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This thesis presents two applications of using electron spin probes along with electron para-

magnetic resonance (EPR) spectroscopy experiments for studying the dynamics of biological

molecules in different motion regimes. Chapter 1 introduces the physical origin of the magnetic

signal originated from the spin probes. Chapter 2 presents a novel solution-state EPR assay de-

veloped using spin-labeled nucleic acid aptamers. The assay was demonstrated by measuring

and fitting the spin label mobility change upon protein–aptamer binding, followed by a discus-

sion of integrating this assay with diamond nitrogen vacancy centers for a potential quantum

protein sensor. Chapter 3 presents an instrumentation project, in which a customized rapid

freeze-quench (RFQ) device was constructed for discover the temporal resolution of maltose

binding protein conformational change along with double electron-electron resonance (DEER)

spectroscopy.
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Chapter 1

MAGNETIC PROBES AND EPR EXPERIMENTS

Electron paramagnetic resonance is a powerful and versatile technique. Along side with

electron spin labels, the instrument can be used for probing a variety of molecular systems that

are interacting on different timescales. This chapter serves as an introduction to spin labels and

their magnetic interactions, as well as the background information of EPR experiments. Section

1.1 introduces nitroxide spin labels and their effective Hamiltonian. Section 1.2 discusses the

theory underlying solution-state nitroxide lineshape analysis, which is used for data analysis

in the project presented in Chapter 2. Section 1.3 is focused on a double electron–electron

resonance (DEER) experiment for an application presented in Chapter 3.

1.1 Nitroxide spin labels and their magnetic interactions

Proteins perform critical functions in many biological processes including controlling move-

ment, catalyzing biochemical reactions, and signal transduction. They can also be used as

biomarkers for evaluating physiological conditions. Decades of bioengineering studies have

developed numerous molecular probes to provide means for direct measurements of biochem-

ical interactions. Electron spin probes or spin labels are one of these probes and can be used

for resolve the dynamics of protein structural conversion along with EPR spectroscopy. Several

types of spin labels have been developed for different EPR experiments or experiments at differ-

ent microwave frequencies. The most popular ones include Cu(II) complexes, Gd(III) complex

and nitroxide spin labels. In this thesis, the discussion is focused on nitroxide spin labels only.

Nitroxide spin labels are small organic molecules with an unpaired electron residing in the

bond between the oxygen and the nitrogen atom. The unpaired electron is often protected by



2

Figure 1.1: Commonly used nitroxides labels and labeling chemistry. A. Left: TEMPO, or
(2,2,6,6-tetramethylpiperidin-1-oxyl. Middle: coupling reaction between 4-azido functional-
ized TEMPO and alkyne–modified uridine. The addition is usually catalyzed by Cu(I).1 Right:
TEMPO-labeled uridine. Red arrow indicates the rotatable bond. B. Left: Pyrroline. Mid-
dle: coupling reaction between a cysteine residue and MTSL (1-oxyl-2,2,5,5-tetramethyl-∆3-
pyrroline-3-methyl) methanethiosulfonate. Right: R1 side chain on a peptide backbone with
five rotatable bonds.

methyl groups on the carbons adjacent to the nitrogen atom. Nitroxide spin labels are often

designed with a functional group for reacting with its counterpart on a protein or a nucleic

acid. Two selected examples61, 119 are shown in Fig. 1.1. Such spin labels can be conjugated to

biomoleucules at precise locations with carefully designed mutations in amino acid sequence

or nucleic acid sequence. The method is referred to as site-directed spin labeling (SDSL) and

has been widely adopted in the community of protein structural studies.

The unpaired electron in the nitroxide makes the molecule a magnetic probe. Electrons

are charged particles with an intrinsic spin angular momentum, denoted as Ŝ. Analogous to

a rotating point charge, the spin angular momentum generates a magnetic dipole moment µ̂.
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The dipole moment and spin angular momentum of an electron are related by

µ̂=−µBgeŜ, (1.1)

where µB is the Bohr magneton, ge is a dimensionless factor known as the electron ge-value

and Ŝ is the spin angular momentum vector operator containing Ŝx , Ŝy and Ŝz . When unpaired

electrons are placed in an external magnetic field, often denoted as B 0, the magnetic dipole

moments align in a parallel or antiparallel fashion to the magnetic field, creating distinct sta-

tionary states with different energy values. This phenomenon is known as the electron Zeeman

interaction, and the energy of each state can be calculated by diagonalizing the Hamiltonian143

Ĥ EZI =−µ̂B 0 =µBB T
0 g Ŝ, (1.2)

where B 0 is the external magnetic field and is always aligned with the z-direction of the spin

angular momentum Ŝz , and g is a 3× matrix with three principal values gx , g y , and gz . The

number of split states due to electron Zeeman interaction is 2S + 1. For nitroxides, the single

unpaired electron is a S = 1/2 system, the electron Zeeman interaction thus creates a two-level

system as illustrated in Fig. 1.2 top. The energy difference (∆E) between the two states can be

calculated by equation

∆E =µBgeffB0, (1.3)

geff = |nTg | (1.4)

where geff is the effective g or the projection of g on the axis along the external magnetic field,

n is the unit vector along B 0, and the energy difference can be measured by the most basic EPR

experiment, the continuous-wave (CW) experiment.

