt et al. [98], describes the theoretical
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simulation of dipolar nitroxide interactions through a tether-in-a-cone model. According
to this model, nitroxides at two opposite ends of a tether (linker) attain different distances
and orientations. The average distance can be found by this model even when there is a
distribution of distances. Equation 4.3 (Ch.4) shows that enhancement of relaxation rates
depend on r® and on orientation in the magnetic field. The resonance frequencies ws and
of, depends on the orientation of the molecule relative to the external magnetic field, so
molecules with different orientations have different relaxation enhancements. The

distributions in r also contribute to the distribution of relaxation rates [84].

Data in chapter 4 show the effect of lanthanides on nitroxide in mixtures. In this
chapter, metal-nitroxide complexes were made to have particular distances between the
lanthanide and nitroxide. Three linkers of different lengths were chosen to calibrate the
methods of distance measurement. The three linkers are edta attached to alanine (shortest
linker), edta attached to triglycine (medium-length linker), and edta attached to alanine-
polyproline peptide (longest linker). Of these three linkers, the peptide alanine with six
polyproline chain has two conformations, cis and trans, in different solvents and these
conformations have different lengths [99]. The lanthanides were chosen on the basis of
results summarized in chapter 4. Dy** and Er®* exhibited maximum relaxation
enhancement of spin-lattice relaxation rate (1/T1) at temperatures below 100 K whereas
Gd* showed less relaxation enhancement. Therefore, Dy** and Er®* were chosen to see
the maximum relaxation enhancement in rigid lattice. Gd** was chosen as a comparison
because it is widely used for relaxation enhancement at room temperature, and La®** was

chosen as a control because it is diamagnetic.
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5.2 Experimental Details

NMR spectra were obtained on a Bruker 500 MHz spectrometer. The column
used for flash chromatography was 4-gram flash column with column volume (CV) of

4.8 ml-18 ml for 20-400mg of sample.

5.2.1 Preparation of Tetraethylester of EDTA (EtsEDTA)

The following procedure was modeled after that reported in Refs. [89,99]. 5g
(0.017mol) of Na:EDTA, 125 ml ethanol and 0.75 ml concentrated sulfuric acid was
refluxed for 24 hr at constant temperature of 70-72°C to make the tetraethyl ester of
EDTA (Et:EDTA). Afterward the solvent was evaporated. A saturated solution of sodium
bicarbonate (50 ml) and dichloromethane (250 ml) was added to extract the organic layer.
The organic layer was washed three times with sodium-bicarbonate solution and two
times with water then dried by adding anhydrous sodium sulfate. The solvent was
evaporated and solid was weighed. Product yield was 4.5g (0.011mol) of solid product
was obtained. The product was characterized by proton NMR (Figure 5.1) using Bruker
500 MHz spectrometer. Chemical shifts (8) 1.3 (t, 12H, -CH>CHz3), 2.9 (s, 4H, - N-CH>-
CH2-N-), 3.6 (s, 8H, -N-CH>-COO-), 4.15-4.2 (q, 8H, -CH2CHs). A low-resolution mass
spectrum was obtained using an Agilent 6100 LCMS system using (Electron spray
ionization) ESI ionization mode. Mass spectrum: m/z (M+H) * 405.3 (ESI) (Figure 5.2),

Expected: 405.45
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Figure 5.1 NMR of Et4EDTA in deuterated chloroform.
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MS Spectrum
*MSD1 SPC, time=1.524 of C\CHEM32\1\DATA\PRIYU\DEF_LC 2014-04-29 10-49-03\042-0101.D MM-ES, Pos, Scan, Frag: 70

405.3

Max: 156032

0 . P

—————— [ T 71 7T [ T[T [ T T [T T T
0 200 400 600 800 1000 1200 1400 m/2

Figure 5.2 Mass spectrum of Et4EDTA obtained with an Agilent 6100 LCMS system in
ESI ionization mode.

5.2.2 Preparation of Triethylester of EDTA (Et:EDTA)

The following procedure was modeled after that reported previously [88,99]. 4.5 g
(0.011 mol) of EtszEDTA was taken and same number of moles of copper perchlorate was
added followed by the addition of 0.011 moles of NaOH. They all were dissolved in 150
ml of water and stirred overnight to complete the reaction. H>S gas was passed through
the solution for 5 hrs, and then the solution was filtered to remove copper sulfide. The
filtrate was concentrated, and the product was purified by extraction. The impure product
was dissolved in 100 ml chloroform and the impurities extracted with 1N aqueous HCI.
The organic layer was dried using anhydrous sodium sulfate and solvent was evaporated.
The product was purified by flash chromatography on a silica gel column using 10%

methanol in dichloromethane to get 2g (0.0052 mol) of final product. The product was
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characterized by TLC and proton NMR (Figure 5.3). Chemical shifts (3) 1.3 (t, 9H, -
CH2CHBg), 2.9 (d, 4H, - N-CH2-CH>-N-), 3.6-3.7 (d, 8H, -N-CH,-COO0-), 4.15-4.2 (q, 6H,
-CH2CHs3). Rt of the product was 0.48. Mass spectrum: m/z (M+H) * 377.1 (ESI) (Figure

5.4), Expected: 377.19
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Figure 5.3 NMR of EtzEDTA in deuterated chloroform.
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MS Spectrum
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Figure 5.4 Mass spectrum of EtEEDTA. The spectrum was obtained with an Agilent 6100
LCMS system in ESI ionization mode.

5.2.3 Preparation of N-hydroxy succinimide (NHS) ester of EtsEDTA

According to previously published procedure [101,102], 0.3 g (0.82 mmol) of
EtsEDTA was combined with the same number moles of NHS and dicyclohexyl-
dicarbodiimide (DCC) and dissolved in 1.2 ml of anhydrous tetrahydrofuran (THF). The
reaction was stirred overnight at 4°C in the cold room. The reaction mixture was filtered
and solvent was evaporated to get product. In the NMR spectrum there was a peak at 2.83

ppm that is characteristic of N-hydroxy succinimide (Figure 5.5). 2-2.6 ppm is the
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impurity DCC. Mass spectrum: m/z (M+H)" 474.3 (M+Na)* 496.3 (ESI) (Figure 5.6),

Expected: 474.47, 496.47
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Figure 5.5 NMR of NHS ester of EtsEDTA in deuterated chloroform.
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MS Spectrum
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Figure 5.6 Mass spectrum of NHS ester of EtsEDTA obtained on an Agilent 6100 LCMS
system in ESI ionization mode.

5.2.4 Coupling of EtsEDTA with N-terminus of alanine to make Et:EDTA-A

The following procedure was modeled after that in Ref. [88]. A solution of 23
mmoles of alanine (Aldrich Chemical Company) and 30 mmoles of NaHCOs in 5 ml of
water was added to the solution of 23 mmoles of the NHS ester of EtzEDTA in 10 ml
water. The reaction was stirred for 24 hrs at RT. The solvent was evaporated and then the
product was extracted using 20 ml of ethyl acetate after mixing it in water. The organic
layer was chromatographed on silica gel column using 10% methanol in dichloromethane
as an eluting solvent. 1 mmole of product was obtained. The NMR spectrum (Figure 5.7)

is consistent with the desired product. Chemical shifts (3) 1.3 (t, 9H, -CH2CHs), 1.4 (d,
93



3H, -CHCH3COO-), 2.9 (d, 4H, - N-CH2-CH,-N-), 3.6-3.7 (s, 4H, -N-CH2-COO-), 3.8
(d, 4H, -N-CH2-COO-), 4.15-4.2 (g, 6H, -CH2CHs), 4.3 (g, 1H, NH-CH-CHs). Mass

spectrum: m/z (M+H) * 448.3 (ESI) (Figure 5.8), Expected: 448.23
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Figure 5.7 NMR of NHS ester of EtzEDTA.
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MS Spectrum
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Figure 5.8 Mass spectrum of EtsEDTA-A obtained using an Agilent 6100 LCMS system
in ESI ionization mode.

5.2.5 Spin labeling of the EtsEDTA-A at the C-terminus of alanine to make
EGEDTA-A-T

The following procedure is modeled after that in Refs. [103,104]. Et:EDTA-A
was covalently spin-labeled by reacting Tempamine (4-amino-2,2,6,6-tetramethyl-1-
piperidinyloxy) with the alanine carboxylic acid residue using 1-ethoxycarbonyl-2-
ethoxy-1,2-dihydroquinoline (EEDQ) as the coupling agent. A mixture containing 0.0022
moles of EtsEDTA-A was incubated with 0.0022 moles of Tempamine for 10 min prior
to addition of 0.0044 moles of EEDQ in dichloromethane. The reaction was refluxed for

4 hours at 40°C. TLC was developed in the solvent mixture methanol and
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dichloromethane (10:90, v/v) and showed no trace of tempamine or EtzEDTA-A. 0.0018
moles of product was obtained. Mass spectrum: m/z (M+Na) * 623.5 (ESI) (Figure 5.9),

Expected: 623.7

<O
)
-

o} EGEDTA-A-T
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MS Spectrum
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Figure 5.9 Mass spectrum of Et:EDTA-A-T obtained using an Agilent 6100 LCMS
system in ESI ionization mode.

5.2.6 Cleavage of ethyl esters from EtsEDTA-A-T to make EDTA-A-T

The following procedure is modeled after that in Ref. [88]. A solution of 0.38
mmol LiOH in 5 ml water was added to a 0.13 mmol solution of Et:EDTA-A-T in 2 ml
of ethanol. The mixture was stirred at room temperature for 15 hr. The solvent was
removed under vacuum. EDTA-A-T was dissolved in water. The pH was adjusted to 4
using 0.1N HCI. 5 ml of ethyl acetate was used to extract the product. TLC was checked

and it showed the expected band for the product, and 0.12 mmol of product was obtained.

97



O\
(0]
YN\
HO N
N (0]

o} EDTA-A-T

5.2.7 Complexation of lanthanides (La, Gd, Dy and Er) to EDTA-A-T to make
MEAT

The following procedure is modeled after that in Ref. [86]. The carboxyl groups
of EDTA in EDTA-A-T were complexed with lanthanides at pH 4. The aqueous solution
of lanthanide chloride (or nitrate in case of erbium) was mixed with the aqueous solution
of EDTA-A-T at pH 4 in 1:1 molar ratio. The complexation progress was checked using
arsenazo dye [105]. The pH of the arsenazo dye solution was adjusted with 1 N HCI to
pH 4 and was pink in color. pH adjustment is important since the color of the dye
changes with pH. As the complexation reaction proceeds, the reaction was checked with
the dye solution on the basis of change in colors of the dye solution. When the dye binds

to lanthanide the complex is green. When the reaction of lanthanide and EDTA-A-T was
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complete excess lanthanide binds to the dye and gives green color. The color of the

solution then changes from pink to green due to free lanthanide in the solution.

