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Chapter 1: Introduction to electron paramagnetic resonance

1.1 Summary

This chapter contains a brief overview of electron paramagnetic resonance (EPR) theory.
The contents are limited to the principles underlying EPR of nitroxides that have been attached
to proteins via site-directed spin labeling (SDSL). For a more complete treatment of magnetic
resonance theory, the reader is referred elsewhere (1-4). The present discussion begins with a
description of the SDSL technique and the nitroxide-containing label R1 used in this dissertation,
followed by examples from the literature that illustrate the ability of SDSL EPR to report local
protein dynamics. Next, a description of the basic resonance condition and relaxation theory
general to EPR spectroscopy is presented. The focus is then narrowed to nitroxides, in particular
the structural aspects of nitroxides that influence the spectral lineshape. Then, a spectral
simulation method for analyzing the motional dependence of the lineshape of nitroxide-labeled
proteins in solution is described. Finally, the double electron-electron resonance (DEER)
technique for determining inter-spin distances in doubly-labeled proteins is introduced.
1.2 Site-directed spin labeling

The concept of an environmentally sensitive “reporter” group targeted and covalently
attached to a specific protein residue via a “positioning” group was introduced by Koshland for
the purpose of monitoring functionally relevant changes in protein structure (5). This concept
was extended to electron paramagnetic resonance (EPR) a year later by McConnell (6), where
the idea of incorporating stable free radicals into proteins to serve as reporter groups for EPR
was introduced in a method termed “spin labeling.” Nitroxide derivatives were the first spin
labels used in EPR spectroscopy, and are still by far the most common, although other stable

radicals have been used (7-10). Nitroxides are stable over a pH range of 3-10 and temperatures
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up to 80°C (11). Quaternary carbons at the neighboring bonds protect the radical from
disproportionation reactions (12), and incorporation of the nitroxide group into a ring structure
(six-membered piperidine or five-membered pyrrole) limits the flexibility of the nitroxide. One
potential limitation is that nitroxide-containing spin labels are susceptible to reduction to the
diamagnetic (EPR silent) form by mild reducing agents (13).

One option for spin-labeling the protein of interest is to label native residues. Functional
groups with specific reactivity for a particular amino acid side chain allow covalent attachment
of spin labels. Maleimide and methanethiosulfonate groups react with cysteine residues, while
hydroxylsuccinimide reacts with lysines. Lysine residues are typically more abundant than
cysteines, therefore cysteines are usually preferred in order to provide more specific, localized
information in the EPR spectrum. Even though different positioning groups allow some
versatility with respect to the incorporation of spin labels into proteins, the limitation to naturally
occurring residues and the inability to select one site from among all cysteine or lysine locations
was a significant limitation to early applications of EPR in proteins.

Development of site-directed mutagenesis and recombinant protein expression and
purification techniques in the late 1980s provided the groundwork for a major advancement in
biophysical EPR, wherein spin labels could be introduced site-specifically into any recombinant
protein in a technique pioneered by Hubbell (14) known as site-directed spin labeling (SDSL).
This is shown schematically in Figure 1.1A, where a native residue is mutated to a cysteine,

which is then reacted with a nitroxide derivative to generate a nitroxide side chain.
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Figure 1.1 Site-directed spin labeling. (A) A native residue (left panel) is mutated to cysteine (center panel). The
mutant is expressed and purified, and then a sulthydryl-specific nitroxide-containing reagent is reacted with the
protein to generate a spin label side chain (right panel). In the example shown here, a native histidine is mutated to a
cysteine, and a methanethiosulfonate spin label reagent reacts with the cysteine to generate an R1 side chain linked
to the protein through a disulfide bond. The dashed line indicates the intraresidue S5-HC, bond that restricts rotation
about the first two side chain bonds. (B) Designations of the five dihedral angles of R1 discussed in the text.

The nitroxide side chain used almost exclusively in the work presented in this dissertation
is that designated R1 (Figure 1.1), utilized by reaction of 2,2,5,5-tetramethyl-pyrroline-1-oxyl
methanethiosulfonate with the thiol of a cysteine to generate a nitroxide side chain covalently
attached to the protein via a disulfide linkage. This commonly used spin label is well-
characterized (15, 16) and advantages of the R1 label as a probe of protein dynamics include its
relatively small size, with a molecular volume comparable to tryptophan, and its relatively
flexible linker, which helps minimize perturbations to the protein structure and stability. The
effect of R1 on protein structure and stability has been extensively studied and found to be
minimal, particularly for solvent-exposed surface sites (7, 15) like those used in this dissertation.

A potential disadvantage to thiol-reactive labels is the necessity for eliminating native cysteines

by replacement with alanine or serine. This is not an issue for the two proteins studied in this



dissertation, but alternative strategies based on the incorporation of unnatural amino acids with
bio-orthogonal groups for site-specific labeling are available (17, 18).

As discussed in the following sections of this chapter, the EPR spectrum is highly
sensitive to motion of the nitroxide on the ns time scale, which contains contributions from
protein rotary diffusion, local backbone fluctuations, and internal motion of the nitroxide side
chain. In this dissertation, molecular motions are quantified in terms of a rotational correlation
time T unless specified otherwise. t is related to the diffusion coefficient for molecular motion
and indicates the characteristic time scale for fluctuations. Generally, a correlation time is the
characteristic time for decay of an autocorrelation function. For isotropic rotational Brownian
motion, t is defined as 1/6D, where D is the spherical diffusion coefficient (4). The rotary
diffusion of the protein makes a negligible contribution for membrane-bound proteins and
soluble proteins with MW = 50 kDa, and may be minimized for smaller soluble proteins by
increasing the effective viscosity of the solution or site-specific attachment to a solid support (19,
20).

The two remaining contributions to the motion of the nitroxide group are local backbone
fluctuations and internal side chain motion. Ultimately the primary interest lies in local protein
structure and dynamics, and interpretation of EPR spectra in terms of protein motion generally
requires knowledge of the internal dynamics of the spin label side chain. In principle, internal
motion of the spin label side chain may be reduced by developing more rigid and/or bulkier spin
labels, but in practice a certain degree of flexibility in the spin label helps avoid distorting the
native protein structure as mentioned above. The structural basis for spin label motion is best
understood for R1 at solvent-exposed surface sites on helices and loops, wherein density

functional calculations (16) and high-resolution crystal structures of spin-labeled T4 lysozyme



(15), Spals (21), CylR2 (22), KcsA (23), and LeuT (24) have demonstrated a ubiquitous intra-
residue hydrogen bond (S5-HC,,) in R1 that restricts rotational motion about the first two bonds
(X and X, Figure 1.1). This, in combination with the restriction in X3 due to the rotational
barrier common to disulfide bonds (25), results in anisotropic motion of the nitroxide due to
rotation about X4 and Xs. This “X4/Xs model” was originally proposed based on analysis of
solution-based EPR measurements of T4 lysozyme using spin labels with various side chain
structures (9), and is supported by earlier mutational analysis and side chain structure variation
experiments (7, 8). Spin label dynamics in [ structures are complicated by the increased
propensity for interactions with neighboring residues, but progress has been made in the recent
reporting of crystal structures of spin-labeled soluble (26) and membrane-bound (27) B proteins.
Non-interacting surface sites on helices/loops exhibit site-independent internal motion,
therefore site-to-site variation in motion is due to contributions from local backbone motion. This
is strongly supported by comparison of SDSL EPR data with results from previous studies
employing other techniques. A detailed discussion of the motional dependence of the EPR
spectral lineshape is presented later in the chapter. Next, illustrative examples of the sensitivity
of EPR to local protein dynamics are briefly reviewed, wherein variation in ns timescale motion
reported by lineshape analysis matched expectations for local motion based on published results.
In the case of the basic leucine zipper of yeast transcription factor GCN4 (GCN4-58
bZip), "N relaxation NMR experiments identified a gradient of motion along the DNA-binding
region corresponding to relatively large backbone motions involving fluctuations between helical
and non-helical conformations (28). A series of 27 singly spin-labeled mutants of this protein
yielded spectra with sharp resonance lines in the DNA-binding region, consistent with the local

disorder identified in this sequence by NMR. Spectral simulations (29) and a semi-quantitative



measure of motion based on the central linewidth, referred to as the scaled mobility parameter,
revealed that the site-specific variation in EPR spectral lineshape captured the same motional
gradient first identified by NMR (30). This was a landmark demonstration of the contribution of
backbone motion to the spectral lineshape. However, the backbone motion was relatively high
amplitude in the DNA-binding region in which the motional gradient was observed and
measured. This leaves an open question as to the contribution of smaller amplitude backbone
fluctuations, e.g. helical rocking motions.