In the CW EPR experiment, the sample is irradiated with microwave of a constant frequency

while the magnitude of the external magnetic field is varied. At the field strength where ∆E

is equivalent to the microwave irradiation frequency, the electrons in the ground state are ex-
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Figure 1.2: Electron Zeeman interaction diagram and CW EPR. Top: Zeeman interaction of a fic-
titious S = 1/2 electron spin system. Purple: the energy differences between the mS =+1/2 and
mS = −1/2. Blue curly line: A microwave irradiation of constant frequency with transparency
indicating off-resonance. Bottom: A simulated spectrum of with a peak at the resonance field
in derivative lineshape.

cited to the excited state, which is known as the resonance phenomenon (Fig. 1.2 bottom). The

CW EPR experiment is fundamentally an absorption experiment, but CW EPR spectra are of-

ten presented in derivative lineshapes since most CW spectrometers use a field modulation in

combination with a lock-in amplifier to improve the signal-to-noise ratio (SNR). The magnetic

field corresponding to resonance phenomenon is also referred to as resonance field and can be

related to the g -value of an electron spin by equation 1.4. The g -value represents a molecular

fingerprint and is often shifted from its free electron value ge = 2.0023 by the magnetic environ-

ment around the electron spin.

The electron spin in nitroxides also experiences additional magnetic interactions, resulting

in additional features in the CW EPR spectra. The magnetic interactions come from the nuclear

spins of nitrogen atom (14N and 15N). Since the natural abundance of 15N is almost negligi-

ble (0.368%), the rest of the thesis will be only focused on discussion using 14N nucleus. The
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Figure 1.3: Nitroxides hyperfine coupling. A. Electron Zeeman splitting, nuclear Zeeman split-
ting and hyperfine coupling of a nitroxide (S = 1/2 and I = 1) at isotropic limit or at a single
orientation. B. The CW EPR spectrum showing the three transitions (manifolds).

effective Hamiltonian of a nitroxide include four terms:17

Ĥ = Ĥ EZI + Ĥ NZI + Ĥ HFI + Ĥ NQI, (1.5)

where Ĥ EZI is the electron Zeeman interaction, Ĥ NZI is the nuclear Zeeman interaction, Ĥ HFI is

the hyperfine interaction and Ĥ NQI is the nuclear quadruple interaction. The nuclear Zeeman

interaction is analogous to electron Zeeman interaction and is described by equation

Ĥ NZI =−µngnB0
T Î , (1.6)

where µn is the nuclear magneton and gn the nuclear g -factor, which depends on the physical

properties individual nucleus, and Î represents the spin angular momentum of the nuclear spin

(Îx , Îy , Îz). Similarly, the number of split states due to nuclear Zeeman splitting is 2I +1. The

nuclear spins also interact with the electron spin. This hyperfine interaction is described by

Ĥ HFI = Ŝ
T

AÎ , (1.7)
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where the hyperfine coupling tensor A is also a 3×3 matrix with three principal values Ax , Ay ,

and Az . The effect of the three magnetic interactions in an 14N nitroxide is illustrated in Fig.

1.3A. The three transitions with identical energy differences are further shifted by hyperfine

coupling between the electron spin and the nuclear spin, resulting in three transitions with

distinct energies. If the hyperfine interaction is isotropic (Ax = Ay = Az), the spectrum features

three sharp lines from the mI = +1, mI = +0 and mI = −1 from left to right, respectfully. If

the spectral lines are sufficiently narrow, the hyperfine coupling from natural abundance of

13C adjacent to the nitrogen atom will show as satellite peaks; however, for the experiments

presented in this thesis, such features were never observed. The hyperfine couplings from 1H on

the methyl groups may be resolved but is not observed in the applications discussed in Chapter

2.

The last term in equation 1.5 is the nuclear quadruple interaction. The quadrupole inter-

action is due to the non-spherical electric charge distribution of the 14N nucleus. The non-

uniform electric field gradient is a result of other nuclei and electrons in the molecule. For the

two applications presented in this thesis, all experiments are measured at X-band and Q-band

frequencies, where the effect of 14N quadruple moment is negligible; therefore, the term is not

considered in simulations and discussions.

The magnetic interactions in nitroxides, such as the g and A tensors are often anisotropic.

The origin of the g -anisotropy is attributed to the bonding environment. As shown in Fig. 1.4A,

the unpaired electron in nitroxides is delocalized in a π∗ orbital, consisting of the 2pz atomic

orbitals from nitrogen and oxygen atoms. The spin density on the oxygen atom participates in

spin-orbit coupling with the orbital angular momenta from the oxygen 2px and 2py orbitals.

The gx and g y values are affected by the local polarity and hydrogen bonding environment oxy-

gen, whereas the gz usually experiences less deviation. This phenomenon is observed in an

application presented in Chapter 2.

At X-band frequencies, the nitroxide g-anisotropy does not affect the lineshapes as signif-

icantly as the A-anisotropy does. The anisotropy of the hyperfine interaction is due to the

through-space dipolar coupling between the electron and the nucleus. The molecular prin-
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Figure 1.4: Nitroxide bonding environment and molecular orientations. A. Molecular diagram
of the NO group on nitroxide. B. The molecular frame on a TEMPO molecule. The g -tensor and
A-tensor are defined with the same principal axes. C. A diagram of the nucleus–electron dipolar
hyperfine coupling. The spin–spin vector form an angle θ with the direction of the external
magnetic field. D. Top: powder spectrum of TEMPO molecule plotted in derivative lineshape.
The largest hyperfine values Az is indicated by green lines. Botton: Same spectrum plotted in
absorption lineshape with three manifolds plotted separately.
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cipal axes are defined in Fig. 1.4B, where the N–O bond is defined as the x-axis. To illustrate the

orientational effect, it is convenient to rewrite A as the sum of an isotropic component and an

orientation-dependent component:15

A = aisoŜ
T

Î + Ŝ
T

T Î ,

aiso = 2µ0

3
geµBgnµNρ

α−β
N ,

T = µ0

4π
geµBgnµN

[
3r · r T

r 5
− 1

r 3

]
.