The samples were purified using size exclusion columns PDminitrap G-10. These
columns can purify small molecules with molecular size greater than 700. The medium
was resuspended by shaking the column and then letting it settle down. The storage
solution was removed. The column was equilibrated with 8 ml of water. A maximum of
0.3 ml of sample was added to the column, and it was allowed to enter the column
completely. Then 0.4 ml of water was added to make a total volume of 0.7 ml. the flow-
through was discarded. The product was eluted with water in 0.1 ml fractions. The
product was also checked using CW EPR on the EMX spectrometer. Tempamine that is
not bound to the peptide can be distinguished from bound radical because the high-field
line of the spectrum for the bound radical is broadened by incomplete motional averaging
of anisotropic interactions. The mass spectrum was obtained from the Mass Spectrometry
Facility of the University of Colorado, Boulder using a Waters Synapt G2 HDMS mass
spectrometer operated in resolution mode. Mass spectrum: m/z (M+H) * 653.11 (ESI),

Expected: 653.16 (Figure 5.10).
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Figure 5.10 Mass spectrum of LaEAT obtained with a Waters Synapt G2 HDMS mass

spectrometer operated in resolution mode. The predicted spectrum was calculated for
comparison.
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5.2.8 Coupling of EtsEDTA with N-terminus of peptide triglycine to make
EGEDTA-G

The following procedure is modeled after that in Ref. [88]. A solution of 0.07
mmol of triglycine bought from Lancaster Chemical Company and 0.08 mmol of
NaHCOs in 5 ml water was added to the solution of 0.07 mmol of NHS ester of EtsEDTA
in 10 ml water. The reaction was stirred for 24 hrs at RT. The solvent was evaporated.
The product was extracted using 20 ml of ethyl acetate and water. The ethyl acetate layer
showed the impurities Et:EDTA, NHS ester of EtsEDTA, ELEDTA and DCC. The mass
spectrum of the aqueous layer obtained showed the product; 0.05mmol of product was
obtained after the evaporation of the solvent. Mass spectrum: m/z (M+H)* 548.2 (ESI)

(Figure 5.11) Expected = 548.26.
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MS Spectrum
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Figure 5.11 Mass spectrum of EtsEDTA-G obtained with an Agilent 6100 LCMS system
in ESI ionization mode.

5.2.9 Spin labeling of EtsEDTA-G at the peptide C-terminus to form EtsEDTA-G-T

The following procedure was modeled after that in Refs. [103, 104]. Et:EDTA-G
was covalently spin-labeled by reacting Tempamine with the peptide carboxylic acid
residue using 1-ethoxycarbonyl-2-ethoxy-1, 2-dihydroquinoline (EEDQ) as the coupling
agent. 0.05 mmol of EtsEDTA-G was incubated with 0.05 mmol Tempamine for 10 min
prior to addition of 0.1 mmol EEDQ in 10 ml of dichloromethane. The reaction was
refluxed for 4 hours at 40°C. The solvent was evaporated to get 0.04 mmol of product.

Mass spectrum: m/z 723.3 (Figure 5.12), Expected = 723.8
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Figure 5.12 Mass spectrum of EtzEDTA-G-T obtained with an Agilent 6100 LCMS
system in ESI ionization mode.
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5.2.10 Cleavage of ethyl esters from EtsEDTA-G-T to make EDTA-G-T

The following procedure was modeled after that in Ref. [88]. A solution of 0.12
mmol of LiOH in 5 ml water was added to 0.04 mmol of EtsEDTA-G-T in 2 ml of
ethanol. The mixture was stirred at room temperature for 15 h. The solvents water and
ethanol were removed under vacuum. EDTA-G-T was extracted using 0.1N aqueous HCI
at pH of 4 and 10 ml of ethyl acetate. The solvent ethyl acetate was evaporated to get

0.033 mmol of product.
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5.2.11 Complexation of lanthanides (La, Gd, Dy and Er) with EDTA-G-T to make
MEGT

Complexation and purification of the complex was done as described in section
5.2.7 for EDTA-A-T. Mass spectrum: m/z (M+H) * 754.19 (ESI), Expected: 754.19

(Figure 5.13 a), (M+K)* 791.14 (ESI), Expected: 791.14 (Figure 5.13 b).
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LaEGT
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SYNAPT-G2#UCB300 03-May-2016 13:36:04

PA_LaEGT_pos_2 (0.043) Is (1.00,1.00) C25H39LaN7011K 1: TOF MS ES+
- 791.1408 6.73el2
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X
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PA_LaEGT_pos_2 22 (0.424) AM2 (Ar,18000.0,0.00,0.00); Cm (7:45) 1: TOF MS ES+

1004 791.1439 8.49e3
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Figure 5.13 Mass spectrum of LaEGT (a) (LaEGT + H)" and (b) (LaEGT + K)* obtained
with a Waters Synapt G2 HDMS mass spectrometer operated in resolution mode. The
predicted spectra were calculated for comparison.

5.2.12 Coupling of EtsEDTA with N-terminus of peptide APPPPPP (alanine with six
prolines) to make EtsEDTA-P

The following procedure is analogous to that reported in section 5.2.4. A solution
of 0.07 mmol of peptide (synthesized by Peptide 2.0 Inc, purity > 98%) and 0.08 mmol of
NaHCOs in 5 ml water was added to the solution of 0.07 mmol of the NHS ester of
EtsEDTA in 10 ml water. The reaction was stirred for 24 hrs at room temperature. The
solvent was evaporated. The product was dissolved in the minimum amount of water and
extracted using 20 ml of ethyl acetate. The mass spectrum of the product obtained from
the aqueous layer was consistent with product; 0.05 mmol of product was obtained after
evaporation of the solvent. Mass spectrum: m/z (M+Na)" 1052.6 (ESI) (Figure 5.14),

Expected: 1052.17
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MS Spectrum
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Figure 5.14 Mass spectrum of EtsEDTA-P obtained with an Agilent 6100 LCMS system
in ESI ionization mode.
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5.2.13 Spin labeling of EtsEDTA-P at the peptide C-terminus to make EtsEDTA-P-T

The following procedure is analogous to that reported in section 5.2.5. EtsEDTA-
P was covalently spin-labeled by reacting Tempamine with the peptide carboxylic acid
residue using 1-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline (EEDQ) as the coupling
agent. The solution contained 0.051 mmol of Et:EDTA-P was incubated with 0.051
mmol Tempamine for 10 min prior to addition of 0.1 mmol EEDQ in 10 ml of
dichloromethane. The reaction was refluxed for 4 hours at 40°C. The solvent was
evaporated to get 0.042 mmol of product. Mass spectrum: m/z (M+Na)" 1206.7 (ESI)

(Figure 5.15), Expected: 1206.4.

Et:EDTA-P-T
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MS Spectrum
*MSD1 SPC, time=1.544 of CACHEM32\1\DATA\PRIYU\DEF_LC 2015-01-29 11-23-12\026-0101.D MM-ES, Pos, Scan, Frag: 70

©
|
+206.7

Max: 5126

nc 7
7

-
L2}
[
49
1205

172.4

0.8+

603.9

0.6+

2
1052.6
1184.8

0.4

593.0
9.8

157.3

0.2 o
(=]
1 s}

{0l

Figure 5.15 Mass spectrum of EtsEDTA-P-T obtained with an Agilent 6100 LCMS
system in ESI ionization mode.
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5.2.14 Cleavage of ethyl esters from EtsEDTA-P-T to make EDTA-P-T

The following procedure is analogous to that reported in section 5.2.6. A solution
of 0.12 mmol lithium hydroxide (LiOH) in 5 ml water was added to a 0.04 mmol solution
of EiEDTA —P-T in 2 ml of ethanol. The mixture was stirred at room temperature for 15
h. The solvent was removed under vacuum. EDTA-P-T was dissolved using a minimum
volume of 1N aqueous HCI and diluted with additional water to make pH 3 and extracted
using 10 ml of ethyl acetate [88]. The aqueous layer from the extraction was evaporated

to get 0.03 mmol of product.
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5.2.15 Complexation of lanthanides (La, Gd, Dy and Er) to EDTA-P-T to make
MEPT

Complexation and purification of the complex was done as described in section
5.2.7 for the EDTA-A-T sample. The purified product was obtained. (M+H) * 1235.25

(ESI), Expected: 1235.47 (Figure 5.16).
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Trap CE=4.0
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Figure 5.16 Mass spectrum of LaEPT obtained with a Waters Synapt G2 HDMS mass
spectrometer operated in resolution mode. The predicted spectrum was calculated for
comparison.

5.2.16 Conversion of trans polyproline to cis and monitoring the conversion using
Circular Dichroism (CD)

The final purified MEPT is in water and polyprolines usually have a trans
configuration [99], since it is the more stable configuration in water. The pure peptide
and purified MEPT were dried and incubated in propanol for 22 days to convert the
polyproline from trans to cis configuration [99]. CD spectroscopy was done using the
Jasco Model J-810 spectropolarimeter at the Biophysics Core Facility at University of

Colorado Anschutz campus. Results are described in section 5.3.1.
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5.2.17 Distance calculations using Discovery Studio 2.5

The distance between the metal and the oxygen of nitroxide was measured using
Discovery studio 2.5 software. The forcefield CHARMm was applied, CFF was the
partial charge used and MM2 energy minimization was done. The distance was measured
after the minimization of the energy of the molecule. The distances obtained by the
program for the three molecules are M-EAT- 1.6 nm, M-EGT- 2.4 nm and M-EPT with
cis-polyproline- 2.4 nm and M-EPT with trans-polyproline- 3.4 nm (Table 5.1). The
distance measured in Ref. [106] between Gd-DOTA and a spin label on the 5" proline

when 6 prolines in a trans configuration are present as a linker is approximately 2 nm.
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Table 5.1 The structure and distances of molecules obtained using Discovery Studio 2.5
software.

Structure of the molecule Distance

between

Metal

and

Nitroxide
Gd-EDTA-A-T 1.6 nm MEAT
A = Alanine
Gd-EDTA-G-T 2.4 nm MEGT
G = Triglycine
Gd-EDTA-P-T 3.4nm MEPT
P = Peptide
Alanine(Proline)s
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5.2.18 CW EPR spectroscopy

The concentration of nitroxide in each sample was checked using a Bruker EMX
CW X-band EPR spectrometer. Tempamine (0.6 mM) in water was used as a standard to
find the concentrations of spin label. For room temperature spectra the sample tubes were
0.8 mm i.d. capillaries supported in 4 mm OD quartz tube. The unknown concentration
was found by comparing the double integral for the sample to the double integral of the
standard sample. The uncertainities in concentrations were + 0.05 mM. The samples were
prepared with the concentration in the range of 0.1 to 0.2 mM and the samples were in
1:1 water : glycerol mixture. For low temperature spectroscopy 100 ul of sample was in 4
mm tubes. X-band CW power saturation was measured for all of the samples at 80 and
120 K on a Bruker E-580 X-band spectrometer. The CW spectra also were taken for
LaEAT, GAEAT, LaEGT, GAEGT, LaEPT and GdEPT at room temperature at 0.05 G
modulation amplitude after purging the sample with nitrogen for 1 hour. Spectra were

simulated using the ASYM software [107].

The percentage of nitroxide spins detected was calculated by comparing the value
of double integration intensity of CW spectra with 200 G sweep widths for the
paramagnetic metal (Gd, Er and Dy)-containing complexes with the value for the
Lanthanum complexes. The double integration intensity values were obtained using the

Cwlv program.
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5.2.19 Pulsed EPR measurements of electron spin relaxation times at 30 to 80 K

Pulsed EPR experiments were performed at 30 to 80 K at X-band (9.5 GHz) on a
Bruker E580 spectrometer with an ER4118X-MS5 split ring resonator, an Oxford CF935
liquid helium cryostat, and an Oxford ITC503 temperature controller. Spin-spin
relaxation times (T2) were measured by two-pulse spin-echo using a 90° pulse length of
40 ns. Spin-lattice relaxation times (T1) were measured by inversion recovery using 80ns-
40ns-80ns pulses. The spin lattice relaxation rates of the nitroxide in MEAT, MEGT and
MEPT compounds were measured at constant times for the two-pulse echo detection
sequences (t) of 200 and 100 ns. The spin-lattice relaxation times T1 were calculated
using the uniform penalty method UPEN analysis. UPEN analysis gives distribution of
relaxation times [71,72]. The relaxation times distribution is wide so the median from
each UPEN analysis was used in the following discussions. The attenuation of the power

from the TWT was selected to give 180 and 90° pulses.