Although contribution of local backbone fluctuations to the EPR lineshape was reported
previously (7, 9, 30, 31), the study of myoglobin by Lopez et al. (32) provided an extensive and
thorough demonstration that even subtle variations in backbone fluctuations are reflected in the
spectral lineshape. In this study, 29 non-interacting surface sites on holomyoglobin were labeled
with R1, one at a time. As with the GCN4-58 bZip study, the EPR spectra were analyzed using
the scaled mobility parameter and spectral simulations. Site-specific variation in these EPR-
based measures of motion was compared to the local fractional buried surface area to determine
whether local backbone fluctuations contributed significantly to the EPR lineshape. This
comparison operates under the assumption that as the buried surface area increases, the greater
number of atomic contacts made by the helix will decrease its mobility. Remarkably, the EPR-
based measures of motion were found to correlate well with local packing.

Interestingly, the H-helix in holomyoglobin exhibits a gradient of motion, with motion
increasing from the N- to C-terminal end of the helix, based on crystallographic B-factors. In
analogy with the GCN4-58 bZip study, the EPR spectra of sites in the H-helix of myoglobin

reflected a gradient of motion consistent with expectations, although in the case of



holomyoglobin the motions consisted of small-amplitude backbone fluctuations within an intact
helix.

The model for R1 motion and experimental results discussed above pertain to non-
interacting surface sites. Contact and buried sites exhibit spectra reflective of highly restrictive
motion due to interaction of the nitroxide with the local protein environment, and therefore the
motion no longer follows the model for non-interacting sites. However, the dramatically different
spectral lineshape due to interaction with the local environment makes the EPR spectrum an
exquisitely sensitive probe of protein conformational exchange for properly placed residues (30,
32, 33), as discussed in detail in chapter 2.

The information presented in this section served to introduce the technique of SDSL EPR
and the specific nitroxide spin label used in the work presented in this dissertation. In the
following sections, the basic resonance condition and relaxation processes common to all EPR
experiments will be covered. Then, the focus will narrow to theoretical and experimental aspects
of EPR of spin-labeled proteins.

1.3 The resonance condition
The electron is a fermion (spin quantum number s = '2) with an intrinsic angular

momentum, or spin angular momentum, denoted by S with a value of
S=nfsG+D) =2h [1.1]
where h is the reduced Planck constant and is equal to the Planck constant h divided by

2n. Electrons are charged particles, therefore the angular momentum gives rise to an electronic

magnetic moment given by

He = —gBeS [1.2]



where the vectors S (in units of A) and p. represent the electron angular momentum and
magnetic moment, respectively. In [1.2], g is the electronic g-factor (g =~ 2.002319 for a free

electron), and B, is the Bohr magneton

eh

Be = [1.3]

2m

The collection of constants that comprise 3. are the rest mass of an electron m, the elementary
charge e, and #, defined above. 3. is positive using this definition, but the electron is negatively
charged, therefore expression [1.2] includes a negative sign to indicate that the vector . is anti-
parallel to the vector S (Figure 1.2). The total magnetic moment of an electron bound to a
nucleus contains contributions from the spin term defined in [1.2] and an analogous orbital
angular momentum term, but for organic radicals such as nitroxides the orbital angular
momentum is largely quenched (34). In such cases, p, and S are anti-parallel as specified by
[1.2] and deviations in the value of g from that of a free electron account for the contribution of
the orbital angular momentum from spin-orbit coupling. An orbital magnetic moment that is not
aligned perfectly with the spin magnetic moment generates g-anisotropy that is accounted for by
employing a tensor representation for g, as described in section 1.5.

The interaction energy E of a magnetic dipole moment p in a magnetic field Hy is given
by the dot product of the two vectors
E= —pn-H, [1.4]
Combining [1.2] and [1.3] yields the energy of the interaction between electron spin angular
momentum and an external field, termed the Zeeman interaction.
E = gBeS Ho [1.5]
If the applied field Hg is uniform and along a single axis defined as z, the interaction energy is

then proportional to S, the projection of S along the z-axis and [1.5] becomes



E= %eg p [1.6]

S, = myh [1.7]
The secondary spin quantum number m; can take one of 2s + 1 values ranging from +s to —s in
increments of one. For an electron s = Y2 and therefore mg can take two values, +% and -,
generating two possible energies in [1.6]. It should be noted that the magnitude of S is fixed, and
is defined by the value of the spin angular momentum given by [1.1]. The vector S (and thus p)
is not directly aligned with the z-axis defined by Hy. The two possible spin states restrict S to
two possible angles with respect to the z-axis, and therefore the projection of S along the z-axis
can take one of two values. In the my = +% state, the projection of S along the z-axis runs in the
+z direction; this is referred to as the spin +)% state or the spin-up state. In the my = —% state, S,
is along the —z direction; this is the spin —)% state or the spin-down state.

According to [1.6], the energy of the spin +)% state will be positive and the energy of the
spin —/% state will be negative, relative to zero field where the energy associated with both
orientations is zero (Figure 1.2). The energies of spin states defined in [1.6] assume all
orientations of S are iso-energetic (degenerate) in the absence of an external field. This is not
strictly true for systems with total spin quantum number >, including the nitroxides considered
here wherein the unpaired electron is bound to a nucleus with spin = 1, and there is a splitting of
energy levels even at zero field (i.e., zero field splitting). Additional contributions to spin state
energies in the high-field limit will be considered in section 1.5, but this section is limited to the

interaction of an electron spin with an applied magnetic field.
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Figure 1.2 The basic resonance condition for an isolated electron spin. The energy separation between the two spin
states increases linearly with magnetic field strength, and a transition between states may be stimulated if the
indicated condition for radiation frequency and magnetic field is met (see [1.10]). On the right, arrows indicate the
alignment of the projection of S and p, on the axis of the external field H, for each spin state.

Transitions between the spin +'2 and spin —' states can be induced by radiation of the
proper frequency and polarization. The energy difference between the spin +2 and spin —

states is

AE = E(S,=+3h) —E(S, = —3h) = gBeH, [1.8]
The energy of radiation is proportional to its frequency according to the Planck relation

E= hv [1.9]
Therefore, the frequency of radiation required to excite a spin-state transition is given by

hv = gB.H, [1.10]
As indicated in [1.10], the frequency of radiation required to excite a transition is directly
proportional to the magnitude of the applied field, illustrated graphically in Figure 1.2. The
proportionality constants between field and frequency include h and ., which are invariant, and

the g-factor, which depends on the particular system (see section 1.5).
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When the frequency and magnetic field are matched to induce a transition according to
[1.10], time-dependent perturbation theory states that the radiation may be treated as a

perturbation V(t) with the following probability of transition between states o and f3:

2

Py = 7“|(B|V|a)|25(AE—hv) [1.11]
The Dirac delta §(AE — hv) serves to impose the requirement of [1.10] that the frequency of
radiation match the energy difference between states, and |[(B|V|a)|? represents the degree to
which the states are mixed by the perturbation V(t) (4). The transition probability given by [1.11]
is equivalent in either direction (i.e., |(B|V]a)|? = [{a|V|B}|?), therefore for the two-state
electron spin system under consideration here, the transition probability is equivalent for the
transition from spin +'2 to spin —)% and vice versa. A net absorption of radiation will therefore
only occur if there is a difference in the population of spins in the two states.

A population difference is observed for an ensemble of spins in the presence of an
applied field. The Boltzmann distribution law gives the relative population of spins in the +'

and —' state at thermal equilibrium as a function of the energy separation between states,

Mo o~ (“%r) = o (3P /) [1.12]

where N, is the number of spins in the +'2 state, N_ is the number of spins in the —'% state, k is
the Boltzmann constant, T is the temperature in Kelvin, and AE is the energy separation defined
in [1.8]. As an example, consider the population difference anticipated at the commonly used X-

band frequency, =~ 9.5 GHz. This corresponds to a resonant field of <3400 Gauss, which yields a

population ratio % =0.99847, or a difference of ~0.08% in the equilibrium population of the two

states at room temperature (298 K). As a side note, EPR uses radiation in the microwave

frequency range and the different frequencies employed are often referred to using the frequency
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band nomenclature originally developed during World War II. X-band is one commonly used
frequency range; another is Q-band (=35 GHz).

The transition between spin —2 and spin +)2 states described above constitutes the
fundamental spectroscopic transition measured in the EPR experiments reported in this
dissertation. However, as implied by the introduction of [1.12], an ensemble of spins is
monitored experimentally, and the description of this system developed by Bloch will be
explored next.

1.4 The Bloch equations and magnetic relaxation

A phenomenological description of the behavior of an ensemble of spins in an applied
field in terms of a single bulk magnetization vector M was developed by Felix Bloch in 1946 (1,
35). The time evolution of M is defined in the Bloch equations using the characteristic relaxation
times T, and T,. An abbreviated description of the Bloch equations is presented below, with the
aim of illustrating two key results: the Lorentzian lineshape of the absorption spectrum, and the
T, and T, dependence of the linewidth.