(1.8)

The aiso term is the isotropic hyperfine coupling or the Fermi contact coupling, where µ0 is the

vacuum permeability and ρ
α−β
N is the spin density at the nucleus N. The term T describes the

dipolar hyperfine coupling between nuclear and electron spins. The dipolar hyperfine coupling

depends on the relative orientation of the electron spin and nuclear spin and can be written in

an alternative form:

T = µ0

4π
geµB gnµN


1−3ux

2 −3uxuy −3uxuz

−3uxuy 1−3uy
2 −3uy uz

−3uxuz −3uy uz 1−3uz
2

 ,

u = r

r
=


sinθcosφ

sinθ sinφ

cosθ

 ,

(1.9)

where r is the electron-nucleus spin vector, and r being the distance between the two, and φ

and θ are angles indicated in Fig. 1.4C. The hyperfine anisotropy of nitroxide can be averaged,

partially averaged and completely resolved in the EPR spectrum depending on the motional

regime, which will be discussed in section 1.2.
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1.2 Solution-state EPR and nitroxide lineshape analysis

In solution-state EPR experiment, nitroxide spin labels are sensitive to reorientation and ro-

tational dynamics. With careful lineshape analysis, solution-state EPR spectra can be used for

interpreting spin label motion and its local environment. The EPR-observed molecular motion

can be classified into four regimes based on the ratio between their rate of rotational motion,

measured as the rotational correlation time τc, and the spectral linewidth, denoted as ∆ω as

illustrated in Fig1.5. In an extreme case, the isotropic limit, the anisotropy is fully averaged due

to very fast molecular tumbling reorientation, rendering a spectrum that consists of three well

resolved lines of essentially equal width (Fig. 1.3B). The other extreme case is the rigid limit,

where spin labels are staticrelative to 1/∆ω, resulting in a range of θ (Fig. 1.4C) and completely

resolved anisotropy. The rigid limit may be observed in either frozen solution of spin labels or

immobilized spin labels at room temperature. Simulating the lineshapes in the isotropic limit

can be performed by solving the nitroxide spin Hamiltonian using only the isotropic compo-

nents of the g and A matrices, and the rigid limit case can be implemented by using the full g

and A matrices and averaging over a complete orientational distribution.

Figure 1.5: Four regimes of EPR-observed spin label rotational motion.

The lineshape analysis of spectra that fall between the two extreme cases, especially spec-

tra in the slow-motion regime, is challenging due to the complexity of dynamics. A common

treatment for fitting slow-motion regime spectra is to solve the stochastic Liouville equation
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(SLE):

∂tρ(Ω, t ) =−i Ĥ×(Ω)ρ(Ω, t )−Γ(Ω)ρ(Ω, t ), (1.10)

where Ĥ× is a Hamiltonian commutation superoperator defined by Ĥ×ρ ≡ [Ĥ ,ρ], ρ(Ω, t ) rep-

resents the spin density operator with the orientation of the rotating molecule(Ω) at time t,

and Γ(Ω) is the diffusion operator representing the dynamics of rotational motion. The SLE

equation computes the evolution of spin density matrix under the effect of molecular dynamics

implemented as the change of orientation over time. The explicit form of the diffusion operator

Γ(Ω) may vary depending on the choice of diffusion model. This work on this thesis is focused

on a particular model, the Brownian rotational diffusion model,.21, 79

Figure 1.6: Rotational diffusion tensor (R) on a spin label conjugated to a protein. The red
dotted arrows represent the principal axes of R .

Analogous to random walk in translational motion, the Brownian rotational diffusion model

steps incremental changes of rotational angles. To implement this method, a rotational diffu-

sion tensor, R , with three principal axes as shown in Fig. 1.6 is introduced, and Γ(Ω) takes the

explicit form of

Γ= ∑
i , j=x,y,z

Ri j Ji J j + 1

kBT

∑
i , j=x,y,z

Ri j Ji (J jU (Ω)) (1.11)

where Jx , Jy , and Jz are the components of the rotational angular momentum of the molecule,

and U (Ω) describing a potential energy surface. The potential energy surface adds more con-
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straints to the diffusion model. Depending on sample conditions and local environment of

spin labels, e.g. a liquid crystal sample or a spin label at a buried site on a protein, physical

constraints may restrict the orientational space accessible for spin label reorientation. The ro-

tational diffusion tensor R can be specified either using diffusion rates in unit of s−1 or using

the rotational correlation time τc. A conceptual approach to interpret τc introduced in Fig. 1.5

is the time duration during which a molecular rotates over a fixed angle. In a system where the

rotational diffusion tensor is anisotropic, three τc values, τcx , τcy , and τcz may be specified to

obtain a good fit of a spectrum.

By solving the SLE implemented by using a Brownian diffusion model, practitioners are able

to obtain the dynamics of spin label reorienting or rotation in solution environment. The τc

values are useful in terms of interpreting the dynamics of spin labels and therefore their sur-

roundings. The same simulation method is used for lineshape analysis in Chapter 2 with more

details.

1.3 Double electron-electron resonance experiment and protein conformational change

This section introduces another EPR experiment known as the double electron–electron res-

onance (DEER) spectroscopy. DEER is a pulse EPR experiment, which is a different technique

from the CW experiment introduced in section 1.1. In pulse EPR experiments, the continu-

ous microwave irradiation is replaced with short but more high-power pulses of microwave. In

most pulse EPR experiments, the detected signal is the total magnetization of a spin ensemble.

Figure 1.7 illustrates the simplest pulse experiment, the Hahn echo or spin–echo experiment.