The percentages of nitroxide spins that were detected were calculated by taking
the ratios of the amplitude of the maximum peak of the field swept echo spectra of metal
complexes (Gd, Dy and Er) to the amplitude of field-swept echo spectra of the

corresponding lanthanum complex.
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5.3 Results

5.3.1 Conversion of trans-MEPT to cis-MEPT

Polyproline has two conformations: - PP-1 has a cis configuration and PP-II has a
trans configuration [99]. Polyproline was chosen to be one of the linkers to get two
different linker lengths and metal-nitroxide distances by changing the conformation from
trans to cis. PP-I with cis configuration is a right handed helix in which dihedral angles
are -75° (¢), 160° (¢) and 0° (o), the axial translation is 1.90 A, and there are 3.3 residues
per turn. On the other hand, PP-II with trans configuration is a left handed helix with an
axial translation of 3.20 A, 3 residues per turn, and dihedral angles of -75° (¢), 145° ()
and 180° (w). PP-II is stable in water and PP-I is more stable in aliphatic alcohols, which
is the reason why propanol was used to convert trans polyproline to cis polyproline [99].
The conversion of trans to cis is a very slow process and it is always hard to get 100%
conversion especially when the peptide length is small [108, 109]. In Figure 5.17, the CD
spectrum of ErEPT exhibits the trans-polyproline properties when it is present in 1:1
water/ glycerol. It has a strong negative band at 205 nm and weak positive band at around
225 to 227 nm that is similar to Ref. [99]. The metal-free trans polyproline peptide
converted to only partially cis after 7 days of incubation in propanol, and showed a strong
negative band at around 200 nm and weak positive band at 217 to 219 nm. If it would
convert completely to cis, it would show a large positive band at 217 to 219 nm and
negative band at 200 nm. When the metals were bound, LaEPT, ErEPT and DyEPT, the

linker did not convert to the cis configuration. In Ref. [110], it was shown that it’s hard to
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get in-vitro conversion from trans to cis but this conversion can be done faster in vivo by
the enzyme peptidyl-prolyl cis—trans isomerase (PPlase). Even after enzyme-catalyzed
conversion, there still is a distribution of trans and cis conformations. On the basis of the
results obtained by CD, no further attempts were made to convert the trans conformation

to cis. Results reported in this dissertation are for the trans conformation.
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Figure 5.17 CD spectrum of polyproline.

ErEPT in 1:1 water: glycerol (magenta trace), peptide without metal after incubating in
propanol for 7 days (brown), LaEPT after incubating in propanol for 22 days (red
trace), ErEPT after incubating in propanol for 22 days (green trace) and DyEPT after
incubating in propanol for 22 days (blue trace).
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5.3.2 Tumbling correlation times (t8) of spin-labeled molecules.
Since g and A values for nitroxides are anisotropic, the linewidths in the CW
spectra can be analyzed to determine the tumbling correlation time. The linewidth

dependence on nitrogen nuclear spin, my, can be described as -
Linewidth = A + Bm; + Cm/

Equation 5.2 was used to calculate tumbling correlation times of the spin-labeled
molecules. The value of B was obtained from the ASYM program. In the ASYM
program, hyperfine values of tempamine from the published work by Windle [111] were
used in the simulations. Kivelson's model was applied to find the correlation times [112].
Table 5.2 shows that the tumbling correlation time increases with the increase in the size
and molecular weight as expected through the results in Ref. [113]. This correlation

confirms that the nitroxide is attached to the probes with varying lengths.

-Blw 52

- (0.2667 x b x delg x B0)+(0.1778x delg x BO x%)

B

where Blw = value of B obtained from ASYM simulation of CW spectrum

b = 0.667x2x3.1416 x[Az-0.5x(Ax+Ay)]x2.8025x10%°

a = 0.333x2x3.1416x(Ax+Ay+Az)x2.8025x 10

delg = gz-0.5x(gx*0y), o = 1/3x(gx+0y+Qz)
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Table 5.2 Correlation times in water for tempamine attached to different molecules,
calculated using the Kivelson model of tumbling

Spin-labeled probe Tumbling Molar mass
correlation
time (tB)
(ps)®
Tempamine 12 171
LaEAT 45 670
LaEGT 48 753
LaEPT 88 1255

& Uncertainties are about + 10 ps except for tempamine where the uncertainty is about

+2ps.

5.3.3 Effect of lanthanides on P12 values of nitroxide at 80 and 120 K

The increase in Py of the nitroxide due to interaction with a rapidly relaxing
metal has been reported in many studies [21, 28,74]. Values of Py, for each of the spin-
labeled metal complexes at 80 and 120 K are summarized in Table 5.3. To facilitate
comparisons, P12 for nitroxide in the paramagnetic metal complexes also is ratioed to that
for the diamagnetic La®* analog. The impact of the metal ion increases in the order Gd**
<< Dy** < Er**. The much smaller impact for Gd®* is consistent with its relatively slow
relaxation at 80 to 120 K and the modest impact on relaxation rates for nitroxide in
mixtures (Ch. 4). The larger effect of Er** than of Dy** is the reverse of what was
observed in mixtures (Ch. 4). For Er®* the impact on Py, decreases in the order EAT >

EGT > EPT, which is the order of increasing distances predicted from the calculations
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with Discovery Suite (Table 5.1). For Dy** the impact on P12 decreases in the order EGT
> EPT > EAT, which is not the order of increasing distances predicted from the
calculated structures. The position of EAT in the sequence is out of order. This sequence

needs to be confirmed.

Table 5.3 P12 (mW) for nitroxide in complexes with La®*, Gd®**, Dy** and Er®* in 1:1
water: glycerol at 80 and 120 K. The uncertainty is about 8 %.

Sample 80 K 120 K

P12 P1(M) P12 P1(M)

P;(La) P;(La)
2 2

LaEAT 0.13 0.36
GdEAT 0.13 1.0 0.38 1.1
DyEAT 0.27 2.1 1.5 4.2
ErEAT 9 69 12.3 34
LaEGT 0.16 041
GdEGT 0.22 1.4 0.47 1.1
DyEGT 0.96 6 2.25 55
ErEGT 4 25 10.4 25
LaEPT 0.13 0.36
GdEPT 0.13 1.0 0.41 1.1
DyEPT 0.41 3.1 1.7 4.7
ErEPT 0.74 5.7 1.74 4.8
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The percentage of spin detectable for different probes was calculated by
comparing the normalized double integrated intensities for CW spectra of samples with
coordinated paramagnetic metals to the double integrals of spectra for the La analogs at
80 and 120 K (Table 5.4). Of the 18 values reported in Table 5.4, 5 are less than 80%.
The loss of intensity in the CW spectra is surprising. Even if the signal is broadened, its
contribution to the integration of a 200 G spectrum would be expected to be maintained.
For future experiments it may be useful to compare integrated intensities for 200 and 400
G scan to ensure that all of the interacting spins are included in the integrals. Differences
between percentages observed at 80 and 120 K may be an indication of uncertainty in the
values. The substantial loss of intensity for DyEAT may be a factor in the smaller than
expected impact of Dy®* on Py, for DyEAT. The spins that are detected in the CW
spectra may be predominantly those with orientations that give weaker dipolar

interaction.
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Table 5.4 Comparison of percentage of spins detectable for different probes in 1:1 water:
glycerol at 80 K and 120 K.

Sample 4Percentage of spins that | ®Percentage of spins that
are detectable at 80 K are detectable at 120 K

GdEAT 100 100

DyEAT |30 23

ErEAT 100 100

GdEGT 100 75

DyEGT 100 82

ErEGT 100 100

GdEPT 100 100

DyEPT 100 100

ErEPT 67 72

& Calculated by comparing normalized integrals of CW spectra with that for the
respective La analog. "The uncertainty is about 10 %.

5.3.4 Intensity loss for spin echo detected spectra

The intensities of the echo-detected spectra of the nitroxide in complexes with
paramagnetic metals were compared with that for the La analog to find the percentage of
spins detectable in the pulse experiments (Figure 5.18). For GAEGT and GAEPT most of
the spins were detectable. However, for all of the other complexes, a substantial fraction
of the nitroxide spins were not detected under the conditions of these spin echo
experiments. The intensity loss was greatest for the short EAT linker (Figure 5.18). For
Er¥* the intensity loss was greater for EGT than for EPT (longest linker) but for Dy** the
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intensity loss was similar for EGT and EPT. The signal intensity loss has been observed
for other experiments when paramagnetic lanthanide metals were present [24,28,81]. The
percentages of spin detectable by spin echo (Figure 5.18) are lower than by CW (Table
5.4). Relaxation enhancement may cause the echo signal to decay within the instrument

detection deadtime without broadening the CW spectrum beyond the integrated region.

Some of our experiments were done using t of 100 ns, but we have seen some
instrumental artifacts at this value of T that can cause more uncertainty in the results. For
the EAT and EGT complexes, the percent observable at T = 100 ns are dramatically lower
that at t = 200 ns (Table 5.5 and 5.6). The only explanation we have thought of for the
difference is instrumental artifact. The data need to be acquired again before an

interpretation is attained.
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Figure 5.18 Percentage of nitroxide spins detectable in (a) MEAT, (b) MEGT AND (c)

MEPT complexes at 30 to 80 K using t of 100

ns.

M = Gd (green), M = Dy (magenta) and M = Er (blue).
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Table 5.5 Nitroxide spins detected® at T of 100 ns or 200 ns in 1:1 water: glycerol at 80 K.
The uncertainty is about 10 % for T of 100 ns and 6 to 8 % for T of 200 ns.

Sample Intensity? for | Percent Intensity® for | Percent
T=100ns detected ° T=200ns detected®

LaEAT 3.1 3.2

GJEAT 1.2 39 2.2 68
DyEAT 1.0 32 1.9 59
ErEAT 0.7 23 2.2 68
LaEGT 3.2 3.7

GJEGT 2.3 72 3.5 94
DyEGT 1.9 59 2.7 73
ErEGT 1.7 53 2.3 62
LaEPT 3.3

GdEPT 2.6 79
DyEPT 2.3 69
ErEPT 2.0 61

& Data were normalized to 60 db video gain, 3 scans and SRT of 2000 ps. Intensity
(divided by 10°) is reported for the peak of the absorption signal "Relative to the La
analog.

Table 5.6 Nitroxide spins detected® for MEGT complexes at t of 100 ns or 200 ns in
1:1 water: glycerol at 70 K in field-swept echo-detected spectra. The uncertainty is
about 10 % for t of 100 ns and 6 % for t of 200 ns.

Sample Intensity® for | Percent Intensity? for | Percent
=100 ns detected® | t=200 ns detected®

LaEGT 3.3 6.4

GJEGT 3.0 93 4.1 64

DyEGT 2.2 67 2.4 37

ErEGT 1.4 43 4.1 64

4Data were acquired with 60 db video gain, 3 scans and SRT of 2000 ps. Intensity
(divided by 10°) is reported for the peak of the absorption signal. ®Relative to the La
analog.
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5.3.5 Relaxation enhancement for nitroxides in the metal complexes

In case of MEAT samples, Dy** and Er®* did not have much appear to effect on
spin-lattice relaxation rate (1/T1) (Figure 5.19). However for these metals a large fraction
of the spins are not contributing to the echo (Figure 5.18). The effect of these metals on
the nitroxide relaxation is seen more clearly on Pi» because more of the spins are
detected by CW then by spin echo. Similarly for MEGT samples, there is little difference
between 1/T; for the diamagnetic La** complex and the paramagnetic metal complexes.
In the case of MEPT, 61 to 79 % of the spins are detected in the spin echo experiments,

so significant relaxation enhancement can be observed directly by measuring 1/T;.