In classical electromagnetism, a magnetic dipole moment p in a magnetic field H
) . ) d
experiences a torque given by p X H, equal to the rate of change of its angular momentum d—‘:. An

electron possesses a magnetic moment proportional to its spin angular momentum as expressed

in [1.2], and treating the electron magnetic moment classically yields

dpe,i
2 = YMe; X H [1.13]

where v is the gyromagnetic ratio

y:g_fle [1.14]

The torque defined by [1.13] results in precession of M,; about the axis of H with an angular

frequency w, known as the Larmor frequency, given by
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wo =YH [1.15]
where H is the magnitude of the field. Expression [1.15] is equivalent to [1.10] with the ordinary
frequency v replaced by the angular frequency w because the motion being described here is
rotational. The two are related by

w = 2mv [1.16]
where v is in units of s and w is in units of rad* s. Thus, the Larmor frequency is both the
precession frequency of Me; and the angular frequency required to excite a transition for the
energy level separation specified in [1.8]. The total electron magnetic moment, represented by
the bulk magnetization vector M, is arrived at by a sum over all electrons in the ensemble.

M =Y [1.17]

The motion of M in the presence of H is analogous to that of the individual p;.
% =yM x H [1.18]
H may be decomposed into two components,
H = H, + H, [1.19]
H, is a large steady field applied along a single axis defined as z, and as discussed in section 1.2
it is responsible for splitting the energy levels of the spin states. Hy is an oscillatory field
generated by microwave radiation with frequency defined in [1.8-10], and is usually weak for
reasons presented below.

Expression [1.18] defines the rate of change of M due to the externally applied field H,
but it doesn’t account for relaxation processed due to internal fields within the sample. The

contribution to the time evolution of M from relaxation may be defined with respect to the three

principal axes x, y, and z using the following expressions:

Th- B [1.20]
at T, .
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dMy My

ac T, [1.21]
dMy _ My
=T [1.22]

According to these expressions, magnetization along the z axis M, will relax to its equilibrium
value M, at a rate determined by the relaxation time constant T;, and magnetization
perpendicular to the large steady field Hy will relax to an equilibrium value of zero with the
relaxation time constant T».

The time dependence of the bulk magnetization in the presence of the external fields Hg
and H; and relaxation mechanisms T; and T is

M YM X Ho + YM x H, — K0to) _ (it
1 2

= [1.23]

where i, j, and k are unit vectors in the x, y, and z direction. The torque imposed on M by the
large uniform field Hy will result in clockwise precession about z when viewed along the
positive z direction. In EPR experiments the H; field oscillates with frequency w, and is linearly
polarized in a direction perpendicular to Hy. H; can be decomposed into two circularly polarized
fields precessing in opposite directions, only one of which has a significant effect on the bulk
electron magnetization because it precesses in the same direction and at the same frequency (i.e.
is coherent). A solution to the Bloch equations is achieved using a transformation from a static
frame of reference to a rotating frame defined by the circularly polarized component of Hq
precessing in the clockwise direction, Hy. M is defined in the rotating coordinate system as

M=iu+jv+Kk'M, [1.24]
where i’ is a unit vector in the same direction as Hj, j' is a unit vector in the xy-plane
perpendicular to i’, and K’ is a unit vector pointing along the z-direction defined by Hy (k' = K)

(Figure 1.3).
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V4 Figure 1.3 The static and rotating coordinate systems
Z used in the Bloch relaxation equations. The static
coordinate system is shown in black, with the z-axis

Ho He defined by the direction of H,. The rotating
] coordinate system is shown in red, where the x’ axis
"""""""" is defined by the direction of Hy and the direction of
y precession is indicated by a dashed arrow. The
magnitude of M projected along the x’, y’, and 7’

y axes of the rotating system is u, v, and M,,

respectively. A magnetic moment vector p, for a
single electron spin is shown, and the dashed arrow

\H; indicates the precession direction. If the precession
"""""""""""" 7 ’ frequency of p, matches that of Hj, a spin state
X X transition may be induced.

The time evolution of u, v, and M, is

du u

i ((x)o—oo)v—T—2 [1.25]
% = —(wy — w)u +yH, M, — Tl [1.26]
2
aM, _ _ Mg—M,
o YH v o [1.27]
The solution to these equations in the steady-state, where % = % = % =0,1s
_ YH;1 T3 (wo—w)Mg
u= 1+T%(w0—w)2+y2HfT1T2 [128]
_ YH1 T2 Mg
v= 14T3(wo-w)2+y2H2T1 T, [1.29]
_ 1+T3 (wg—w)?
Z T 14T2(wo—w)2+Y2H2T, T, [1.30]
The average power absorbed by the sample over one cycle of the Hj field is
P(w) = WYHIT2Mo [1.31]

1+T%(w0—w)2+y2HfT1T2
However, the recorded signal in most commercial EPR spectrometers is not the power
absorbed by the sample, but rather the out-of-phase component of M in the rotating frame v. In

the standard EPR experiment used to measure the resonance lineshape, Hj is applied using
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microwave radiation at a constant frequency and the large steady field Hy is slowly swept
through the resonance line. This is referred to as a continuous-wave (CW) EPR spectrum, or

simply an EPR spectrum. The signal v in terms of field-dependence is

- YH1T2Mo [1.32]

T 1+y2T3(Ho—H)2+Y2H2T1 T,

where the signal maximum occurs when the applied field strength H matches the resonant field
strength H,. The absorption lineshape is Lorentzian (Figure 1.4A and B), and the full width at

half-height AH, /, is
12 |c-1/2
AH, ), = [YTZ] s [1.33]

where the saturation factor s is

1
S =———
1+Y2HET, T,

[1.34]

Most EPR spectrometers employ field modulation (Figure 1.4A), therefore the signal recorded is

the derivative Z—Z where the peak-to-peak linewidth AHy, is

AH,, = [ s=1/2 [1.35]

2
v
The term y2H?T, T, in [1.34] is small for weak Hi, and s ~ 1 under these conditions. This is
referred to as the non-saturating limit, and in this limit the linewidth given by [1.33] and [1.35] is
dependent on T, but not T}.

All CW EPR spectra reported in this dissertation were collected in the non-saturating
limit. In this limit the signal is directly proportional to H, as indicated by [1.32]. Experimentally,
it is the power of the microwave radiation used to generate H, that is controlled; the two are
related by

H? = KP,, [1.36]
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where K is a constant of order 1 and P,, is the microwave power (2). According to [1.36] and

[1.32] the signal amplitude is directly proportional to Pvf,/ % in the non-saturating limit. At higher
powers, the relaxation processes are not sufficiently fast to return the system to the equilibrium
distribution of spins in the +2 and —' state (as defined by the Boltzmann distribution [1.12]).

When the power exceeds the non-saturating limit the saturation factor deviates from one,

resulting in a non-linear dependence of the signal amplitude on Pvf,/ > and a dependence of the

linewidth on T and power instead of just T».

A AH,, B AH,,

)

@)

: No Saturation
.
L}

Signal Amplitude

H(i) H()

Power"”
Figure 1.4 The Lorentzian lineshape, magnetic field modulation, and saturation effects. (A) The Lorentzian

absorption lineshape is shown, with the full-width at half-height defined by [1.33] labeled. As the magnetic field
strength is slowly swept through the resonance line, it is modulated at a fixed frequency with an amplitude given by
H(j)-H(i). The amplitude of the signal v will oscillate between v(i) and v(j). (B) The detector monitors the signal at
the frequency and phase set by the field modulation, resulting in the first-derivative lineshape shown. (C) Power
saturation curve showing the behavior of the signal amplitude as power is increased, and the hypothetical signal
amplitude in the absence of saturation (red).

A plot of signal amplitude vs. P‘},/ % is called the power saturation curve (Figure 1.4C),
and this illustrates the linear relationship at low powers and the reduction in signal amplitude at
higher powers compared to the hypothetical non-saturated signal amplitude. A saturation curve
may be used to determine the appropriate power range for measuring the CW EPR spectrum to
avoid saturation. Alternatively, the saturation behavior may be utilized for determining T, and

T, by measuring the signal amplitude and linewidth across a wide range of applied microwave
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power, from the non-saturating to saturating regime (2). A direct measure of T, is possible using
the saturation recovery method (36).

T, relaxation occurs through exchanges of energy between the spin and its surroundings
that result in a transition from spin —}% to spin +)2 or vice versa. As noted above, energy on the
order of the separation between the two energy levels (i.e., radiation at the Larmor frequency) is
required to induce such a transition. In early magnetic resonance experiments on crystalline
solids, the degree to which the lattice thermal energy in the form of vibrations matched the
energy of the spin transition was found to determine T, (1), thus this is often referred to as the
spin-lattice relaxation time. Stronger coupling results in a more rapid return to equilibrium,
therefore T, becomes shorter. In solution, mechanisms other than vibrational relaxation are
known to be significant (37-41), but the relative contribution of the different mechanisms across
different timescales of molecular motion, and a potential temperature-dependence separate from
motional effects, is still unresolved.