The magnetic field of a microwave pulse, denoted as B 1, interacts with the magnetic moment

of the spins and nutates the spins out of the principal z-direction. The nutation angle is usu-

ally 90◦(π/2) and 180◦ (π). The π/2 pulse nutates the magnetic dipole of spins into the x y-plane

and leaves spins precessing in the plane. In molecular ensembles, the spins may consists of sub-

populations that are precessing at various frequencies due to the difference in local chemical

environment, represented by the colored arrows in Fig. 1.7. The sub-populations can be refo-

cused using π pulse, which flips the spins with respect to z-axis. After another delay time τ, the
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magnetization of the precessing spins are refocused to produce what is known as an echo. The

refocused magnetization decreases as τ increases as the precessing frequency of all spins sub-

populations will change over time due to spin–spin relaxation or decoherence or spin-lattice

relaxation. In the Hahn echo experiment, the decay of echo intensity is monitored as a function

of increasing length of τ, denoted as V (2τ).

Figure 1.7: Hahn echo/spin echo experiment in EPR. Top: the pulse sequence, consisting of a
π/2 and a π pulses with a inter-pulse delay time τ. An echo is produced after another delay
time τ. Botton: magnetization of the spin ensemble. Light gray: the collective magnetization
of all spin sub-populations. Colored arrows: spin sub-populations with different precessing
frequencies.

A DEER experiment works on the same physical basis. The experiment is primarily used

for measuring the distance distribution between two electron spin centers and therefore re-

quires the sample to have two electron spins. The two electron spins are referred as the probe

spins (A spins) and pump spins (B spins) based on how they are addressed in a DEER exper-

iment. Similar to the dipolar hyperfine coupling introduced in section 1.1, the two electron

spins are magnetically coupled, and the coupling strength is characterized by their dipolar cou-

pling frequency, ωAB. The dipolar coupling frequency is inversely proportional to the spin–spin

distance, r 3, and is described by

ωAB(θ,r ) = µ0

4π

gAgBµ
2
B

ħ
1

r 3
(1−3cos2θ) (1.12)

where gA and gB are the g -values of the corresponding spins, r is the spin–spin distance and

θ is the angle between the inter-spin direction r and the magnetic field. If a selective π pulse
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is applied to one spin population in such a system, the precession frequency is shifted by ωAB

as illustrated in Fig. 1.8A. The most widely used DEER pulse sequence is the four-pulse DEER,

shown in Fig. 1.8B. The signal V (t ) is measured from the probe spins while an additional π

pulse is applied to the pump spins, the precession frequency of the pump spins are shifted by

ωAB, leading to a reduction of spins that can be refocused by the probe pulse. The attenuated

echo amplitude depends on the timing of the pump pulse, and the time-domain DEER signal is

often oscillatory. A typical application of DEER experiment is to measure the distance between

two sites on a biomolecule (Fig. 1.8C, right) by attaching two spin labels via site-directed spin

labeling (SDSL). The middle panel in Fig. 1.8C is a simulated DEER trace using the spin–spin

distance r from the right panel. The oscillatory signal can be further divided into two parts:

V (t ) =Vintra(t )Vinter(t ) (1.13)

where the V intra(t ) is the contribution from the pump and probe spins on the same molecule

and V inter(t ) (Fig. 1.8C, middle, dashed line) is the contribution from pump spins on other

molecules in sample. The V inter(t ) is sometimes referred to as the background signal. Under ap-

propriate assumptions,68, 110 such as dilute spin concentration and no experimental artefacts,

V intra(t ) is related to distance distribution P (r ) by equation:

Vintra(t ) = K̂ P (r ) (1.14)

where K̂ (t ,r ) is the kernel operator that integrates signal from pump–probe spin pairs. The in-

verse problem is ill-posed therefore sensitive to noise and yields large uncertainties in P (r ). A

variety of data analysis models and complementary software packages have been widely used in

the research community, including Tikhonov regularization,44 neural network,147 global analy-

sis19 and others.

The pulse sequence presented in Fig. 1.8 consists of rectangular pulses. Rectangular pulses

often have limited bandwidth as well as excitation side bands, causing artefacts such as incom-
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Figure 1.8: Four-pulse DEER experiment. A. Dipolarly coupled probe spins (blue) and pump
(orange) spins and the effect of a π pump pulse. B. The pulse sequence. Top: the pulses applied
to the probe spins with frequency ωprobe. Bottom: the π pulse applied to the pump spins with
with frequency ωpump. τ1: the delay time between the first π/2 and π probe pulses. τ2: the
delay time between the first echo and the second π probe pulse. t : timing of the pump pulse.
tmax = τ2: the latest moment to apply the pump pulse without having overlap with the last probe
pulse. C. Left: a doubly spin-labeled protein with spin–spin distance r . Middle: a simulated
time-domain DEER signal based on r (solid line) Dashed line: inter-molecular contribution to
the overall signal. Right: a distance distribution, P (r ), obtained from Vintra(t ).

plete inversion of pump spins and pulse overlaps, respectively.125 The problems are illustrated

in the inversion profile in Fig. 1.9A, where the rectangular pump pulses only inverts a small

fraction of spins. Although the excitation bandwidth can be increased by using shorter rectan-

gular pulses, shorter pulses also generate wider sidebands, which then lead to greater degree of

pump–probe excitation band overlap. A remedy to remove the sidebands is to use a Gaussian

shaped pulse (Fig. 1.9B, green). A Gaussian pulse has an amplitude modulation envelope with a
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shape of Gaussian. The frequency-domain profile of a Gaussian pulse does not have sidebands,

but the caveat is that Gaussian pulses may result in a narrower excitation bandwidth.125