In the case of complexes where metal and nitroxide are at fixed distance apart, the
relaxation effect at 80 K decreases in the order Er¥*~Dy®*" > Gd*" which is similar to the
order that we have observed in the mixtures in chapter 4. In chapter 4, it was observed

that the order is Dy** > Er®* > Gd®".

Data in Figure 5.19 were median values from UPEN [71,72]. The widths of those
distribution are summarized in Tables 5.7 and 5.8. The widths of the distributions were
calculated as shown in Figure 5.20. Distributions of relaxation times may be present due
to two reasons. Firstly, according to the tether-in-a-cone model [98], the tether can
acquire different possible angles. These different angles contribute to the intermolecular
distribution of distances and relaxation times. Secondly, according to Ref. [24], the gt
values are very anisotropic for lanthanides and have axial symmetry with gy and gir

principal values. Hence gr can be defined by the equation-
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0f = (%L Sin%0g + g2y C0S%0g) 2 5.3

where 0y is the angle between the static field and axis of the g tensor of lanthanide. The g-
anisotropy gives rise to orientation dependence and hence the B and E terms in equation

4.4 do not reflect the full anisotropy of the interaction. There is lesser effect on C term.

[114].
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Figure 5.19 Temperature dependence of spin-lattice relaxation rates for nitroxide in (a)
MEAT, (b) MEGT and (c) MEPT complexes at 30 to 80 K.

M = La (red), M = Gd (green), M = Dy (magenta) and M = Er (blue). The uncertainty
is about 7 %.
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Distribution of spin- lattice
time

Figure 5.20 The width of distribution of spin-lattice times in the UPEN curve.
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Table 5.7 Widths of distribution of spin-lattice times (ms) for nitroxide in different probes
as a function of temperature. The uncertainty is about £0.5.

Sample At30K [50K |70K 80 K
LaEAT 23 15 0.4 0.6
GdEAT 6.5 1.1 0.6 05
DyEAT 43 14 0.8 0.8
ErEAT 5.5 1.7 1.0 0.7
LaEGT 6 1.8 0.6 0.4
GAEGT 7.7 1.6 0.6 0.4
DyEGT 6.2 14 0.6 0.4
ErEGT 7.9 0.9 0.7 0.4
LaEPT 7.8 1.3 0.8 05
GdEPT 6.2 1.8 0.7 05
DyEPT 5.3 1.7 0.7 05
ErEPT 8.8 1.2 0.7 05
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Table 5.8 The ratio of the distribution width to the central value of spin-lattice time for
nitroxides in probes as a function of temperature. The uncertainty in the ratios is +0.3.

Sample 30K S50 K 70K 80 K
LaEAT 0.53 1.0 0.64 0.7
GdEAT 1.2 0.9 11 1.0
DyEAT 0.8 1.0 1.8 0.9
ErEAT 1.0 11 1.3 0.9
LaEGT 1.0 11 1.0 0.7
GdEGT 1.4 1.2 11 0.8
DyEGT 1.2 1.0 14 0.9
ErEGT 1.3 0.6 1.5 1.0
LaEPT 1.1 1.0 11 0.8
GdEPT 1.2 1.2 1.4 0.9
DyEPT 0.8 1.3 1.5 1.0
ErEPT 1.3 11 11 0.6

For spin-spin relaxation rate (1/T.), there was not much difference in 1/T, of
nitroxide when Dy** and Er** were coordinated to the other end of the probe but Gd**
increases 1/T». In case of MEAT and MEGT (Figure 5.21), there is not a significant
change in 1/T of nitroxide even with the presence of Gd** but in case of MEPT (Figure

5.21), Gd*" increases the 1/T of nitroxide at 30 to 80 K. There is more increase in 1/T- at
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80 K as compared to other temperatures. Even Er3* increased the value of 1/T2 at 30 K in
case of MEPT. The relaxation rate of lanthanide metals is fast at 30 to 80 K, therefore the
shape of decay curve depends on the square of dipolar coupling and the value of stretch
exponent is equivalent to 2 [65,84]. At temperatures higher than 20 K, Dy** and Er®* has
faster relaxation rates and hence show lesser dipolar coupling, but Gd®* is a slow relaxing
lanthanide metal and can affect the echo more and hence increase 1/T by broadening the
signal. The rate 1/T; is affected more by the presence of lanthanides as compared to the
values of 1/T, because 1/Ty is less affected by the interaction with surrounding magnetic
nuclei and hence a smaller relaxation change can be observed [92]. The echo decay

curves also may be dominated by the more weakly interacting spins.
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Figure 5.21 Temperature dependence of spin-spin relaxation rates for nitroxide in (a)
MEAT, (b) MEGT, and (c) MEPT complexes at 30 to 80 K.

M = La®* (red), M = Gd** (green), M = Dy** (magenta) and M = Er** (blue). The
uncertainty is about 5 %.

In conclusion, determination of interspin distances from the relaxation
enhancement is complicated by loss of detectable spins under some conditions. The
relaxation enhancement at shorter distances from 1.6 to 2.4 nm may be more effectively

seen by Py, measurements. The relaxation enhancement of nitroxide by decreasing T at
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60 to 80 K is in the order of Er¥*~ Dy** > Gd** for M-EPT with trans- polyproline having
distance of 3.4 nm. To better quantify the dependence of relaxation enhancement on the
distances, one has to test for detectable spins by checking the difference in amplitude of
CW and echo detected spectra when paramagnetic lanthanide is present and when it is
absent. One should also check the P12 in the presence and absence of the paramagnetic
lanthanide metals and also it is advisable to check the relaxation times. The combination
of all the experiments can give us more useful information about relaxation enhancement
of the nitroxide than one measurement alone. The anisotropy of the interaction, and the
flexibility of the linkage between the lanthanide and the nitroxide moiety, contribute to
the range of interactions observed. Further experiments are needed to explore

complementary distance determination methods.
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Chapter 6

Gadolinium-loaded P22 virus capsids

6.1 Introduction

Magnetic resonance imaging (MRI) has very low sensitivity. Hence to increase
the sensitivity, contrast agents have been used for a very long time. They effect the
nuclear relaxation of the water protons present in the tissue and inturn effect the contrast
of the image [115]. Relaxivity is the capability of the contrast agents to increase the
longitudinal (1/T1n or r1) or transverse (1/T2n Or r2) relaxation rates of water protons. Most
of the contrast agents are Gd®>" based because Gd*" has seven unpaired electrons,
symmetrical S state, large magnetic moment and long electronic relaxation time. A
potential problem is that uncomplexed Gd3* is quite toxic in the blood [116,117]. Mn®**
bound to a porphyrin has been used as a contrast agent with reduced toxicity relative to
Gd®" [118]. The contrast agents primarily increase the T relaxivity [118-121]. However,
for currently available contrast agents T relaxivity decreases with increasing field for
fields higher than about 1.5 T. The field used for MRI is increasing and has reached 9.5 T
and 11.7 T in various experiments to get a better signal to noise in less time. Hence, there

is a need for new MRI contrast agents that work better at higher fields. The contrast

136



agents that increase the T» relaxivity can be better at higher fields because r, doesn’t

decrease with increasing field [122].

The basic requirements to build a good contrast agent are (i) it should not be
toxic, (i) it should have long rotational correlation time and increased relaxivity, (iii) it
should be thermodynamically stable. Different people have exploited various approaches
to improving contrast agents including dendrimers [121], liposomes [123], and
nanoparticles [123]. P22 viral capsids have been used to make improved contrast agents
[118,119,124,125]. The bacteriophage P22 viral capsid is bigger than other capsids that
have been used such as cowpea mosaic virus (CPMV), cowpea chlorotic virus (CCMV)
[120] and bacteriophage MS2 [119]. The benefits of using P22 viral capsids are that their
higher molecular weight can decrease the rotational correlation time and increase the
relaxivity. The viral capsid is quite stable with temperature change, pH and buffers
[119,121]. The P22 capsid is made up of 420 subunits in an icosahedral shape with

exterior diameter of 64 nm and internal diameter of 54 nm [119].

The samples that | studied were provided by Dr. Robert Usselman and prepared
using a previously published procedure [124]. The P22 virus-like particle protein was
expressed in E.coli and self-assembled to give the procapsid (PC) form that had coat
protein and scaffold protein. The scaffold protein was removed using guanidine.HCI to
give the empty shell (ES) form. The ES form was heated to 65 °C to get the expanded
shell (EX). EX was heated further to 75 °C to give the wiffleball form (WB), which did
not have pentons at the icosahedral vertices. The P22 viral capsids in the “wiffleball”

form have small holes that allow small molecules to diffuse in or out easily [119,124].
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The P22 viral capsids were made using site selective polymerization to form encapsulated
polymer constrained nanocomposites of 2-aminoethyl methacrylate (AEMA) by atom

transfer radical polymerization (ATRP), Figure. 6.1.
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Figure 6.1 Schematic of polymeric P22 particles with spatially confined Gd®* ions.

Gd(DTPA) 2 was covalently attached to the internal polymer scaffold with loading
factors of 1730-10300 Gd3*/cage. Figure adapted from Ref. 124 and 125

Gadolinium diethylenetriaminepentaceate Gd(DTPA)? was covalently attached to

the AEMA polymer network with isothiocyanide linkers to form contrast agents (CAs)
139



with up to 9100 Gd-DTPA/cage [124]. Polymeric P22-Gd** constructs have been
reported to show enhanced relaxivity and a significantly larger overall particle relaxivity
for the polymeric P22-Gd** than for a P22-Gd** nanocomposite, comprising shorter
oligomers [119]. In these contrast agents, since Gd®* is complexed to DTPA®, its toxicity
is decreased. These capsids do not grow in size but their mass increases with
polymerization, which proves their oligomer growth is mostly confined to the inner part

of the capsid and hence most of the Gd (DTPA)? is attached inside.

In this project, Dr. Robert Usselman did the investigation of nuclear magnetic
resonance dispersion (NMRD) and | focused on the EPR of polymeric nanohybrid P22
virus capsids with various Gd** loading factors [125]. He presented NMRD curves that
show these contrast agents behave as enhanced Ti agents at low magnetic fields and T»
agents at high magnetic fields. In the NMR results, it can be clearly seen that ry relaxivity
increased by attaching the contrast agent to the high molecular weight macromolecule,
but the r1 relaxivity decreased at fields greater than 0.49 T. However, the r relaxivity
increases with the increase in magnetic field to 7 T [125]. The EPR experiments were
done mainly to characterize the P22 viral capsids by exploring the electron relaxation
times of the Gd(DTPA)? attached inside the capsid. The EPR data provide evidence of
Gd**-Gd®* dipolar interactions that may lead to enhanced electron spin relaxation. The
work performed by Dr. Usselman and reported in Ref. [125] underscores the importance
of magnetic field strength and spatial confinement for NMR r1 and r, relaxivity profiles

of high density Gd** paramagnetic nanoparticles. The NMR results presented in Ref.
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[125] are of interest to the contrast agent community whose research involves contrast

agent design and magnetic field-dependence of relaxivity.

6.2 Experimental Details

6.2.1 Continuous Wave Q-band EPR Spectra at 80 and 150 K

We obtained four samples from Dr. Robert Usselman with different numbers of
Gd*/cage, which is designated as the loading factor. The samples also had different
average (global) concentrations in solution because of the different loading factors (Table

6.1).

Table 6.1 P22 Cage Gd** loading factors, Gd** concentrations inside P22 cages, P22 cage
concentrations and global Gd** concentrations.