In the non-saturating limit the Lorentzian linewidth is inversely proportional to T,
according to [1.33] and [1.35], therefore identifying the factors contributing to T, relaxation is
crucial for interpreting the spectral lineshape. Application of an oscillating field such as Hj
perpendicular to the z-axis can result in bulk magnetization vector components M, and M,
having non-zero values, and the time constant for return of M, and M, to their equilibrium value
of zero is T, as discussed above. Assume for the moment that a non-zero component of bulk
magnetization is generated in the xy-plane, and then Hj is no longer applied. If the only
contribution to the magnetic field in the sample were the externally applied field Hy (and the
field was perfectly homogeneous across the sample), all spins in the ensemble would then

precess around the z-axis at exactly the same frequency, and the bulk magnetization component
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in the xy-plane would precess about the z-axis indefinitely. However, variation in the local field
at each spin causes the precession frequency to vary from spin-to-spin, and local field
fluctuations will cause the precession frequency of each individual spin to vary as a function of
time. Both effects will result in a loss of coherence (dephasing) of the precession about the z-axis
and a return of M, and M, to their equilibrium values of zero. In addition to relaxation from local
field fluctuations and/or variation, a T, relaxation can occur from direct spin-spin interactions
via Heisenberg exchange, wherein two spins exchange magnetization during collision resulting
in a loss of phase coherence (42).

Motional contributions dominate T, relaxation in solution, and originate from molecular
tumbling that generates local field fluctuations. For example, in the spin-rotational mechanism
molecular rotation results in a lag between the position of the electron and the nuclear framework
to which it is attached, generating a magnetic moment that interacts with the electron spin
through an intramolecular dipole-dipole interaction (43). The dipole-dipole (dipolar) interaction
between the magnetic dipole moment of an electron and another dipole depends on the
orientation of the vector joining the two with respect to the external field (44), therefore
modulation of the dipolar interaction by molecular tumbling will generate local field
fluctuations. Intermolecular dipolar interactions between electron spins and dipoles in
surrounding solvent molecules may also contribute to T, relaxation. An additional mechanism
related to orientation-dependence stems from anisotropy of the nitroxide g-factor and nitrogen
hyperfine interaction (see section 1.5). The orientation-dependence of these interactions means
the electron spin will experience field fluctuations resulting from variation in these properties as

the molecule tumbles in solution (4).
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While T, and T, relaxation were introduced as distinct quantities representing separate
processes, they are in fact related. Both T; and T, relaxation may be influenced by molecular
motion, and Redfield theory provides a quantitative description of the dependence of T, and T,
on the correlation time for isotropic rotational motion t (3, 4, 45, 46). Redfield treated rotational
tumbling using a random walk model, and derived the following expressions for T; and T,

relaxation (3):

x = (T + )

T
1+w3T?

[1.37]

o =V [+ (B + ) 1| [1.38]
According to these expressions, relaxation depends on y, T, the Larmor frequency w,, and the
time-average squared fields HZ2, H_)?, and HZ, which indicate the magnitude of the field
fluctuations along the different axes of the static reference frame.

Field fluctuations along the x- and y-axis contribute to T; relaxation, and the magnitude
of the contribution depends on the relative values of T and w, due to the w3t? term in [1.37].
When rotational motion is much more rapid than Larmor precession (i.e. T < wg) 1/T; is
proportional to T, and when rotational motion is much slower than Larmor precession (i.e. T >
wg) 1/T is proportional to 1/t. The right side of [1.37] is maximized when tw, = 1, meaning
T, will reach a minimum when the inverse of the correlation time (i.e. rate of motion) is
equivalent to the Larmor precession frequency. From a classical perspective, this result signifies
that local field fluctuations which generate T relaxation are those which induce a magnetic field
in the xy-plane that precesses about the z-axis at the Larmor frequency. This is effectively a
“static” field in the xy-plane from the perspective of a spin precessing about the z-axis at a

matching frequency. As a result, precession is induced about the field in the xy-plane, changing
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the net magnetization along z (T, relaxation); similar to H; defined above but highly localized
(not uniform across the sample).

T, has a similar dependence to that of T; on fluctuating fields along the x- and y-axis,
indicating that in addition to changing magnetization along the z-axis, these fluctuations cause
dephasing of the precession about the z-axis (T, relaxation). In this respect, T, relaxation may be
said to be influenced by T, relaxation. However, there is an additional term in expression [1.38]
that indicates a dependence of T, on fluctuations along the z-axis. The z-axis contribution is
influenced by t but not wg, thus there is no minimum in T, predicted by Redfield theory.
Instead, when T > w, the T-like term in [1.38] becomes negligible, T, relaxation is dominated
by z-axis fluctuations, and 1/T is proportional to t. Therefore, for rotational motion slower than
the Larmor frequency, T, relaxation is not influenced by T; and the spectral linewidth defined
by [1.33] and [1.35] is dependent on T, alone.

As mentioned above, Redfield theory uses a random-walk model for rotational motion,
and field fluctuations due to the random walk cannot drive relaxation if relaxation occurs faster
than a random-walk step. As T increases, eventually it approaches equivalent values to T,, and
Redfield theory is no longer applicable. For nitroxide radicals in solution, Redfield theory is not
applicable for T longer than 1 ns, therefore it explains T, and T, relaxation for only a portion of
the motional time window relevant to the EPR spectral lineshape as discussed in section 1.6. At
T longer than the Redfield limit, other theoretical treatments and experimental observations have
confirmed that T remains much longer than T, (37, 38, 47-49). For nitroxide-labeled proteins in
solution, T ranges from ~1-6 us (36, 50) and T, ranges from ~10-30 ns (2), such that T| makes

only minimal contribution to the observed T».

21



1.5 The Spin Hamiltonian

In section 1.3, the resonance condition for an isolated electron spin was discussed, and
the resonant field position (i.e. magnetic field strength at which a spin transition will occur) was
shown in [1.10] to be dependent on the frequency of radiation and the g-factor. The shape of the
resonance line was described in section 1.4, as well as the influence of relaxation on the
linewidth. In both section 1.3 and 1.4, the influence of attachment of the electron to a nucleus
was not considered. For nitroxides the unpaired electron is bound to a nitrogen with spin
quantum number 7 = 1 (N isotope, 99.6% natural abundance), the effects of which will be
considered in this section.

As discussed in section 1.3, the g-factor is a proportionality constant relating the
frequency of radiation with the magnetic field of resonance for the Zeeman interaction between
an electron spin and an applied magnetic field. For a free electron, the g-factor is =2.002319, but
this value differs for electrons bound to a nucleus due to orbital angular momentum. The orbital
angular momentum for nonlinear polyatomic free radicals like nitroxides is largely quenched
(51), but spin-orbit coupling re-introduces a small orbital angular momentum (34), and the effect
of the resulting magnetic moment is accounted for by variation in the g-factor. In this manner,
the deviation of the g-factor from that of a free electron can be thought of as a measure of the
degree of spin-orbit coupling. The orbital magnetic moment need not be aligned with the
electron spin magnetic moment, therefore this interaction is anticipated to be anisotropic and the
g-factor is represented as a symmetric 2" rank tensor g. The g-tensor is diagonalized by rotation
to the principal axis system, reducing it to the three principal values gyy, gyy, and g,,. The
Hamiltonian defining the energy of the Zeeman interaction is then, using matrix formalism,

Hy =B.S-g-H [1.39]
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As mentioned above, in nitroxides the unpaired electron is bound to an "N nucleus with
nuclear spin angular momentum / = 1. In addition to influencing the g-factor, nuclei with non-
zero spin values such as this will have an interaction with the electron spin called the hyperfine
interaction, resulting in splitting of the EPR resonance absorption lines referred to as hyperfine
splitting. In essence, the nuclear magnetic moment alters the local field at the electron, resulting
in either an increase or decrease in the external field strength required to excite a transition.
Recall that for an electron, there are two possible quantum states in the presence of an applied
field, the +2 and —'% state, with the relative energies shown schematically in Figure 1.2. The
nuclear magnetic moment can have three possible orientations corresponding to the m; = +1, 0,
and -1 states, and thus each spin state of the electron is split into three energy levels The
selection rules of quantum mechanics dictate that Amg = =1, Am; = 0, resulting in the three
allowed transitions illustrated in Figure 1.5. In the m; = +1 state, the nuclear magnetic moment
increases the effective local field at the electron, such that for a given applied field the magnitude
of the electron spin energies is increased. In the m; = -1 state, the nuclear magnetic moment
decreases the effective local field at the electron, such that for a given applied field the
magnitude of the electron spin energies is decreased. The nuclear magnetic moment is zero for
the m; = 0 state and will not influence the energy of the electron spin states. In EPR, a constant
frequency of microwave radiation is applied and the magnetic field is swept, and thus the applied
field at which the resonance condition is met is shifted. In comparison to the resonant field for
the m; = 0 state, the field shift is up in the case of the m; = -1 state and down in the case of the

m; = +1 state.
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Figure 1.5 The resonance condition for an electron spin bound to a spin = 1 nucleus. The energy for each of the six

states of the system is shown as a function of magnetic field strength. The three nuclear spin states result in three
resonance lines, each corresponding to a transition between electron spin states stimulated when the indicated
conditions for radiation frequency and magnetic field are met. The mg and m; values for each state are indicated on
the right.