Another set of pulses, known as adiabatic pulses, can be applied to optimize the inversion

profile of pump spins.125, 126 Such pulses are designed to achieve a well-defined excitation pro-

file, including a greater width of frequencies. Figure 1.9B shows a case where a Gaussian probe

pulse and a hyperbolic secant, or sech/tanh pulse are used in DEER experiment, where the

sech/tanh pulse covers a wider range of pump spins without having any overlap with the Gaus-

sian probe pulse. The combination of these two pulses will be used for the application pre-

sented in Chapter 3.
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Figure 1.9: Inversion profiles of pulses with different shapes. Gray: nitroxide spectrum in ab-
sorption lineshape. The probe pulses are centered at the maximum and the pump pulses are
centered 80 MHz higher than the probe pulses. Shaded region: visual representation of the
flipping efficiency of the pulses. Inset: the time-domain pulse shape. A. The inversion profile
of a 32 ns-long rectangular probe (blue) and a 32 ns-long rectangular pump (orange) pulse. B.
The inversion profile of a 60 ns-long Gaussian probe (green) pulse and a 150 ns-long sech/-
tahn pump (purple) pulse. The transparent lines in the sech/tahn pulse represents signal in the
imaginary channel.
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Chapter 2

MAGNETICALLY DETECTED PROTEIN BINDING USING SPIN-LABELED
SLOW OFF-RATE MODIFIED APTAMERS

Recent developments in aptamer chemistry open up opportunities for new tools for protein

biosensing. In this work, we present an approach to use immobilized slow off-rate modified

aptamers (SOMAmers) site-specifically labelled with a nitroxide radical via azide–alkyne click

chemistry as a means for detecting protein binding. Protein binding induces a change in ro-

tational mobility of the spin label, which is detected via solution-state electron paramagnetic

resonance (EPR) spectroscopy. We demonstrate the workflow and test the protocol using the

SOMAmer SL5 and its protein target, platelet-derived growth factor B (PDGF-BB). In a complete

site scan of the nitroxide over the SOMAmer, we determine the rotational mobility of the spin la-

bel in the absence and presence of target protein. Several sites with sufficiently tight affinity and

large rotational mobility change upon protein binding are identified. We then model a system

where the spin-labeled SOMAmer assay is combined with fluorescence detection via diamond

nitrogen–vacancy (NV) center relaxometry. The NV center spin–lattice relaxation time is mod-

ulated by the rotational mobility of a proximal spin label and thus responsive to SOMAmer–

protein binding. The spin label-mediated assay provides a general approach for transducing

protein binding events into magnetically detectable signals.1

1This chapter is revised based on the 2023 publication in ACS Sensors by Shutian Lu, Catherine R. Fowler, Brian
Ream, Sheela M. Waugh, Theresa M. Russell, John C. Rohloff, Larry Gold, Jason P. Cleveland, and Stefan Stoll,
titled "Magnetically Detected Protein Binding Using Spin-Labeled Slow Off-Rate Modified Aptamers.", volume
8, pages 2219–2227, available at https://doi.org/10.1021/acssensors.3c00112. The SOMAmers were synthesized
and characterized at SomaLogic, and the EPR experiments were performed at University of Washington.
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2.1 Background and motivation

Regular and complete proteomics panels can provide real-time diagnostic insight into hu-

man health and enable preventive and early treatments of nascent disease states.30, 152 Such

measurements must be reliable and require fast, accurate and accessible multi-protein sen-

sors. Novel designs for such sensors featuring small sample volumes and high sensitivity have

become feasible due to the recent developments in aptamer chemistry and quantum tech-

nologies.46, 118, 123 A special class of DNA aptamers known as slow off-rate modified aptamers

(SOMAmers) have been used as molecular binding reagents in a variety of biochemical stud-

ies.33, 63, 106, 149 SOMAmers are selected for tight binding interaction to target proteins and con-

tain a series of nucleobases modified using hydrophobic constituents such as benzene and

naphthalene rings.50 The incorporation of these modifications has been demonstrated to im-

prove the binding specificity and affinity of SOMAmers. With these properties, SOMAmers are

reliable agents for capturing traces of specific target proteins.39, 76 In general, the SOMAmers

are selected to form tight interactions with their targets with Kd values in the range of several

nM to pM.5, 38, 47, 54 Structural information has been obtained from several SOMAmer–protein

complexes.26, 48, 65, 106

The specificity and affinity of SOMAmer–protein interactions can be fully utilized if they are

paired with sensitive detection methods, ideally at the single-molecule level. One option for

such a quantum sensor is the negatively charged nitrogen–vacancy (NV) center in diamond.

The NV center is a defect color center with a spin-triplet (S = 1) ground state localized on the

three dangling carbon bonds next to the vacancy. It can be spin polarized via optical pumping

and provides a spin-sensitive fluorescence readout. The use of the NV center as a quantum

sensor for local magnetic fields is well studied.6, 13, 29 Numerous studies have demonstrated the

ability of NV centers to detect the presence of proximal spin species, such as proton spins on

the diamond surface,134 proton spins in the solvent31, 80, 140 and single electron spin centers in

proximal biomolecules.3, 81, 83, 87, 120, 121

There are several challenges that must be overcome in order to integrate SOMAmers and NV
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center-mediated detection into a device for protein sensing. One is to develop a biocompatible

surface on NV center-hosting diamond for SOMAmer attachment.148 Another is translating the

SOMAmer–protein binding event to a magnetic signal, which then can be detected via differen-

tial optical readout of an NV center. To address the second challenge, here we propose a protein

binding assay that uses site-directed spin labeling of SOMAmers to generate a magnetic signal

from a SOMAmer–protein binding event. Figure 2.1A illustrates the principles of this proposed

mechanism. The unbound SOMAmer (apo state) is spin-labeled with a paramagnetic nitrox-

ide radical (S = 1/2) at a specific nucleotide and is covalently attached to the diamond surface,

proximal to an NV center. The spin label is incorporated at an appropriately chosen solvent-

exposed site of the SOMAmer and is therefore rotationally mobile. When a target protein binds

to a SOMAmer (holo state), the spin label’s rotational mobility is reduced, and its distance to the