Concentration of Gd®*
P22 Loading o P22 Cage Global Gd®*
inside P22 cages
Concentration (nM) | Concentration (uM)
Gd**/cage (mMm) 2
1.7x103 28 102 177
2.9x10° 46 102 292
4.6x10° 74 102 469
1.0x10% 189 22.6 233

aBased on an interior volume of P22 with the radius of 29 nm.
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To estimate the dipolar spin-spin interaction in the P22-Gd®*" samples, EPR
spectroscopy was used to measure the linewidths as a function of Gd** loading. Spectra
were recorded at 80 or 150 K on a Bruker E580 spectrometer at 34 GHz (Q-band). P22-
Gd*" samples for EPR were prepared by adding an equal volume of glycerol to the
carbonate buffer (100 mM bicarbonate, 50 mM NacCl, adjusted to pH 9) to ensure glass
formation rather than crystallization as the sample was quickly cooled. Samples were
transferred into quartz capillaries and centrifuged for 4 min at 1000 X g. Signals were

simulated using locally-written software Monmer, based on the equations in Ref. [126].

6.2.2 Power saturation at 80 K

To characterize the changes in electron spin relaxation due to Gd3*-Gd**
interactions inside the P22 cages, the amplitudes of the Gd** EPR signals in the g~ 2
region were recorded at 80 K as a function of microwave power for 2.0 mM Gd(DTPA)*
in pH 9 carbonate buffer: glycerol (1:1) and for P22-Gd®*" with 10300 Gd** /cage. These
experiments were performed at X-band (9.7 GHz) because resonator tuning is more
reproducible than at the 34 GHz. Signal amplitudes were plotted as a function of VP to

obtain a power saturation curve.

6.2.3 Pulsed EPR measurement of Gd** electron spin relaxation times at 80 K

Pulsed EPR experiments were performed at 80 K on a Bruker E-580 spectrometer
at Q- band (34 GHz). Samples of Gd(DTPA) Z in 1:1 water: glycerol and of P22-Gd*" in
1:1 buffer: glycerol were examined. Electron spin-spin relaxation times T, were

measured by two-pulse spin echo using pulse lengths of 40 and 80 ns for 90° and 180°
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pulses, respectively. Incident powers were adjusted to give maximum echo amplitude.
The initial time for data acquisition was 200 ns, which is limited by the resonator ring-
down. T1 was measured by inversion recovery using an 80ns-40ns-80ns pulse sequence.
T, and T1 were obtained by fitting single or double exponentials to the data using Bruker

E-580 software.

6.3 Results

6.3.1 Continuous Wave Q-band EPR Spectra at 80 and 150 K

The EPR spectra extend over hundreds of mT due to zero field splitting (ZFS) of
Gd-(DTPA)Z. The most prominent features of these spectra are the ms = +1/2 transitions
that are observed near g ~2. These spectral segments are shown in Figure 6.2. After the
simulation, we obtained the anisotropic g values: gx = 1.964, gy = 1.994 and g, = 1.995.
Within estimated uncertainties, linewidths are the same at 80 and 150 K so average
values are shown in Table 6.2. The linewidths probably have contributions from
distributions in g values and in ZFS as well as dipolar interactions. The concentration
dependent contribution reflects increases in dipolar interactions [122]. Along the gx and
gy principal axes the linewidths increase dramatically with increasing concentration,
consistent with substantial dipolar interactions at these high local concentrations. For the
samples with 1.0x10* Gd®" /cage the linewidths along gx and gy are about 9 to 11 mT
larger than for 1.7x10° Gd** /cage, which is a contribution to T, of about 1x10™%° to
9x101% s at 80 K. This contribution to T, is very large relative to typical T, for low

concentrations of Gd** of about 5x107 s at 80 K (Table 6.3). The strong dipolar
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interactions are consistent with the expectations that the Gd** is concentrated in the

interior of the P22 particle [124].
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Figure 6.2 Q-band EPR spectra of the ms = +1/2 transitions for P22-Gd**
with 4.6x10° Gd**'cage (----) or 1.0x10* Gd**'cage (---).
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Table 6.2 Average EPR line widths at 80 and 150 K for samples with varying Gd**
concentrations in the P22 cages

P22 Loading ] ] ]
Concentration of Gd®*| P22-Gd** EPR Line Widths
Gd*/cage inside P22 cages (mT)
(mM) Ox Oy 0
1.7x10° 28 27 18 7
2.9x10° 46 28 23 6
4.6x10° 74 34 21 6.3
1.0x10* 189 36 29 7.2

Uncertainities in line widths are 5%

6.3.2 Power saturation at 80 K

The P22 sample with highest concentration was selected for power saturation
experiments, because other samples did not have good enough signal to noise to measure
signals at lower powers. The power saturation curve was compared with that for 2 mM
Gd (DTPA)Z. For the two samples, the highest powers at which the signal increases
linearly with VP are shown in Table 6.3. P, the power at which the signal amplitude is
half of the value predicted in the absence of saturation, also is listed. These measurements

indicate that electron spin relaxation at 80 K for the Gd®* in the P22 cages is dramatically
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enhanced compared with that for 2.0 mM Gd(DTPA)?. Although the -NCS substituent on
the DTPA and attachment to the polymeric framework impacts the local environment
such that the ZFS for Gd®* in the P22-DTPA samples is different than for Gd(DTPA)?Z,
the differences in ZFS are likely to cause much smaller changes in relaxation than are

caused by the changes in local concentration.

Table 6.3 Power saturation of Gd** EPR signals at 80 K

Sample Highest power for linear response Py
2.0mM Gd(DTPA)” 0.3 mW 2 mW
1.0x 10* Gd*/P22 cage |12 mW >200 mW

6.3.3 Pulsed EPR measurement of Gd** electron spin relaxation times at 80 K

The fit to the inversion recovery curves was substantially better for the sum of
two exponentials than for a single exponential, which may reflect overlapping
contributions from transitions with different values of ms. For the P22-Gd®** samples the
spin echoes were weak and attributed to small amounts of Gd®* that were not inside the
cages. The relaxation times from Gd** inside the cages were too short to measure by
pulsed EPR. Values of T1 and T2 for aquo Gd*" and Gd(DTPA)? are summarized in
Table 3.1. Relaxation times are weakly concentration dependent in the range of 0.1 to 2

mM, but become more strongly dependent at higher concentrations.
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6.4 Discussion

EPR spectroscopy was used to understand the intra-particle molecular
interactions. CW spectra of P22-Gd** at 80 and 150 K and 35 GHz (1.2 mT) are
characteristic of S = 7/2 (Fig. 6.2) [125]. The linewidths for the ms = £1/2 transitions
increase substantially as the number of Gd®* per cage is increased (Table 6.2), consistent
with strong dipole-dipole interactions at the high local concentrations inside the cage.
The line broadening indicates large decreases in T,. Power saturation curves support the
conclusion that the electron spin relaxation rates for P22-Gd are substantially faster than
for low concentrations of Gd(DTPA)% (Table 6.3). The relaxation times for P22-Gd at 80
K are too short to measure by pulsed EPR. Values of T1 and T for Gd** and Gd(DTPA)*
at 80 K and 35 GHz obtained by pulsed EPR are about 1 ps for concentrations in the
range of 0.1 to 1 mM, but decrease rapidly at higher concentrations (Table 3.1). These
measurements at low temperature suggest that Gd®*-Gd** interactions may also lead to
enhanced electron spin relaxation at higher temperatures and magnetic fields. The
assumption that T1 and T are longer than tumbling correlation times is the basis for
common models in NMR relaxation enhancement. The two main models that have been
used are Curie relaxation and Solomon relaxation and they both have this assumption
[120,122]. This assumption however may not be valid for P22 samples especially at high
loadings within macromolecular structures. Hence, there is a need for a new model that
can actually explain the relaxation in the contrast agents which are inconsistent with this

assumption.
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Chapter 7

Iron-Sulfur Clusters

7.1 Introduction

Iron is an important transition metal for all three kingdoms of life- bacteria,
archaea and eukaryotes. Common oxidation numbers are +2 with 3d® configuration or +3
with 3d°® electronic configuration. Iron forms hemes when it is coordinated to porphyrins.
It is required for synthesis of chlorophyll in plants. Iron also combines with sulfur to form
very important proteins called Iron-Sulfur (Fe-S) proteins. These proteins are the oldest
biological cofactors and act as molecular switches in many important functions like

catalysis, electron transport and regulatory processes [127-130].

Iron-sulfur clusters were discovered in the 1960s in photosynthetic organisms,
nitrogen-fixing bacteria and the mitochondrial fraction of animals. Fe-S clusters have low
molecular weight and are water soluble in microorganisms and plants, whereas they are
membrane- bound in animals [130]. Iron and sulfur combine in several different molar
ratios to form Fe-S clusters. The common Fe-S clusters that were found in the mid-
1960’s were [2Fe-2S] and [4Fe-4S] that are coordinated to proteins through cysteine

residues [129,130]. Their paramagnetic nature was first studied by Sands and Beinert in
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1960 using EPR [131,132] in mitochondrial Fe-S clusters of NADH and succinate
dehydrogenases enzymes [131,132]. At that time, biochemists could see the Fe-S signal
at temperatures < 25 K and found the different components of Fe-S clusters [131]. Fe-S
clusters have been extensively studied in vitro because they are easy to assemble in vitro.
However, their assembly in vivo is quite complicated because of the multiple
biosynthetic pathways and because iron and sulfur both are highly reactive and toxic in
vivo. Hence, study of these clusters in vivo has to be done very carefully [128]. Many of
the clusters can exist in several oxidation states, so redox potential must be controlled. In
addition, some clusters are easily removed from the protein and have to be reconstituted

after protein isolation.

All the three kingdoms have multiple pathways for Fe-S clusters assembly. The
main component of their assembly is cysteine desulfurase. The cysteine desulfurase
enzyme breaks the disulfide bonds of cysteine and helps in releasing sulfur required for
the assembly. The cysteine is converted to alanine after donating the sulfur. The sulfur is
then taken by the other protein called the scaffold protein where along with iron it forms
[2Fe-2S]. Sometimes, [2Fe-2S] is transferred to the target apo-protein to make it active.
In some of the other scaffold proteins [2Fe-2S] converts to [4Fe-4S]. Then, [4Fe-4S]
clusters move to the target apo-proteins [127,128]. The conversion of [2Fe-2S]?* to [4Fe-
4S]?* involves reductive coupling and is a very slow process. One electron reduction and
coupling of two adjacent clusters of [2Fe-2S]%* give [4Fe-4S]?*. Reductive coupling is
mostly an irreversible process, but it has been seen that an [4Fe-4S]?* cluster oxidizes

back to [2Fe-2S]?* with exposure to Oz. In vitro, reductive coupling can be done using
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dithionite as a reducing agent [127,128]. In some of the hydrogenase, aconitase, and
radical S-adenosylmethionine enzymes, [3Fe-4S]" clusters were also observed [133-136].
In the 1980s, the [3Fe-4S]* cluster was found and studied in beef mitochondrial
aconitase. It was also found that EPR active [3Fe-4S]" converts to the EPR inactive [3Fe-
4S]° form at pH greater than 9.5. Then, this [3Fe-4S]° can be easily converted to EPR

active [4Fe-4S]?* clusters by reduction in the presence of iron [133,134].

In 2001, S-adenosyl methionine (SAM) was classified as a superfamily of
proteins that catalyzes radical reactions. SAM is needed for the activation of many
enzymes including pyruvate—formate lyase activating enzyme (PFL-AE), hydrogenase
related (HydE and HydF) enzymes, lysine 2,3-aminomutase (LAM) enzyme [136-138],
and enzymes that have roles in the Mycofactin (Mft) biosynthetic pathway in
Mycobacterium Tuberculosis [139]. The SAM superfamily has a characteristic motif
CX3CX2C where three cysteine molecules bind to three of the four irons of a [4Fe-4S]
cluster. The coordination of the fourth iron varies with the surrounding environment. The
fourth iron is labile in these [4Fe-4S] proteins and in SAM proteins, therefore [3Fe-4S]*
is also found in some air exposed samples for these proteins [136]. When [4Fe-4S] binds
to SAM, it cleaves SAM and forms 5’-deoxyadenosyl radical (5’-dA’) and methionine.