The hyperfine interaction has contributions from two sources: a dipolar interaction and
Fermi contact interaction. The dipolar interaction between the nuclear and electron magnetic

moments is a through space interaction with a Hamiltonian of the following form:

PN IS 3r)(Sr)
Ha dip = 8oBe8NBN (r_3 - r—s)

[1.40]
where g, is the isotropic g-factor of the electron calculated by averaging the principal values of
the g-tensor, gy is the nuclear g-factor, By is the nuclear magneton, I is the nuclear angular
momentum in units of A, r is the interspin vector, and r is the distance between the electron and
nucleus. The dot products of I and S with r are orientation-dependent, therefore the hyperfine
interaction is anisotropic in non-spherical orbitals (e.g. p, d, f). The nitroxide nitrogen is sp
hybridized, and the unpaired electron occupies a 2p orbital highly localized to the nitrogen atom,
giving it significant p, character.

The Fermi contact interaction arises from direct electron contact with the nucleus,

indicating that the electron has density at the nuclear center. Non-zero electron density at the

24



nucleus only occurs for s orbitals, therefore the electron has some sp® orbital occupancy. The
Fermi contact interaction is isotropic and is represented with the Hamiltonian
HaFermi = al* S [1.41]

where a is the isotropic hyperfine coupling constant
81go e
a = ﬂg063 gNBN |1P(0)|2 [142]

In [1.42], |P(0)|? is the electron wavefunction probability density at the origin of the nucleus.
The total hyperfine interaction can be represented using matrix notation using the following
Hamiltonian:

Hy=S-A-1 [1.43]
A, like g, is a second rank tensor with the same principal axis sytem. A has principal values Ay,
Ayy, and A, and accounts for both the dipolar and Fermi contact interactions.

The polarity of the local environment is an additional factor that may influence the
principal values of the g and A tensor (52). Although the electron primarily resides on the
nitrogen atom in a 2p orbital, as mentioned above, it is somewhat delocalized along the NO
bond, giving it some m-bond character. Spin labels at buried sites in globular proteins or along
the transmembrane portion of membrane-bound proteins are in relatively apolar environments,
causing electron delocalization along the NO bond to increase. Highly polar environments such
as bulk water cause the electron density to become more concentrated to the nitrogen, increasing
the density at the nitrogen nucleus and therefore increasing the isotropic hyperfine splitting and
the g-factor deviation from the free electron value.

For nitroxides, '*N provides the largest hyperfine splitting, but other nuclei on the
nitroxide ring contribute to hyperfine structure. The twelve equivalent 'H nuclei on the four

methyl groups cause a splitting of 0.2 G, and the single "H on C4 of the ring causes a hyperfine
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splitting of 0.5 G (53). This splitting is incredibly small compared to the '*N hyperfine splitting,
and is typically not observed in SDSL EPR due to any of a number of sources of linewidth
broadening. One such source is a Heisenberg exchange contribution to T, relaxation caused by
collision of the nitroxide with dissolved molecular oxygen. An investigation of oxygen
Heisenberg exchange broadening found that at the physiological temperature of 37°C, an oxygen
concentration of =0.18 mM is sufficient to broaden the nitroxide linewidth of the m; = 0 nitrogen
line to the point where the proton hyperfine structure is no longer resolved (54). The
concentration of oxygen in water at room temperature is <0.3 mM (55), and the proton hyperfine
interaction leads to a peak-to-peak linewidth of =1 G (in the absence of further broadening from
other sources). Even in the absence of dissolved oxygen, the typical values used for microwave
power and field modulation amplitude are sufficient to broaden out the proton hyperfine
structure such that the proton hyperfine interaction leads to an observed broadening of linewidths
rather than splitting of resonance lines.

Combination of [1.39] and [1.43] yields the Hamiltonian defining the resonance energy
of the nitroxide, referred to as the Spin Hamiltonian.
H=B.S'g-H+hS-A-1 [1.44]
This Hamiltonian is sufficient to explain spectra of a single nitroxide spin label attached to a
protein, although a complete Hamiltonian for this system includes additional terms that are
omitted in [1.44] (2). For example, a Zeeman term for the interaction of the nuclear spin with the
external field is negligible because the magnetic field experienced by the nuclear spin due to the
field created by the electron is much larger in magnitude than the externally applied field. The
nuclear contribution to the Hamiltonian is dominated by the hyperfine interaction rather than the

nuclear Zeeman interaction, therefore only the former is included in [1.44].
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Figure 1.6 The rigid-limit spectrum of a nitroxide spin label. The absorption (center) and first-derivative (right)
spectra of a single crystal doped with a nitroxide spin label reagent, where the crystal is oriented such that the
external field H is aligned with the molecular principal axis system as indicated on the left. The molecular z-axis
runs along the long axis of the nitrogen p orbital, the x-axis runs along the NO bond, the y-axis lies in the plane of
the ring, perpendicular to x and z. If the crystal is crushed, the molecular orientations of the individual nitroxides are
randomly distributed with respect to H, and the result is a powder spectrum shown at the bottom. The relationship of
the principal A and g values to the spectral splitting and field position are indicated. Spectra were simulated at a
frequency of 9.5 GHz using the principal values A, = 6.2 G, Ay, =5.9 G, A, =37 G, g = 2.0078, gy, = 2.0060,
and g,, = 2.0022.

As described above, both the Zeeman and hyperfine term in [1.44] are anisotropic,
meaning the effective g-factor and hyperfine interaction energy depends on the relative

orientation of the molecule with the external field. When the external field is aligned with one of
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the three principal axes of the molecular frame, the principal values of the g and A tensors define
the resonance position of the three hyperfine lines as shown in Figure 1.6. For the R1 side chain
at solvent-exposed surface sites, the principal values Axx =6.2 G, Ayy =5.9G, A, =37 G, g =
2.0078, gyy = 2.0060, and g,, = 2.0022 were previously reported (56). The g tensor principal
values determine the central field position, and the A values determine the splitting between the
three resonance lines.

For an arbitrary orientation of the external field direction with respect to the molecular
frame, defined by the polar and azimuthal angles 6 and ¢, the g and A tensors are reduced to the
scalar values g(0, ¢) and A(6, ¢) and the resonance energy may be expressed as
AE = hv = B.8(0, $)Hes + RA(D, d)my [1.45]

Rearranging [1.45] to solve for the magnetic field H,..s yields

_ 1 (v-AB,p)m;
Hres = R (—Beg(e,@ ) [1.46]

which gives the three resonant field values for the three m; values at a specific microwave
frequency and orientation of the nitroxide. The EPR spectrum of a sample of nitroxides that are
randomly oriented can be determined by a weighted sum over all angles. The spectrum thus
calculated assumes a complete absence of motion.

In solution, the tumbling motion of the nitroxide results in an averaging of the anisotropy
in the g-factor and hyperfine interaction (hereafter, together these are referred to as the magnetic
anisotropies). The time scale of motion required to average the magnetic anisotropies can be
understood in terms of a Bloch-McConnell multi-site exchange process (57-59). In this
framework, states that give rise to distinct resonance positions exhibit broadening of the
resonance line of each state and ultimately coalescence into a single resonance line as the rate of

exchange increases. For the EPR spectrum of nitroxides, each orientation of the nitroxide with
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respect to the external field corresponds to an individual state. Nitroxides with different
orientations generate different resonance lines, as explained above, and exchange corresponds to
reorientation resulting from molecular motion. The rate of motion required to average the
different resonance lines such that they coalesce into a single line is approximately equal to the
difference in the frequency of resonance, although other factors such as the intrinsic linewidth of
each orientation and the relative populations in the absence of exchange also play a role. Thus,

motional averaging of nitroxide magnetic anisotropies occurs with correlation times of

h

t= (Azz—Axx)8eBe [147]

and

h

tE (8xx—8zz)BeH [148]

Inputting the principal A and g values given above for nitroxides attached to solvent-exposed
sites on proteins, gxx-g,, = 0.0056 and A,, — Ax = 31 G (9, 30), resulting in a correlation time
of =6.9 ns and =1.8 ns, respectively. As correlation times become slower than the values given,
the magnetic anisotropies are not averaged and the spectrum broadens, resulting in a spectrum
approaching that given by a sum over [1.46] at sufficiently slow motion. As correlation times
become faster than these values, the separate resonance lines for the different g(6,¢) and

A(6, d) merge and the spectrum exhibits three sharp resonance lines at positions given by the
isotropic values of g and A: g(gXX + gyy + 822) and % (Axx + Ayy + Az,). It should be noted for

the hyperfine anisotropy that complete motional averaging of the dipolar interaction results in
zero splitting, but the Fermi contact interaction has no orientation-dependence and is therefore
unaffected by molecular tumbling. Thus, the isotropic hyperfine splitting at very fast motions is

due purely to Fermi contact.
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The orientation-dependence of the EPR spectrum in combination with motional
averaging is what gives it the structural and dynamical sensitivity discussed in the next section.
1.6 Lineshape analysis

The primary determinants of the CW EPR spectral lineshape for nitroxide-labeled
proteins are anisotropy in the g-factor and hyperfine interaction (section 1.5) and T, relaxation
broadening (section 1.4), both of which are sensitive to molecular motion. Internal spin label side
chain motion as well as protein motion in the region local to the spin-labeled site contribute to
the overall motion of the nitroxide; therefore local protein dynamics are encoded in the spectral
lineshape. In this respect, CW EPR is a spectroscopy of motion, and a rigorous analysis of the
spectral lineshape can provide quantitative information about the rate and angular amplitude
(order) of nitroxide motion, as discussed below.