NV center is possibly shifted. Both the rotational mobility change and the distance change af-

fect the NV center spin–lattice relaxation rate, characterized by the longitudinal relaxation time

constant T1.8, 80, 140 This rate can be measured using an optically detected magnetic resonance

(ODMR) approach.16, 55, 130, 140

For this detection mechanism to work, the spin-labeled SOMAmer must satisfy several pre-

requisites. First, the incorporation of the spin label must not degrade the SOMAmer–protein

binding affinity; second, the spin label must undergo a significant rotational mobility or dis-

tance change upon protein binding; third, the rotational mobility or distance change must be

on a scale that sensitively affects the NV center longitudinal relaxation rate. To identify sites

that optimally satisfy these requirements, a complete scan of all spin labeling sites, i.e. all nu-

cleotides, on a SOMAmer is necessary. While distance changes are only relevant in the presence

of NV centers, rotational mobility changes can be measured using solution-state electron para-

magnetic resonance (EPR) spectroscopy, a technique sensitive to molecular rotation rates on a

time scale between 0.1 ns and 100 ns.17

In this work, we present a solution protein binding assay based on immobilized spin-labeled

SOMAmers. We use a nitroxide-based spin label, since nitroxides are well-studied in solution

EPR experiments and are sensitive reporters of molecular rotational motion.41, 61 The spin label
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Figure 2.1: Schematic representation of NV-detected protein binding using spin-labeled SO-
MAmers. A. The apo and holo states of a SOMAmer covalently attached to the surface of a func-
tionalized diamond via a linker (red). A spin label at distance r from the NV center is rotating
with rate constant τc with little restriction. Protein binding potentially restricts and slows the
rotational mobility and changes the distance from the spin label to the NV center. B. Chemi-
cal structures of uracil (black) modified with dibenzocyclooctyne (DBCO, purple) and nitroxide
spin label (green). The asterisks indicate rotatable bonds. The spin label is incorporated via
catalyst-free azide–alkyne cycloaddition.

is incorporated into a SOMAmer via site-specific azide–alkyne cycloaddition as shown in Fig.

2.1B.2, 71 A model system was used for optimizing the spin labeling procedure and demonstrat-

ing the workflow for selecting labeling sites using two criteria: a small dissociation constant

(Kd) and a large change in rotational mobility in response to protein binding, quantified by

the rotational correlation time constant (τc) of a fitted Brownian rotational diffusion model.

The model system consists of a SOMAmer named SL5 and its target protein, platelet-derived

growth factor B (PDGF-BB dimer).26 We performed binding affinity assays for all labeling sites

on SL5 and identified 19 non-disruptive sites. The associated constructs were immobilized on

agarose beads via streptavidin-biotin linkers. The rotational mobility changes were then eval-

uated using solution-state EPR spectroscopy combined with spectral simulations to obtain τc

before and after addition of PDGF. Several sites show a significant change τc, demonstrating the

feasibility of this magnetically detected assay. Using the experimentally determined τc, we also

model the impact of τc on NV center T1 relaxation and discuss the effect of the NV center–spin

label geometry on the overall robustness of a T1 relaxometry-based detection mechanism.
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2.2 Preparation and characterization of spin-labeled SOMAmers

2.2.1 Spin-labeled SOMAmer preparation

An ABI 3900 automated DNA synthesizer (Applied Biosystems) was used with conventional

phosphoramidite methods with minor changes to the coupling conditions for modified phos-

phoramidites. Modified phosphoramidites were used in 0.1 M solutions using acetonitrile with

0-40% dichloromethane and 0-20% sulfolane as the solvent. Solid support was an ABI-style

fritted column packed with controlled pore glass (CPG, LGC Biosearch Technologies) loaded

with 3’-DMT-dT succinate with 1000 Å pore size. All syntheses were performed at the 50 nmol

scale and the 5’ end of each sequence was modified with a hexaethylene glycol (HEG) spacer

and biotin group for support attachment. Introduction of a DBCO-modified nucleotide variant

was done as a single-base replacement at selected sites within the DNA strand using phospho-

ramidites synthesized by SomaLogic, Inc. Deprotection was accomplished by treatment with

concentrated ammonium hydroxide at 55 ◦C for 4-6 hours, after which the product mixtures

were filtered and residual solvents removed in a Genevac HT-12 evaporator. Identity and per-

cent full-length product were determined using an Agilent 1290 Infinity LC system with an Agi-

lent 6130B single quadrupole mass spectrometry detector using an Acquity C18 column 1.7 µM

2.1x100mm (Waters).

The resulting crude DBCO-modified SOMAmer residues were then redissolved in water for

injection (WFI, HyPure WFI Quality Water, HyClone Laboratories, or equivalent) to 0.17 mM

concentration (based on synthesis scale). A 100 mM solution of commercially sourced 4-azido-

2,2,6,6-tetramethyl-piperidinyl-1-oxyl (TEMPO) azide (Glen Research 50-2007-92) was prepared

in dimethyl sulfoxide. Each oligonucleotide mixture received an aliquot of the azide solution at

a 4:1 ratio of azide to SOMAmer (based on synthesis scale) and the resulting mixture was mixed

at room temperature for 24 to 65 hours, at which time analysis by LC/MS (Agilent 1290 Infin-

ity, configured as above) confirmed that each cycloaddition reaction had reached completion

as indicated Fig. 2.2. Each reaction mixture was then centrifugally filtered (Millipore Amicon

Ultra-15 3K), washed three times with 5 mL WFI per wash for removal of small molecule impu-
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rities. Product was collected in approximately 500 µL WFI without further purification.