The 5°-dA- radical acts as an oxidizing agent and can oxidize H. to form protons [136].

EPR can help in characterizing different types of Fe- S clusters in proteins. It can
also tell us about the relaxation behavior of the clusters. In this chapter, | will focus on
EPR spectra of several kinds of clusters and their relaxation behavior to know more about

the proteins. We received SAM enzyme samples of PFL-AE, HydE and HydF from Dr.
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Eric Shepard, Montana State University (MSU) and oxidized and reduced MtfC samples

from Dr. John A. Latham, University of Denver.

7.2 PFL-AE, HydE and HydF samples

7.2.1 Experimental Details

The samples were frozen and shipped from MSU in a dry shipper (77 K). The
following descriptions of the samples were provided by Dr. Usselman. Samples 1 and 2
are of well- characterized proteins provided as reference materials, and samples 3 and 4

are for a protein (HydF) that the group at MSU seeks to characterize.

1. PFL-AE is a monomeric radical SAM enzyme that contains a single FeS cluster
binding site. X-band EPR spectra at MSU had shown that the vast majority of the as-
purified enzyme harbors a [3Fe-4S]" cluster in this site. The remaining enzyme binds a
[2Fe-2S]" cluster. The PFL-AE sample has 1.68 mM protein with an Fe number of 2.70

+0.10 Fe/protein.

2. Ca HydE, is also a monomeric radical SAM enzyme. It contains two FeS cluster
motifs that are located ~20 A apart. The as-reconstituted enzyme binds a [3Fe-4S]* in the
first motif and a [2Fe-2S]" in the second motif. The HydE sample had 344 pM protein

with an Fe number of 7.64 + 0.10 Fe per protein.

3. HydF2EC + DTT is isolated HydF + dithiothreitol. This sample had 207 pM protein
with an Fe number of 1.09 + 0.04 Fe/monomer. Work at MSU showed the presence of

[3Fe-4S]" and [2Fe-2S]".
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4, HydFAEC Reduced is a reduced sample of the HydF enzyme which exhibits both [2Fe-
2S]* and [4Fe-4S]* cluster signals. Two replicate samples were received. Reduced HydF

had 1.20 mM protein with an Fe number of 0.57 £ 0.04 Fe per protein monomer.

X-band continuous wave (CW) and pulsed EPR data were acquired on a Bruker
E580 spectrometer using a split ring resonator and an Oxford ESR935 cryostat. Spin-
spin relaxation times, T», were measured by two-pulse spin echo using a 90°-180° pulse
sequence and a 90° pulse length of 40 ns. Field-swept echo-detected spectra were
recorded with a constant T = 100 ns and were background-corrected by subtracting an off-
resonance scan. Spin-lattice relaxation was measured by inversion recovery using a 90°-
180°-90° pulse sequence and a 90° pulse length of 40 ns. For the [2Fe-2S]* cluster,
measurements were performed at g.=2.006 and at an intermediate g value of 1.99, which
is higher than g, = 1.97. For the [3Fe-4S]" cluster, measurements were performed at g
=2.02, and g = 1.89 was used for measurements for [4Fe-4S]*. There did not appear to be
significant anisotropy in T1. The spin echo decays and inversion recovery curves were fit
to a single exponential, unless otherwise noted. Uncertainties in time constants are about

10%.

The g values and inhomogeneous broadening of the low temperature CW spectra
were found by simulation using the locally-written program MONMER that is based on
the equations in [126]. The g. regions of the temperature-dependent CW spectra at 110
to 150 K were simulated using SATMON in which the line shape is a Gaussian

distribution of Lorentzian spin packets characterized by T» [140]. In the temperature
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range in which line widths are temperature-dependent it was assumed that T; = T, for
[2Fe-2S]". A detailed description of the calculations is in [141]. The temperature

dependence of T1 for [2Fe-2S]* was fit with the function [141]

3
AOrb
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1 T o,
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where T is the temperature in Kelvin, Cgir is the contribution from the direct process,
Cram is the coefficient for the contribution from the Raman process, 6p is the Debye
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temperature, Jg is the transport integral, Jg(?D): X8
0

— X, Com is the coefficient
(e" -

for the contribution from the Orbach process, and Ao iS the energy separation between

the ground and excited state for the Orbach process.

7.2.2 CW and Field Swept Echo Detected Spectra

7.2.2.1 PFL-AE

The [2Fe-2S]* signal with g. = 2.006 and g = 1.96 was the only signal seen at 50
- 78 K in the CW spectra (Figure 7.1). The shape of the CW spectra changed at
temperatures lower than 50 K. A new peak at g = 2.02 was observed at 40 K and below
(Figure 7.1) and assigned to [3Fe-4S]*. The g-value is in accordance with the work of
Shepard et. al [142-144]. In the CW spectra, the [3Fe-4S]* signal was observed at 40 K
and below, but in the field-swept echo-detected spectra, it was not visible above 22 K
(Figure 7.2). First integrals of CW spectra and field-swept echo-detected spectra
exhibited the same peaks below about 20 K (Figure 7.3). At 21 K and below, the field-

swept echo-detected spectrum was dominated by the [3Fe-4S]* and the apparent center
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shifted from g = 2.006 characteristic of [2Fe-2S]" toward g = 2.02 for the [3Fe-4S]"

signal that was consistent with previous reports [142-145].
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Figure 7.1 X-band (9.42 GHz) CW spectra of PFL-AE at 10 - 70 K.

The spectra were obtained with 1 G modulation amplitude, 400 G sweep width, and
0.755 mW power. The g = 2.006 and 1.96 correspond to the [2Fe-2S]" signal and g =
2.02 corresponds to the [3Fe-4S]* signal. The [2Fe-2S]* species signal is power
saturating at and below 40 K. Signals were plotted with constant y axis amplitude.
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Figure 7.2 X-band (9.424 GHz) two-pulse field-swept echo-detected spectra of PFL-AE
at 10 - 50 K.

The spectra were obtained with 400 G sweep width. The echo was weak above 50 K.
The shot repetition time (SRT) used for spectra at 30 — 60 K was 800 us, 1099 ps at 20
K and 3000 us at 10 - 15 K. Signals were plotted with constant y axis amplitude.
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Figure 7.3 Comparison of field-swept echo-detected spectra and integrals of CW spectra
at 10 to 70 K for PFL-AE.

The field-swept echo-detected spectra (from Figure 7.2) are in blue and integrals of CW
spectra (from Figure 7.1) are in red. Signals were plotted with constant y axis amplitude.



7.2.2.2 Ca HydE

The [2Fe-2S]" signal at g1 = 2.006 was seen in CW and field-swept echo-detected
spectra (Fig 7.4 and 7.5) of Ca HydE in the same temperature ranges as for PFL-AE. The
signal to noise in the CW spectra is lower than in Figure 7.1 because the concentration of
this sample was five times lower than the concentration of the PFL-AE sample. The peak
at about 2.06 is due to a resonator background signal. The echo was not strong above 40
K, so field-swept echo and relaxation studies were done at 10 — 40 K The signal from

[3Fe-4S]* was too fast relaxing at 10 K to contribute to the echo-detected spectrum.
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Figure 7.4 CW spectra at X-band of the [2Fe-2S]* in Ca HydE, at 30 -70 K.

The spectra were obtained with 1 G modulation amplitude and 400 G sweep width. CW
spectra were obtained at 0.755 mW power at all temperatures. The frequency was 9.40
GHz. The signal at g = 2.06 is the background signal from the resonator. Spectral
amplitude was corrected for differing numbers of scans. Relative amplitudes in the
plotted data reflect the temperature dependence of signal amplitude.
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Figure 7. 5 X-band (9.43 GHz) two-pulse field-swept echo-detected spectra of the [2Fe-
2S]*in CaHydD at 10 - 70 K.

The spectra were obtained with 400 G sweep widths. Spectral amplitude was corrected
for differing numbers of scans. Relative amplitudes in the plotted data reflect the
temperature dependence of signal amplitude.

7.2.2.3 HydF*E¢ + DTT

The [2Fe-2S]" signal at g1 = 2.006 was seen in field-swept echo-detected spectra
of HydF*EC¢ + DTT (Figure 7.6). Field-swept echo and relaxation studies were done at 10

- 70 K.
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Figure 7. 6 X-band (9.24 GHz) two-pulse field-swept echo-detected spectra of HydFAE® +
DTT at 10 — 70 K.

The spectra were obtained with 400 G sweep widths. Spectral amplitude was corrected for
differing numbers of scans. Relative amplitudes in the plotted data reflect the temperature
dependence of signal amplitude.

7.2.2.4 HydF*E® Reduced

The [2Fe-2S]" signal with g1 = 2.006 and gi= 1.96 was seen at 10 — 40 K in the
CW spectra of HydF*E® Reduced (Figures 7.7, 7.8). The spectra in Figures 7.7 and 7.8

were taken using different microwave powers. In Figure 7.7, the signal for [2Fe-2S]" was
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saturated due to excessive power. The shape of the CW spectra changed at temperatures
lower than 30 K (Figure 7.7). A new peak at g = 1.89 was observed below 30 K (Figure
7.7, 7.8), which is assigned to the [4Fe-4S]*. The low g-value shows that all the four
irons of the [4Fe-4S]" clusters are not linked to cysteine. Three out of four irons are
coordinated to cysteines of the SAM motif and one iron is coordinated to some other
ligand [144,145]. In field-swept echo-spectra, the [4Fe-4S]* signal could be observed at
or below 30 K (Figure 7.9) but the signal to noise was very low, because of the low
sample concentration. The field-swept echo spectra were taken at longer and shorter Shot
Repetition Times (SRT) for better separation of signals from the two species. At shorter
SRT, the signal for the faster relaxing species [4Fe-4S]* could recover more fully

between pulses than the signal for the slowly relaxing species (Figures 7.9 and 7.10).

g=2.06

20K

g - value

Figure 7.7 X-band CW spectra of HydF“5® Reduced at 10 - 20 K.

The spectra were obtained with 1 G modulation amplitude, 0.76 mW and 2000 G sweep
width. Spectra were not background subtracted. At this power the signal for [2Fe-2S]*
IS power saturated.
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Figure 7.8 X-band (9.43 GHz) CW spectra of HydF*E® Reduced at 10 — 40 K.

The spectra were obtained with 1 G modulation amplitude and 0.024 mW power.
The sweep width is 1000 G.
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Figure 7.9 X-band (9.43 GHz) two-pulse field swept echo detected spectra of HydFAE®
Reduced at 10 — 40 K.

The spectra were obtained with 1000 G sweep widths. The shot repetition time (SRT)
was 775 ps at 40 K, 1499 us at 30 K, 1999 ps at 20 K, 15995 us at 15 K and 30998 us
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Figure 7.10 X-band (9.43 GHz) two-pulse field-swept echo-detected
spectra of HydF*E® Reduced at 10 — 20 K.

The spectra were obtained with 1000 G sweep widths. The shot repetition time
(SRT) was 49.98 ps.