1.6.1 The intrinsic timescale of CW EPR. The time range typically specified as the
region for sensitivity of the lineshape to molecular motion (specified in terms of correlation time)
1s 0.1-100 ns for X-band, because this is the timescale wherein motional contributions to T,
relaxation broadening and averaging of magnetic anisotropies will significantly affect the
spectral lineshape (Figure 1.7). The frequency difference of the anisotropies (splitting)
determines the timescale of motion required to produce averaging of magnetic anisotropies (57-
60), and since g-anisotropy is dependent on the microwave frequency, the time window for
motional sensitivity of the lineshape can be shifted somewhat by operating at different EPR
frequency bands.

When the motion is sufficiently fast to completely average out the magnetic anisotropies
(t < 0.1 ns), referred to as the isotropic limit, the spectrum is becomes highly simplified to three

sharp resonance lines of equivalent height and width. The resonance positions are specified by
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the isotropic g-factor and hyperfine splitting values and may be calculated, for example, by the
Breit-Rabi equation (1, 61-63). At the other end of the motional spectrum (t> 100 ns), the
motion is too slow to produce averaging of magnetic anisotropy at X-band; this is referred to as
the rigid limit. The spectral lineshape in this limit is relatively insensitive to motion and
approaches that of a powder spectrum as correlation times approach infinity. Motional effects
still contribute to T, relaxation until the true rigid limit (solid state) is reached, at which point T,
relaxation contributions to the Lorentzian linewidth originate in solid-state spin-spin interactions
such as proton (64, 65) and instantaneous diffusion (66). As such, there are small variations in
lineshape in this motional regime due to differential T, broadening of homogeneous linewidths,
but these are difficult to reliably measure experimentally. Proteins exhibit important functional
motions on timescales slower than 100 ns. It is therefore important to be able to access motion on
this timescale, which can be achieved using the EPR techniques of electron double resonance

(17), saturation recovery (36), and saturation transfer spectroscopy (67-69).

1.6.2 Lineshape analysis in different motional regimes. Between the rigid and the
isotropic limits (t = 0.1 — 100 ns), incomplete motional averaging of magnetic anisotropies and
variation in T, relaxation broadening result in exquisite sensitivity of the spectral lineshape to
both the rate and angular amplitude (order) of motion. In the fast motional regime (t = 0.1 — 2
ns), magnetic anisotropies are sufficiently averaged out such that three resonance lines are
observed, similar to those predicted using the Breit-Rabi equation in the isotropic limit.
However, the line heights and widths vary substantially for the different nuclear manifolds,
indicating that the magnetic anisotropies are not fully averaged. Kivelson (70) and McConnell
(6) developed expressions relating peak-to-peak linewidths and line heights to the rotational

correlation time for isotropic motion, although the principal components of the g and A tensors

31



must be known (2, 71, 72). In the slow motional regime (t = 10 — 100 ns), Freed developed an
empirical equation for determining the rotational correlation time from the effective A, splitting
(A%,), which is the field separation of the low field peak and the high field trough (Figure 1.7)
(49). These models provide quantitative measures of motion from directly measurable spectral
quantities, but are unfortunately only applicable to a portion of the 0.1-100 ns time window and

assume isotropic motion of the nitroxide, which is a limitation discussed next.

T (ns) Figure 1.7 The effect of isotropic motion on the EPR

0.1 spectral lineshape. Absorption (left) and first-

’ derivative (right) spectra were simulated using the

isotropic rotational correlation times indicated. The

effective A, splitting (A%,) becomes resolved for t

1 longer than =10 ns. Spectra were simulated at a

frequency of 9.5 GHz using the principal values A

=62G,Ayy=59G, A, =37G, g« =2.0078, gy, =

o) 2.0060, and g, = 2.0022.
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In the analyses of motional averaging discussed to this point, it is assumed that the
nitroxide is tumbling isotropically in solution. However, in SDSL the nitroxide is covalently

attached to a macromolecule, and the effective nitroxide 7t is related to the correlation times for
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protein rotary diffusion, local backbone fluctuations, and internal motion of the nitroxide side

chain according to

e — [1.49]

Tprotein,rotary  Tproteinlocal  Tside chain

It is important to note that [1.49] is strictly valid only when the motional modes are independent
and isotropic. According to [1.49], the rates (i.e. inverse correlation times) of the different
motions are additive, and therefore the fastest motion will be the dominant factor in determining
the spectral lineshape. For the CW EPR experiments reported in this dissertation, the
contribution from protein rotary diffusion was minimized by the addition of the macroscopic
viscogen Ficoll-70. This viscogen has negligible osmolytic effect (20) and therefore will not
exert an osmotic pressure that may complicate the interpretation of high hydrostatic pressure
effects that are the focus of this dissertation. The addition of the viscogen results in tumbling of
the protein that is so slow that it can be approximated to be stationary, but does not influence
internal motion of the spin label side chain (19, 20). The two important sources of motion are
then rotameric motion of the spin label side chain and local backbone motion of the protein.
Rotational motion from these sources is frequently restricted about the principal axes to differing
degrees, resulting in differential averaging of the x, y, and z components of the magnetic
anisotropies. In such cases, a more complex model is needed that can account for variations in
both the rate and amplitude of motion. For the lineshape analysis presented in this dissertation,
spectra are simulated according to a theoretical treatment of nitroxide motion developed by
Freed and co-workers (29, 49) that can model isotropic and anisotropic motion across the entire
relevant motional range of 0.1-100 ns.

1.6.3 The stochastic Liouville equation and microscopic order macroscopic disorder

model. In the theory developed by Freed (49), the spectrum is calculated using a stochastic
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Liouville equation (SLE), which is a semiclassical master diffusion equation in which the spins
are treated quantum mechanically but the motional effects are treated as classical rotational
diffusion. This approach allows calculation of spectra across the entire relevant motional range.
The calculated spectrum is fit to the experimental one by least-squares minimization of the
model parameters.

The microscopic order macroscopic disorder (MOMD) model is a motional model that
may be implemented in simulations that use the SLE, and applies to spin-labeled lipid
membranes and proteins. In this model, protein tumbling is assumed to be sufficiently slow that
it is in the rigid limit, and the proteins are assumed to be randomly oriented with respect to the
external field (macroscopic disorder). Tethering of the spin label to the protein results in
restricted (anisotropic) motion of the label with respect to the protein (microscopic ordering).
The parameters of primary importance in the determination of the spectral lineshape are
discussed below, although a full description of all parameters in the MOMD model are discussed
in detail in (29) for interested readers.

1.6.3.1 Coordinate frames. Three coordinate frames are typically employed in MOMD
modeling of nitroxide motion (Figure 1.8). The magnetic frame (X, Ym, Zm) axes align with the
principal axis system of the tensors g and A, which are coincident for R1 and its derivatives. This
frame is fixed with respect to the structure of the nitroxide. The rotational diffusion frame (xg,
YR, Zr) 1s principal axis system for the rotational diffusion tensor. Rotation about each axis is
defined by an independent diffusion constant based on a Brownian model for rotation. The
orientation of the three axes depends on the geometry of the label and its attachment to the

protein backbone, and is generally not coincident with the magnetic frame. The diffusion frame
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is related to the magnetic frame through the diffusion tilt angles op, Bp, and yp. As such, the
diffusion frame is fixed with respect to the structure of the nitroxide.

The rotational diffusion axes will move as the nitroxide position fluctuates due to internal
bond rotations of the R1 side chain and local protein backbone motion, but the attachment to the
protein will generally result in partial ordering of this motion (anisotropy). For modeling motion
of spin labels attached to proteins, this ordering is described with respect to a uniaxial director
frame zp, which is fixed with respect to the global protein structure. This is the only frame not
fixed with respect to the nitroxide structure. zp serves as the symmetry axis of the ordering
potential employed in the MOMD model (see below) to constrain the extent of the spatial

reorientation of the nitroxide.

Figure 1.8 Principal frames employed in the MOMD
model. The magnetic frame Xy, Ym, Zm) 18
coincident with the molecular frame of the nitroxide.
The z-axis of the diffusion frame (zr) is fixed with
respect to the magnetic frame at a position defined by

the angle Bp. The uniaxial director frame (zp) is
fixed to the protein. zg reorients with respect to zp
over time (orange line), and O is the instantaneous
angle between zy and zp. The average 6 is used to
calculate the order parameter S.