Figure 2.2: Liquid chromatography mass spectrometry analysis of azide-alkyne cycloaddition.
Blue: DBCO-modified SOMAmers. Red: TEMPO-labeled SOMAmers. The dual peaks were ob-
served from two stereoisomers of the cycloaddition. Purple: fragmentation patterns from mass
spectrometry analysis. This figure was produced by staff at SomaLogic. Inc.

To spin label residues 1-4 and 11-29, we used the SL5 parent construct that contains a HEG

linker in place of residues 5-10. To spin label residues 5-10, we used SL5 with the sequence

GACZAC in place of the HEG linker, where Z is the modified nucleotide 5-benzylaminocarbonyl.26

In this paper, the numbering is based on the 29-residue length.
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2.2.2 Binding affinity measurements

To determine the Kd of modified aptamers, filter binding assays were performed using the

SB18T binding buffer (40 mM HEPES, 102 mM NaCl, 5 mM KCl, 5 mM MgCl2 and 0.01% Tween-

20, pH 7.4). Modified aptamers were 5’ end labelled using T4 polynucleotide kinase (New

England Biolabs) and γ-[32P]ATP (Perkin-Elmer). Radiolabeled aptamers (∼20,000 cpm) were

mixed with PDGF-BB (Creative BioMart) at concentrations ranging from 10−7 to 10−12 M and

incubated at 37 ◦C for 40 minutes. Following incubation, 5.5 mL of 400 mg/mL silica-based

microspheres (5 µM Zorbax PSM 300A, Cat. No. 899999-555, Agilent Technologies) was added,

and bound complexes were captured on Durapore filter plates (EMD Millipore). The fraction of

bound aptamer was quantified with a phosphoimager (Typhoon, GE Healthcare) and data were

analyzed in ImageQuant (GE Healthcare).

2.2.3 Sample preparation for EPR measurements

The SOMAmer constructs used in EPR measurements were biotinylated76 at the 5’ end to

facilitate immobilization on agarose beads coated with immobilized recombinant streptavidin

protein (Pierce Streptavidin Plus UltraLink #53117; ThermoFisher Scientific). The bead diam-

eter varies from 50 to 80 µm. SOMAmer concentration was determined by measuring the ab-

sorbance at 260 nm. Resin (0.5 mL of 50% slurry) was buffer exchanged into SB18T buffer, the

supernatant was removed and 20 nmol of SOMAmer was applied to the resin. The reaction was

incubated, with end-over-end rotation, at 37 ◦C for 1 hour. Resin was pelleted and supernatant

was removed and discarded. Unbound streptavidin was quenched with 0.9 mL reaction buffer

containing biotin. SOMAmer-loaded resin was washed thrice with 1 mL reaction buffer and

resuspended in a final volume of 0.5 mL for a final concentration of 40 µM SOMAmer in 50%

slurry. SOMAmer-loaded resin was stored at 4 ◦C. The PDGF-BB protein was stored at -80 ◦C

then dissolved before use.
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2.2.4 EPR measurements

Continuous-wave (CW) EPR experiments were performed with 40 µM SOMAmers in SB18T

buffer. For the protein binding experiments, protein targets with concentration of 45-50 µM

were added. For each sample, 12-15 µL were transferred into quartz capillaries (1.0 mm O.D.

and 0.7 mm I.D.; Sutter Instrument). Solution-state EPR spectra were collected at room tem-

perature (23 ◦C) using an X-band continuous-wave (CW) Bruker EMX spectrometer equipped

with a ER 4123D dielectric resonator with a resonance frequency of 9.77 GHz. All spectra were

obtained with a peak-to-peak modulation amplitude of 0.1 mT and a sweep rate of 0.24 mT/s

and were collected under non-saturating conditions at 0.64 mW. Power saturation experiments

are presented in Fig. 2.3 performed to ensure all spectra were taken in the unsaturated regime.

2.2.5 EPR spectral simulations

All spectra were aligned to the same magnetic field range and scaled by number of scans, re-

ceiver gain, and square root of power. Then, background was removed by subtracting the spec-

trum of buffer solution only. The spectra were integrated and normalized to obtain absorption

spectra for simulation and comparison. An isotropic rigid-body Brownian rotational diffusion

model101, 115 without motional restriction was fitted to the measured spectral lineshapes. The

isotropic rotational correlation time τc and the g-tensor principal values (gx , g y , gz) were varied

for each fit. The hyperfine tensor principal values ([Ax , Ay , Az] = [21.79(3), 12.43(2), 103.01(2)]

MHz) and the homogeneous broadening were simulated from a spectrum collected using a

frozen solution of a free SOMAmer labeled at site 1 as shown in Fig. 2.4. Spectral simulations

were performed using the open-source MATLAB toolbox EasySpin 6.0.0-dev.49.132

2.3 Evaluating binding assay and rotational mobility assay

2.3.1 Binding affinity assay

To identify non-disruptive labeling sites, the binding affinities for PDGF of all SL5 constructs

spin-labelled at each of the 29 sites were measured. The determined values of Kd are shown in
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Figure 2.3: Microwave power saturation behavior of SL5 labeled at site 12. A. Spectra collected at
different microwave power. B. Difference between the max-to-min intensity of each spectrum
normalized to square-root of corresponding microwave power (

p
P ).

Fig. 2.5. The measured Kd of the unlabeled SOMAmer is 6 pM (indicated on the left in Fig. 2.5).