7.2.3 Electron Spin Relaxation

7.2.3.1 Comparison of relaxation rates of [2Fe-2S]* clusters

Direct measurements of Ty and T. for [2Fe-2S]" in HydF and related samples
were obtained by inversion recovery and spin echo decay at temperatures below about 60
K. Below about 20 K, overlap with the much broader signals from [4Fe-4S]* or [3Fe-
4S]" made it difficult to distinguish contributions to the pulse EPR signals.  The
temperature dependence of 1/T> measured by spin echo is shown in Figure 7.11. Values
of T2 below 40 K are approximately independent of temperature and T» is between about
1.5 and 1.9 ps, which is in the range that is found for many S = % species at relatively
low spin concentrations [141]. The temperature independence below about 40 K
suggests that the spin-spin relaxation is dominated by nuclear spin diffusion among the

many proton spins in the vicinity of the iron-sulfur clusters. Above about 40 K the values
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of T> become strongly temperature dependent due to the increasingly fast spin-lattice

relaxation and its contribution to T».

The temperature dependence of 1/T; for [2Fe-2S]" in HydF and related samples is
summarized in Figure 7.12. Values of T1 below about 60 K were obtained by inversion
recovery, and values above about 150 K were obtained by analysis of the temperature
dependent contributions to the CW lineshapes. The relaxation rates for the four samples
studied are similar. The relaxation rates for these clusters are more than an order of
magnitude slower than have been reported previously for [2Fe-2S]* clusters [146]. The
relaxation rates for PFL-AE and off-column HydF + dithiothreitol were modeled as the
sum of contributions from the Raman and Orbach processes (Eq. 7.1). There is
substantial uncertainty in the Debye temperatures because there is a relatively narrow
temperature range (about 15 to 35 K) in which the Raman process dominates. The
Orbach process dominates at higher temperatures. The Orbach energies for the [2Fe-
2S]* clusters in PFL-AE and in HydF are 500 + 50 K (350 + 35 cm™) which is
approximately in the middle of the range of previously reported values [146-148]. The
coefficients for the Raman process, Cram, that were used to generate the fit lines shown in
Figure 7.20 are about 107 s** K® which is several orders of magnitude smaller than the
~10% s K reported for other [2Fe-2S]* clusters [146]. Similarly, the values of Cor, for
HydF are about 15 s K=, which is more than an order of magnitude smaller than the ~
10° s K= reported for other [2Fe-2S]* clusters [146]. The smaller coefficients are
expected because the rates are so much slower. Small spin-orbit coupling leads to slower
electron spin relaxation [146,149]. The g-value anisotropy for the [2Fe-2S]" in HydF is
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only 2.006 — 1.96 = 0.046, which is very much smaller than reported for other [2Fe-2S]*
such as the Rieske cluster from cytochrome bc: (2.0265 — 1.7670 = 0.2595) [146].
Smaller g anisotropy indicates smaller spin-orbit coupling. It has also been proposed that
the coefficients for the Raman and Orbach processes are smaller for more rigid systems
[113,146]. The very small values of Cram and Cor for the [2Fe-2S]" clusters in HydF and

related proteins suggests that the environment of the cluster in these systems is relatively

rigid.
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Figure 7.11 Temperature dependence of X-band spin-spin relaxation rates at g = 2.006
for [2Fe-2S]* in the different proteins.

The proteins are: PFL-AE ( O ), HydE ( + ), Photoreduced HydF ( A ) and Off-column
HydF + dithiothreitol by ( ¢ ).
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Figure 7.12 Temperature dependence of X-band spin-lattice relaxation rates at g = 2.006
for [2Fe-2S]" in the different proteins.

The proteins are: PFL-AE ( O ), HydE ( + ), photoreduced HydF ( A ) and Off-
column HydF + dithiothreitol ( ¢ ). The solid lines are the modeling of the relaxation
rates for PFL-AE ( _ ) and off-column HydF + dithiothreitol ( ) as the sum of
contributions from the Raman and Orbach processes.

7.2.3.2 Comparison of relaxation rates for [2Fe-2S]*, [3Fe-4S]*, and [4Fe-4S]*

The relaxation times for the two clusters in PFL-AE below 25 K are shown in
Table 7.1 and for HydFAES Reduced in Table 7.2.

Table 7.1 To and T1 at g = 2.006 ([2Fe-2S]") and at g = 2.02 ([3Fe-4S]" ) in PFL-AE?

[2Fe-2S]* | [2Fe-2S]* [3Fe-4S]* | [3Fe-4S]*
g=2.006 g=2.006 g=2.02 9=2.02
Temperature
(K) T2 (us) T1 (ps) T2 (us) T1 (ps)
10 1.25° 2350P 1.3 1040
15 0.934P 851° 1.01 461
20 1.43 630

a Uncertainty is 9%. ® Overlap with the signal from [3Fe-4S]* introduces uncertainty
for these values. It is difficult to distinguish the contributions to the echo decay and
recovery curves from the two species.
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Table 7.2 T2 and Tz at g = 2.006 ([2Fe-2S]*) and 1.89 ([4Fe-4S]*) in HydF~ES Reduced.?

[2Fe-2S]* [2Fe-2S]* [4Fe-4S]* | [4Fe-4S]*
g =2.006 g = 2.006 g=189 |g=1.89
Temperature (K) | T2 (us) T1 (ps) T2 (Ms) T1 (Ms)
10 1.82 36000 1.7 263
15 1.86 9000 1.8 186
20 1.82 1050 0.71 81
22 1.95 454 0.36 22

& Uncertainty is 7%

The relaxation rate differences between [2Fe-2S]* and [3Fe-4S]" in PFL-AE also
explain the differences between the field-swept echo spectra and integrals of CW spectra
at different temperatures. The [3Fe-4S]* signal at 40 K was not seen in the field-swept
echo-detected spectra of PFL-AE because it was relaxing very fast (Figure 7.3). Analysis
of the shapes of inversion recovery curves at and below 20 K, indicated that there was a
very fast relaxing component. The fast relaxing component might be spectral diffusion
between different clusters and enhanced by the relatively high concentration of [3Fe-
4S]*. Fitting to the initial portions of the inversion recovery curves suggests spectral
diffusion time constants of 5 - 8 us at both g = 2.006 and 2.02.

T, and Ti relaxation times at g = 2.006 and 1.89 for HydF*E“ Reduced were also
measured. Values of T2 and T1 in Table 7.2 show that the [2Fe-2S]* clusters (g = 2.006
and 1.99) relaxed more slowly than [4Fe-4S]* (g = 1.89) in the range of 10-22 K. The
relaxation of the [2Fe-2S]* in PFL-AE is similar to that for the analogous radicals in
other SAM proteins (Fig. 7.12) and there is no indication of relaxation enhancement by

the faster relaxing [4Fe-4S]".
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7.2.4 Discussion

In these three SAM proteins, we have seen three different kinds of clusters: [2Fe-
2S]*, [3Fe-4S]" and [4Fe-4S]", In all three proteins, the [2Fe-2S]" has g values of 2.006
and 1.96, [3Fe-4S]" has g = 2.02 and [4Fe-4S]" has g = 1.89 which are the characteristic g
values for the respective clusters [142-145]. The presence of [3Fe-4S]* in PFL-AE
suggests that this sample might be an air-exposed sample. If the fourth iron of the [4Fe-
4S]* cluster did not bind to a cysteine of SAM that iron might be labile and form [3Fe-
4S]* [136]. The low g-value (g = 1.89) of the [4Fe-4S]" that differs from the standard g
value of 1.94 [144] suggests that this Fe-S cluster is not completely coordinated to
cysteines [145]. One of the irons of the cluster is linked to some other ligand that is not
cysteine. The spin-lattice relaxation rates of the three clusters increased in the order-
[2Fe-2S]" < [3Fe-4S]* < [4Fe-4S]* [150]. We observe spin diffusion in the case of PFL-
AE, which is attributed to the higher concentration of [3Fe-4S]* species. This can explain
the faster spin-lattice relaxation rate for [3Fe-4S]* cluster than [4Fe-4S]*. They both have
faster relaxation rate than [2Fe-2S]* cluster, which is in accordance with Ref. [150].

The temperature dependence of T for [2Fe-2S]* can be explained by nuclear spin
diffusion below about 40 K and domination of spin-lattice relaxation above about 40 K.
In case of spin-lattice relaxation, Raman and Orbach processes determine the temperature
dependent behavior. The Raman process dominates at 15 to 35 K and above 35 K the
Orbach process dominates. The smaller g-anisotropy of the cluster and the rigid
environment makes the spin-orbit coupling smaller and hence the cluster has slower spin-

relaxation rate than other studied clusters [146].
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7.3 MtfC SAM enzyme

7.3.1 Experimental Details

Preparation of recombinant MftC was done by Bulat Khaliulin in Dr.Latham’s
lab, who provided a brief description of preparation. E. coli gene synthesis was done
using the amino acid sequence of mftC from Mycobacterium ulcerans Agy99 and it was
cloned into peET28a. The mftC/pET28a plasmid was used to transform BL21. An
overnight culture was used to inoculate LB (Luria-Bertani) broth and incubated at 37 °C
aerobically. The temperature was decreased to 22 °C, after getting the cell density of 0.6
at OD 600. Sodium fumarate and FeClz were added to the culture and it was sealed for 20
mins. The culture was induced by adding 1 mM IPTG (Isopropyl pB-D-1-
thiogalactopyranoside) to produce Hiss-MftC (herein known as MftC). The flasks were
then resealed and incubated overnight. Cells were harvested by centrifugation at 6,500
rpm for 5 min and transferred to an anaerobic chamber. The cells were lysed and purified
using HisTrap FF column (GE Lifesciences) using an FPLC (GE Lifesciences) located in
the anaerobic chamber. Fractions were monitored for purity by SDS-PAGE. Fractions
containing the His-tagged MftC were desalted using a HiTrap Desalting column (GE
Lifesciences) and concentrated. The MftC was reconstituted using 50 mM Hepes, 100
mM NaCl, and 10 mM DTT (dithiothreitol) (pH 7.5), 1.2 mM FeCls and stirred at room
temperature for 30 min. 1.2 mM NaxS was added to the solution and stirred at room
temperature for 3 h. The reconstituted protein was purified further using PD-10 column

and fractions containing oxidized MftC were concentrated and flash frozen. The oxidized
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MftC was then reduced by incubating it with dithionite. UV-Vis spectroscopy showed
that MftC has two [4Fe-4S]" clusters. EPR was done on oxidized and reduced samples.
X-band (~ 9.5 GHz) continuous wave (CW) EPR spectra were recorded on a
Bruker E580 spectrometer with an ER4118X-MS5 split ring resonator, an Oxford CF935
liquid helium cryostat, and an Oxford ITC503 temperature controller. Samples were in 4
mm OD quartz tubes. Spectra were acquired with 0.4 mT modulation amplitude at 100
kHz and 0.76 mW microwave power. The resonator has a Cu(ll) background signal,
which overlaps the g~2.05 region of the signal from the protein. Resonator background
spectra were acquired for a sample of the oxidized protein, which is diamagnetic.
Background spectra were subtracted using the Bruker XEPR software, after x-axis offset
to correct for differences in the microwave frequencies at which data were acquired.
Field-swept echo-detected spectra were obtained with a two-pulse 90°-1-180°-t-echo
sequence using 40 ns 90° pulses and a shot repetition time (SRT) of 1000 ps. The
electron spin relaxation times for the background signal are very different from those for
the signal from the protein, so the background signal does not contribute to the echo-
detected spectrum at the SRT selected for the experiment. The first derivative of the
echo-detected absorption spectrum was calculated numerically with subsequent filtering
to reduce high frequency noise. The g-values were determined by simulation of the
spectra using the locally written program Monmer, which is based on the equations in
Ref. [126]. Uncertainties in the background subtraction cause greater uncertainty in the

value for g, than for gx or gy.
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Values of Ty and T> were obtained by a three-pulse inversion recovery sequence
or a two-pulse electron spin echo, respectively, using 40 ns 90° pulses at g = 1.94. The
inversion recovery curves were not single exponential. The data were fit to the sum of

two exponentials, which may be a surrogate for a distribution.