1.6.3.2 Magnetic parameters. These are the g and A tensor principal values (gxx, Zyy,
222, Axx, Ayy, Ay,) of the Spin Hamiltonian. They are typically determined experimentally using
spectra of crystals at different orientations (73), fitting rigid limit spectra (56), or fitting spectra
collected at multiple frequencies (74, 75). As mentioned in section 1.5, local polarity can alter
the g and A tensor values, so these values vary between solvent exposed surface sites and buried

sites on globular proteins or transmembrane sites on membrane proteins. However, the values are
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dictated primarily by the structure of the nitroxide ring and substituents, and typically are
allowed to vary only slightly during fitting.

1.6.3.3 Rate. The rotational diffusion constants R, Ryy, and R,, define the rate of
rotation about the principle axes of the diffusion frame xg, yr, and zg, respectively. The values
of these parameters are specified in the fitting program as log;o of the actual principal
component values to make them the same order of magnitude as the non-dynamical fitting
parameters. In the case of isotropic motion, these three constants will be equivalent and the x, vy,
and z components of the magnetic anisotropies will be averaged to the same degree (Figure 1.7).
As discussed above, the nitroxide motion may be anisotropic, and in this case the values of Ry,
Ryy, and R,, will not be the same and averaging of the x, y, and z components of the magnetic

anisotropies will vary. An effective rotational correlation time can be calculated using

S
" 6x10R

[1.50]

where R is the geometric mean of Ry, Ryy, and R,

= 1/3
R = (RyxRyyRy;

[1.51]
In many cases spectra are well-characterized using an “axially symmetric” model for rotational
diffusion, meaning rotation about two of the three principle diffusion axes is equivalent and
slower than rotation about the third axis. The extreme case of this is shown in Figure 1.9 to
illustrate what is commonly referred to as x-, y-, and z-anisotropy. To generate the spectra in this
figure, the diffusion frame was taken to be equivalent to the magnetic frame (ap = Bp = yp = 0).
Rotation about one axis is sufficiently fast to fully average the magnetic anisotropy of the other
two, but rotation about the other two is sufficiently slow such that no averaging of the magnetic

anisotropies occurs for the first axis (e.g. in Figure 1.9A, rotation about x is fast, and rotation

about y and z is slow). Interestingly, the spectrum resulting from z-anisotropy is very similar to a
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rigid limit spectrum (compare Figures 1.9C and 1.6). This illustrates the fact that averaging of x
and y components of the magnetic anisotropies has little effect on the spectral lineshape, because
the x and y magnetic parameter values are so similar. It is averaging of the x and y components

with the z component of the magnetic anisotropies that leads to significant spectral changes.

A B C

y y ]y
Figure 1.9 Principal axis anisotropies. Simulated spectra for rapid motion (t = 0.1 ns) about the (A) x-axis, (B) y-
axis, and (C) z-axis of the molecular frame. To simulate the spectra, T was set to 0.1 ns for the axis indicated by the

red curved arrow, and 20 ns for the other two axes. A frequency of 9.5 GHz was used, and the principal magnetic
values were Ay = 6.2 G, Ay, =5.9 G, A, =37 G, gy« = 2.0078, g,y = 2.0060, and g,, = 2.0022.

It should be noted that in this discussion of x-, y-, and z-anisotropy and in Figure 1.9, the
diffusion tilt angles were taken to be zero, so that the diffusion frame and magnetic frame are
coincident. Thus, the values of Ry, Ryy, and R,, correspond to rotational rates about the x, vy,
and z axes of the magnetic frame (X, Ym, Zm), respectively. However, non-zero values of these
angles can rotate the diffusion frame to change how the magnetic parameters are mixed. For
example, ap = 0, Bp = 90°, yp = 0 causes rotation of the zg axis to align it with x,,, resulting in
averaging of z and y components of the magnetic anisotropies as a function of R,,. ap = 90°, Bp
=90°, yp = 0 causes rotation of the zy axis to align it with y,, resulting in increased averaging of

z and x components of the magnetic anisotropies as R, increases.
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1.6.3.4 Order. The motional anisotropy associated with different rates of rotation about
the principal axes of the diffusion frame was described above. An additional consideration is that
the spin label will likely not freely rotate about each principal axis, due primarily to the
attachment of the label to the protein. The restriction in the range of orientations of the spin label
about one or more of these axes functions as an additional source of anisotropy. This restriction
in motion is accounted for using a restoring (ordering) potential:
U(Q) = —KT X1k cgDi (2) [1.52]
The ordering potential U(L) is a function of the Euler angles relating the diffusion frame to the
director frame, D5y () are a restricted set of spherical harmonics, and the weighting coefficients
c{z are the parameters fitted in the simulation. The uniaxial director frame zp serves as the
symmetry axis for the restoring potential, and the Euler angles  define the instantaneous
position of the zp axis with respect to the diffusion frame. There are five terms in this potential,

although in most simulations only the first term is required to achieve a good fit. In this case, the
potential becomes
U(6) = —>kTcA(3cos20 — 1) [1.53]
where 0 is the angle between zp and zg. Expression [1.53] defines an energetic cost or gain as
0 increases from 0° to 90°, depending on the sign and magnitude of the coefficient c3. If c3 is
positive, the shape swept out by the zp axis is approximately conical, where the size of the cone
decreases as c3 increases.

It is important to recall that the director frame is fixed with respect to the macromolecule,
and therefore it will vary in position with respect to the nitroxide (i.e. the diffusion and magnetic
frames). This description of a director frame that varies in position with respect to the diffusion

frame is suggestive of a moving macromolecule and a static nitroxide, but an equivalent and
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more appropriate perspective is to view the motion of the nitroxide with respect to a fixed
macromolecule. In this perspective, the ordering potential describes the anisotropic distribution
of nitroxide (diffusion frame) orientations with respect to the macromolecule (director frame),
and the conical area swept out is that of the zg axis with zp serving as the center. The conical
distribution of zg axis orientations shown in Figure 1.8 is an illustration, and there is no rigid
boundary for the possible orientations as a result of the ordering potential. This potential results
in a probability distribution where the smaller 0 angles are favored to an extent determined by

the magnitude of cZ.

S 0 0.2 0.4 0.6 0.8
Figure 1.10 Order parameter dependence of the EPR spectral lineshape. Absorption (top) and first-derivative
(bottom) spectra were simulated using the order parameter values indicated. An isotropic rotational correlation time
of 2 ns and diffusion tilt angles ap = 0, Bp = 36°, yp = 0 were used in all simulations. Spectra were simulated at a

frequency of 9.5 GHz using the principal values A = 6.2 G, Ay, = 5.9 G, A,, =37 G, g« =2.0078, g,y = 2.0060,
and 82z = 2.0022.

This ordering effect of the restoring potential is typically reported as an order parameter
(S) defined as
S = %((SCOSZO — 1)) [1.54]
where the brackets indicate a spatial average. The spectral lineshape dependence on S is

illustrated in Figure 1.10. It should be noted that the order parameter denoted by S is unrelated to

the spin angular momentum S discussed earlier in this chapter. In a few cases in this dissertation,



a second term for the restoring potential, with L=K=2, was used in spectral simulations. In these
cases, c3 and c5 were positive, and the effect of the second term on the shape of the potential was
the elongate the cone along one axis to generate an elliptic cone.

1.6.4 Limitations of spectral simulation with the SLE. It is important to emphasize that
although spectral simulations are an important analytical tool for determining motional
information from spectral lineshapes, there are practical issues that limit the application of this
approach. The primary issue is that the SLE simulations use a large number of parameters that
are often correlated, leading to the possibility of more than one equally-good fit (i.e. degeneracy
of the fits). Additionally, simulations are generally time-consuming and are therefore not ideal
for analyzing large datasets. These problems are compounded in the case of conformational
exchange that generates a multicomponent spectrum, because the number of parameters is
increased and the components are not fully resolved (at X-band).

1.7 Double electron-electron resonance (DEER)

The addition of a second spin label into the protein introduces the possibility for
measuring distances between them via the dipolar interaction, which is proportional to 1/r°,
where r is the interspin distance. When the two spin labels are close (S 30 A), the dipolar
interaction reduces the T, relaxation time sufficiently to determine the interspin distance based
on broadening of the EPR spectrum (76, 77). Alternatively, saturation recovery can measure T,
relaxation-enhancement to determine distances between spins (78). CW EPR and relaxation-
based measurements have the advantage that they can be measured at room temperature, whereas
DEER currently requires cryogenic temperatures (see below). The disadvantage to the CW and
relaxation enhancement methods is that they are limited to shorter distances for spin-labeled

proteins (=30 A for CW, =40 A for relaxation at room temperature), and in the case of relaxation,
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provide only an average distance and not a distribution. Due to these limitations, DEER is by far
the most commonly used technique for measuring interspin distance distributions (79) and is
employed in this dissertation. DEER is an increasingly popular technique (79, 80) that can
measure distances in the range of ~20-80 A. The principal advantage of DEER is that it provides
the full distribution of interspin distances including their relative probability. For a doubly-
labeled protein, the discrete distances report each structural state in the ensemble, and the widths
indicate the heterogeneity of each state. In this manner, DEER measures structure and structural
heterogeneity of the conformational ensemble. Double quantum coherence is an alternative
pulsed experiment that can measure distance distributions comparable to DEER (81-83), but
current commercially-available instrumentation is better suited to DEER. This section provides
an overview of the basic principles of the DEER experiment; more detailed descriptions of the
theory and practical implementation of DEER are available elsewhere (84-87).