7.3.2 Results

7.3.2.1 CW experiments

EPR spectra of the dithionite-reduced MtfC sample are shown in Figure 7.13.
There is good agreement between the first derivative of the field-swept echo-detected
spectrum at 10 K and the CW spectrum at 25 K. The positions of the low-field signal
maximum (g = 2.05) and the zero-crossing point (g = 1.93) marked on the spectra are
similar to the g values reported recently for the [4Fe-4S]* center in the reduced state of
radical SAM enzymes including WhiD (2.06 and 1.94) [151], RimO (2.04, 1.93) [152],
PqgE (2.05, 1.94) [153], and MiaB [143,144,154,155]. The simulated spectrum (Figure
7.13) was obtained with gx = 1.89+0.005, gy = 1.93 +0.005, and g, = 2.03+0.01. Spectra
as a function of temperature (Figure 7.14) were obtained by subtraction of a strong
background signal, which causes substantial uncertainty in the lineshape in the vicinity of
g~ 2.02. The amplitude of the peak at g ~ 1.93 changes with temperature which says that
it is 1/T dependent (Figure 7.14). However the amplitude of peak at g ~ 2.02 exhibits
substantially less temperature dependence, which may be due to imperfections in the
background subtraction (Figure 7.14). The lineshapes at 20 and 30 K differ substantially
from the spectrum in Fig. 7.13 at 25 K. These differences may be due to imperfections in

172



the background subtraction or to changes in sample preparation. The spectra will be
reproduced for subsequent preparations. The signal broadens rapidly as temperature is

+

increased due to increasing rates of electron spin relaxation, which is typical of [4Fe-4S]

clusters with S = % ground states [156].

Intensity
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Figure 7.13 X-band spectra of reduced MtfC.

The background corrected spectrum at 25 K (solid black line) is superimposed on the
first derivative of the field-swept echo-detected spectrum at 10 K (dashed red line).
The dashed blue line is a simulation calculated with the local program Monmer.
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Figure 7.14 Spectra for reduced sample of MtfC after subtracting oxidized spectra at 20,
30 and 40 K.

Spectra were obtained with 0.76 mW power and 4 G modulation amplitude at 100 kHz.
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7.3.2.2 Pulse experiments

Values of T (Table 7.3) at g = 1.93 are 1.7 £ 0.1 us between 10 and 30 K, which
is much shorter than T1 (Table 7.4). The negligible temperature dependence of T in this
temperature region is similar to that observed in the HydE samples and is consistent with
domination by nuclear spin diffusion [141]. The long component of the two-component
fits to the inversion recovery curve recorded at g = 1.93 decreased from T1 = ~1 ms at 10
K to ~35 us at 30 K. The strong temperature dependence is typical for [4Fe-4S]*
[96,156]. Values of T, decrease rapidly above about 30 K as Ti approaches T.. The
strong temperature dependence of T: and its impact on T, above about 30 K are
consistent with the rapid broadening of the CW spectra as temperature is increased above

about 30 K.

Table 7.3 T, at g = 1.93 for reduced MtfC sample.

Temperature (K) | Tz (us)?
10 1.7
15 1.8
20 1.7
25 1.6
30 1.7

4Uncertainty is 8%.
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Table 7.4 Ty at g = 1.93 for Reduced MftC.

Temperature | T1  (us) with  weightings  of
(K) components?

10 1026 (49%) and 186 (51%)

15 222 (29%) and 35.5 (71%)

20 121(26%) and 11.5(74%)

25 61.5 (35%) and 6.36 (65%)

30 36.4(38%) and 3.2 (62%)

aUncertainty is 7%.
7.3.3 Discussion

In the oxidized sample, only the background signal was present whereas in the
reduced sample, there were two peaks at different g-values (g = 2.05 and g= 1.93). These
g-values correspond to [4Fe-4S]* clusters [143,144,151-155,157]. This shows that in the
SAM enzyme, EPR inactive [4Fe-4S]?* with S = 0 is reduced to EPR active [4Fe-4S]*
with S = % by reaction with dithionite. The g-value of the [4Fe-4S]" cluster is in
accordance with the standard g-value for these kinds of clusters [143,144,151-155,157]
which means all the irons in the cluster are coordinated to cysteine as their ligand [145].
The CW and echo detected signals were observed at 10 K to 30 K, but not above 40 K,
which is consistent with fast relaxation, which is another characteristic of the [4Fe-4S]*
cluster [151,158]. This is the first EPR result demonstrating that MtfC is a member of the
SAM superfamily and contains an [4Fe-4S]* cluster, consistent with the bioinformatics

findings in Haft et al. [139].
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7.3.4 Comparison of [4Fe-4S] * cluster in HydF2E¢ Reduced and MtfC

In the CW spectrum of HydF*E® Reduced, a peak at g = 1.89 was observed below
30 K (Figure 7.7, 7.8) that represents [4Fe-4S]" [142-145] whereas in MtfC, the [4Fe-
4S]* cluster has g = 2.05 and g = 1.93 (Figure 7.13 and 7.14) [143,144,151-155]. The g-
values in HydFE® Reduced are similar to that of proteins in which all four irons of [4Fe-
4S]* clusters are not linked to cysteine [144,145] whereas in case of MtfC, the g-value
for the [4Fe-4S]" cluster are similar to that for other proteins in which all the irons are
coordinated to cysteine.

There is a difference in the relaxation times between the proteins. In case of
HydF“ES Reduced, the [4Fe-4S] * clusters have shorter T, at 20 to 22 K (Table 7.2) than
[4Fe-4S]" clusters in MtfC enzyme (Table 7.3). The T; relaxation time is also shorter for
[4Fe-4S]* clusters of HydFAE® Reduced at 10 to 22 K (Table 7.2) than clusters of MtfC
(Table 7.4).  The differences in relaxation times may reflect differences in local

environment.
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Chapter 8

Conclusion and Future Work

8.1 Conclusion

The dissertation is divided into two main parts. The first part concerned the
interaction between rapidly relaxing metal ions and nitroxide radicals in glassy solutions.
The lanthanides and complexes that were studied are Dy**, Dy(DTPA)*, Er®,
Er(DTPA)?, Gd**, GA(EDTA)", Gd(DTPA)?, Gd(DPA)s, Tm*" and transition metal Co?*
and its complex Co(DTPA)*. Relaxation times were measured by electron spin echo or
inversion recovery for Er(DTPA)?, Tm**, Co?" and Co(DTPA)* at 5 K to 10 K. For
Dy®*, Er¥*, Tm®", Co?* and their complexes the metal relaxation rates are so fast that CW
spectra could not be observed at temperature above about 15 K. The relaxation rates are
much slower for Gd®** than for other lanthanides and values of T1 and T, were measured
at 80 K.

The impact of the metal ions on the relaxation times, Ty and T, for the nitroxide
radical tempone (0.2 mM) in 1:1 water:glycerol were studied in mixtures between 20 and
150 K. For concentrations of the metal ion between 5 and 30 mM, the enhancement of
the nitroxide relaxation rate 1/T1 by the metal ions is quadratically dependent on the
concentration of the metal ion. The relaxation enhancement for nitroxide 1/T1 decreases

in the order Dy®* > Er®* ~Co?" > Gd®*. However, the enhancement of the nitroxide 1/T> is
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linearly dependent on the concentration of the metal ion. The nitroxide 1/T> rate increases
at lower temperatures in the presence of Dy**, Er**,Co?" and Gd**.

We also studied the intramolecular interactions between lanthanide and nitroxide.
Three complexes with different distances were made. MEAT was the shortest complex
with 1.6 nm distance, MEGT with 2.4 nm and MEPT, the longest one had a distance of
3.4 nm. For each of these complexes the ‘E’ represent EDTA that was a chelator for the
lanthanides. The spin label that was used in the experiment was tempamine and the four
different lanthanides used were Er®*, Dy®*, Gd* and La®. It seems that the
intermolecular and intramolecular effect of different metals are different. In the
complexes where metal and nitroxide are at fixed distance apart, the analysis of
relaxation effect are complicated by the decrease in number of spins detectable in various
experiments. For finding distances by relaxation enhancement experiments, we need to
take into consideration the percentage of spin detectable, as well as P1» and relaxation
rates. This has not been done in the previous reports by other people. Results for the

intramolecular interactions need to be replicated before drawing conclusions.

The second part of the thesis explored three different types of Fe-S clusters [2Fe-
2S]?*, [3Fe-4S]* and [4Fe-4S]*. These clusters have been studied in different types of
proteins previously. The study of these clusters helped in the understanding of the redox
reactions of proteins and in turn can give better understanding of these classes of
proteins. In this thesis, | have studied the Fe-S clusters in pyruvate—formate lyase
activating enzyme (PFL-AE), enzymes related to hydrogenase synthesis (HydE and

HydF) and Mycofactocin (Mft) in Mycobacterium Tuberculosis. The EPR experiments
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helped to characterize three different clusters and to differentiate the same kind of
clusters in different proteins. The [2Fe-2S]* showed the characteristic g values of 2.006
and 1.96, [3Fe-4S]" has g = 2.02 (PFL-AE and HydE and HydF proteins) and [4Fe-4S]*
(HydF reduced protein) has g = 1.89 and the [4Fe-4S] * cluster has g = 2.05 and g = 1.93
(MtfC). The temperature dependence of T, and T for [2Fe-2S]" was studied. The T> and
T1 relaxation times were shorter for the [4Fe-4S]* clusters in case of HydF*E® Reduced,
than [4Fe-4S]" clusters in MtfC enzyme.

The CW, P, and pulse measurements of P22 viral capsids with Gd(DTPA)? at
low temperature suggest that Gd**-Gd®*" interactions leads to enhanced electron spin

relaxation at higher temperatures and magnetic fields.

8.2 Future work

The conclusions of my thesis are helpful in planning future experiments with
lanthanides efficiently. The relaxation properties of lanthanides can help us in finding the
best metal ion or their complexes that can increase the 1/T1 rate with minimal effect on
the 1/T> rate of the slow relaxing nitroxides. Many nitroxides are so slowly relaxing that
it’s hard to get their CW spectra at low temperatures, but relaxation enhancement by
adding small amount of Er®* and Er(DTPA)? or Dy** and Dy(DTPA)* can make it
possible to record undistorted CW spectra. Dy** and Dy(EDTA) have been used for
these purposes previously, but my work showed that Er* is also a good candidate for
these kind of experiments. The work in this dissertation focused on the relaxation
enhancement by different lanthanides in rigid lattice. These results can give us insights

for planning the future distance relaxation enhancement experiments for proteins with
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different lanthanides. The work in this dissertation gave preliminary results for further
experiments. Lanthanides can replace Ca®* in some proteins with retention of function,
hence one end can have the lanthanide and the other end can have the nitroxide attached
that we can do by spin labelling. The qualitative studies of the effects of lanthanides on
the nitroxide with different distances are reported here. In the future, these studies should
be extended to quantitative distances measurements. We can find the distances by
looking at the relaxation enhancement between lanthanide and the nitroxide which can be

a great technique to find distances efficiently and in less time than DEER.

Zaripov et al. [159] and Pivtsov et al. [160] used a holmium (Ho) complex to
shorten the relaxation time of a nitroxide in frozen solution. They did not report any
decrease in intensity of the field-swept, echo-detected EPR spectra. Although T1 was
reduced by about a factor of 25, T» was reduced a little more than a factor of 2 by the Ho
complex at 20 mM concentration. In the future, we should add Ho to the set of metals

studied.
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