1.7.1 Hamiltonian for the electron-electron dipolar interaction. The additional
electron spin requires modification of the Spin Hamiltonian described in section 1.5. In the high
field limit, this interaction is small compared to the Zeeman interaction and may therefore be
treated using perturbation theory as a separate, additive term to the Spin Hamiltonian. This term,
for two free electron spins A and B, may be represented analogously to the hyperfine dipolar

interaction expression ([1.40]) as follows:

—~ 1 3

Haa = c=—|Sa - Sp — 5 (Sa - Tap)(Sp - Tap) [1.55]
AB AB

where 1,3 is the distance between the two spins, r is the interspin vector, S, and Sp are the spin

angular momenta vector operators, and

_ ko

¢ =--gagsPe [1.56]
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where o is the vacuum permeability, and ga and gp are the isotropic g-factors for each spin.
The dipolar interaction Hamiltonian term can be expanded into six terms, and all but one are
negligible in the high field limit and when the difference in resonant frequency between the two

spins is greater than the dipolar frequency (1, 83), leaving

Aaq = c=— (3c0s20 — 1)S,45, 8 [1.57]
AB
where 0 is the angle between the interspin vector and the external field. The dipolar coupling

frequency is given by wpag = c%(Bcosze —1). The fundamental aim of the DEER
AB

measurement is to isolate and measure the dipolar coupling frequency wpg to determine rag.
1.7.2 DEER pulse sequence and signal. Different pulse sequences may be used for the
DEER experiment, including a 3-pulse (87), 4-pulse (86), and 5-pulse sequence (88); the 4-pulse
sequence shown in Figure 1.11 was used in all DEER experiments reported in this dissertation.
In 4-pulse DEER, a refocused primary echo pulse sequence (i.e. observe sequence) is used to
populate an echo for a subset of spins in the sample (i.e. observe spins or A spins). Using the
bulk magnetization framework of Bloch (section 1.4), the /2 pulse along the x-axis aligns the
bulk magnetization vector along the negative y-axis, and afterwards the individual spins precess
about the z-axis at slightly different frequencies due to local field inhomogeneities in the sample,
causing a loss of magnetization in the xy-plane. The initial © pulse of the observe sequence
inverts the precession direction, and the magnetization will realign in the xy-plane at a time T,
after the m pulse equal to the separation of the n/2 and & pulses, forming the primary echo. After
another fixed time interval 15, a second © pulse inverts the precession direction again, resulting
in a secondary (i.e. refocused) echo at a time t, after the second © pulse. The intensity of this

echo, V, is the signal measured in the DEER experiment.
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Figure 1.11 The DEER experiment. (A) The four-pulse DEER sequence described in the text employs pulses of
microwave radiation at two different frequencies (blue and red) to induce transitions in two different populations of
spins. (B) The angular frequencies ® for the observe (blue) and pump (red) sequence correspond to different
positions in the spectral lineshape, thus exciting separate spin populations. The absorption spectrum shown is a
simulated rigid limit spectrum of a nitroxide at 33.5 GHz (Q-band), which is the frequency employed for DEER
experiments reported in this dissertation. (C) The raw DEER data shown on the left is background-corrected to
remove the intermolecular contribution to the signal, and the intramolecular form factor is then fit (red trace) to
determine the distance distribution (in grey) for the spin pair.

In the time between the first and second observe 7 pulses, an inversion of magnetization
for a second population of spins (i.e. pump spins or B spins) is triggered using a 7 pulse at a
different frequency (i.e. pump frequency). This changes the local field at the observe spins,

which introduces a phase gain of wagt, to these spins, where the time t, gives the pump pulse
position with respect to the primary echo position and wag is the dipolar coupling frequency
described in section 1.7.1. The pump pulse position is varied, modulating V with a period equal
to 1/wpp; therefore V(t,) is proportional to cos(wagpty).

It should be noted that, even in the absence of the pump pulse, the echo intensity V
decays exponentially as a function of the pulse separation times t; and 15,
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Vo< exp |- (Tl—z +kipa) (T; + T2) | [1.58]
where the decay rate constant is proportional to the instantaneous diffusion rate Kyp, and
inversely proportional to the spin-spin relaxation time T, (66). The instantaneous diffusion rate
Kip a is proportional to the concentration of A spins, therefore the signal loss will occur as
sample concentration increases. The pulse separation times are critical parameters in the DEER
experiment, because they determine the maximum t, for which data may be collected (tmax)
(Figure 1.11). The time domain over which V is measured must be sufficiently long that the
oscillation period and thus wag may be accurately determined. The maximum reliable distance

I'max,(ry that may be determined is

rmax,(r) ~ 5 3\/ tmax/zp-s [1.59]

The maximum distance for which the width of the distribution is reliable, Iy  (6), 18

Tmax(c) ~ 4 3 tmax/21S [1.60]
Thus, a t,,x of 6.5 ps is required for reliable distances and widths to be determined to 60 A.
For nitroxides, T, is prohibitively short at room temperature (=10-30 ns), therefore samples are
cooled to cryogenic temperatures to lengthen relaxation times. In addition to freezing, buffer
deuteration can further lengthen T, to allow access to longer distances (89). Freezing samples
serves a second purpose, namely to avoid molecular tumbling that would result in motional
averaging of the dipolar interaction as described in section 1.5.

In the frozen sample, the interspin vectors are randomly distributed in terms of
orientation with respect to the external field, defined by 6 in [1.57]. The relative population for
each angle follows a sin(0) distribution, indicating that perpendicular orientations are more likely

than parallel orientations. Assuming equivalent excitation of each orientation, a distribution of
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dipolar frequencies will be observed for a particular interspin distance, representative of the
different angles of the interspin vectors. The DEER signal V(t,) for a spin pair at a fixed
distance, but with random orientation with respect to the external field, can be analytically
calculated by integrating over all possible 6 angles (90)
V(tp) = 1— A+ 2 [[7*£(0) cos(wapt,) sin (8)d6 [1.61]
where the modulation depth A reflects the fraction of spins coupled to A spins that are inverted
by the pump pulse and £(0) is an excitation function that defines the relative excitation as a
function of the interspin vector orientation; £(0) is ~1 for nitroxides. Expression [1.61] ignores
any contribution from orientation selection, which refers to the dependence of the dipolar
frequency on the relative orientation of the molecular frames of the two spin labels (91).
Orientation selection effects arise for rigidly oriented samples where the excitation coverage is
incomplete across all 0 values, but are rarely observed for nitroxide-labeled proteins due to the
inherent flexibility of both the protein and the spin label side chain (79).

Up to this point, the DEER signal has been described for two spins in a protein with a
fixed distance between them. In reality, the flexibility of proteins results in a distribution of
distances, and calculation of the DEER signal requires summation over all interspin distances

weighted by their probabilities:
V(tp) = |1 = A+ 2L [72£(6) cos(wapt,) P(r)sin (0)d0dr|B(t,) [1.62]
where P(r) is the distance distribution function and B(tp) is the background function describing

the echo attenuation due to interactions between spins on different proteins. The intermolecular

interaction contribution to the echo intensity has the form

B(t,) = exp[kip sty [1.63]
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where Kjp g is the instantaneous diffusion rate for B spins and D is the fractional dimension, or
dimensionality (92). For a random distribution of globular proteins in solution D is expected to
be =3, and for membrane proteins in a bilayer D is expected to be =2. The background may be
determined experimentally using singly-labeled mutants where the intramolecular interaction is

eliminated, and it is apparent from experiments of this kind that the observed B(tp) may have

non-ideal values of D (93). Typically, B(tp) is fitted using the raw DEER data of the doubly-
labeled mutant under investigation.

To solve for the distance distribution function, the background is removed and the
remaining time domain data (referred to as the dipolar evolution function or form factor) is
discretized and converted into a system of linear algebraic functions of the form:

F(tp,) = K(r,t,) - P(r) [1.64]
F is a vector containing the background-corrected data, P is the probability distribution, and K is
a kernel function that is equivalent to the integral [1.61]. For a given P, a kernel function may be
readily constructed to solve for F. However, the inverse problem of solving for a P which fits a
given F is ill-posed (94). Tikhonov regularization is the most commonly employed method for
solving this equation for the distance distribution P and has been implemented in DEER Analysis
(95), a  Matlab-based  software  package that may be downloaded at:
http://www.epr.ethz.ch/software. Alternative methods have been employed for the analysis of
DEER data, including a maximum entropy modification to suppress negative probabilities in the
distance distribution function (96). In this dissertation, all DEER data were analyzed using the
program LongDistances, which employs a modified regression analysis. This program was
written by Dr. Christian Altenbach in LabVIEW and is available online at:

http://www.biochemistry.ucla.edu/biochem/Faculty/Hubbell/.
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