No spin-labeled construct binds to PDGF as tightly as the unlabeled parent SOMAmer. Based

on a previously obtained crystal structure of SL5–PDGF complex, the labeling sites structurally

fall into three domains: a direct binding domain, an indirect binding domain and a non-binding

domain.26 Incorporation of a spin label into any site in the non-binding domain (yellow) does

not significantly disrupt the interaction since all Kd values in this region are under 100 pM. For

the direct and indirect binding domains (purple and blue, respectively), no clear correlation
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Figure 2.4: Frozen-solution CW spectrum of site 1 labeled-SOMAmer. Microwave frequency:
9.29649 GHz. Experimental temperature: 175 K. Simulation parameters: g = [2.0068(3)
2.0085(2) 2.0023(1)], A = [21.79(3), 12.43(2) , 103.01(2)] MHz, Gaussian and Lorentzian peak-
to-peak linewidths = [0.05 0.02] mT.

between the physical location and the magnitude of Kd degradation is observed. Some sites are

highly disruptive (e.g. 18 and 23), whereas others (12, 13, 16) have Kd values similar to those with

labelled sites in the non-binding domain. For the purpose of selecting optimal labeling sites for

NV center detection, any construct with a Kd larger than 6 nM (1000-fold reduction compared

to parent construct) was deemed too disruptive and excluded from further analysis. Site 29 was

excluded as well, as spin labeling at this site was unsuccessful.

2.3.2 EPR measurements and rotational mobility analysis

To magnetically detect protein binding with the spin-labelled SOMAmers in solution, room-

temperature EPR spectra were recorded before and after protein binding as shown in Fig. 2.6.

The change in spectral shape is significant and is due to a change in the overall molecular size.

This demonstrates the feasibility of this EPR-based solution binding assay. To mimic a diamond

surface for potential optical readout of this assay, 19 biotinylated constructs that passed the
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Figure 2.5: Evaluation of the binding affinity of spin-labeled SL5. A. A single SL5–PDGF-B com-
plex from the crystal structure (PDBID 4hqu)26 B. Binding affinity assay of SL5 spin-labeled at
all nucleotides. The bottom row indicates the nucleotide sequence in the unlabeled construct,
where "M" represents any non-canonical nucleotide. The Kd of unlabeled construct is 6 pM,
indicated on the left in gray. The typical error in log10(Kd) is about ±0.15, i.e. an overall uncer-
tainty for Kd is a factor of 2. The green shaded region represents the acceptable range (under
6 nM) with opacity representing tightness of binding. Sites with low affinity (paler color bars)
were excluded from subsequent EPR measurements.

binding affinity screening were ligated to streptavidin-coated agarose beads. This suppresses

the global tumbling of the entire SOMAmer or SOMAmer–protein complex and isolates the ro-

tational motion of the spin label as indicated in Fig. 2.7. Again, spectra were recorded in the

absence and presence of target protein as presented in Fig. 2.6. All spectra were analyzed as

described above, and rotational correlation times τc were determined for all sites and reported

in Table A.2). Figure 2.8A shows an example using the construct labeled at site 12. Spin label

rotational diffusion slows down after addition of the target protein PDGF as indicated by the

broadening of the spectral lineshape in the low-field region around 346 mT (indicated by an

arrow). This region of the spectrum corresponds to the mI = +1 manifold of the 14N nucleus

of the nitroxide. Additionally, the high-field edge of the spectrum at about 351 mT sharpens

slightly. Least-squares fits of simulated spectra to the experimental data reveal a significant in-

crease in τc. The results for all sites, shown in Fig. 2.8C, indicate that significant changes in τc

are observed for many sites.

To evaluate the possible change in τc from non-specific bindings, control experiments were
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Figure 2.6: Integrated EPR spectra of all spin-labeled constructs of SL5. The simulations (dotted
black line) are overlaid with the experimental apo (orange) and holo (blue) spectra. The corre-
sponding fitted τc values are listed with the associated uncertainties.

performed using the SOMAmer construct labeled at site 12 and two different non-target pro-

teins: immunoglobulin G (IgG) and transferrin. The two non-target proteins were chosen for
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Figure 2.7: EPR spectra of SOMAmer SL5 in different motional regimes. A. EPR spectra of bead-
attached streptavidin-functionalized (top) and free (bottom) SL5 labeled at site 12. The sharper
peaks in the spectra of free SL5 (bottom) are indicative of global tumbling of the SOMAmer or
SOMAmer–protein complex. The functionalized SOMAmer spectrum is noisier due to lower
spin concentration, limited by the loading capacity of agarose beads.

their high abundance in human blood plasma.7 The results shown in Fig. 2.8B indicate that the

addition of non-target proteins do not significantly change τc. Small shifts are observed at the

maxima of the holo spectra of PDGF and non-target proteins, possibly indicating changes in

the g-tensor of the electron spin. The shifts could be attributed to the changes in the hydrogen-

bonding environment around the nitroxide group of the spin label.18 The slight increase in

fitted τc from the apo to the holo state of the control experiments may be a result of the simple

model used in the fitting.

To compare both binding affinity and mobility changes observed from all sites, Fig. 2.9 plots

the values of τc before and after protein binding for all constructs along with their Kd as mea-

sured by the binding affinity assays. The experimentally determined τc are indicated by the

corresponding markers, and the length of the arrow represents the magnitude of change in τc

(denoted as ∆τc) after addition of protein. For the experiments using the target protein PDGF,
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Figure 2.8: Evaluation of the mobility change of spin-labeled SL5 upon protein binding. A. An
example of the integrated spectra for the apo (blue) and holo (orange) states of SL5 labeled at
site 12 with simulated lineshapes obtained by fitting a rotational diffusion model. Fitted τc val-
ues are given in corresponding colors. The black arrow marks the feature that is most indicative
of the mobility change. B. Control experiments using site 12 with non-target proteins IgG (red)
and transferrin (yellow). C. Fitted τc values of for the apo and holo states of all EPR-evaluated
constructs and for two non-target protein controls. The excluded sites are indicated by shaded
columns with colors corresponding to Fig. 2.5.

sites 1, 2, 3 and 16 have the smallest ∆τc, whereas sites 5, 7, 9 and 11 have the largest. Site 24 is

the only one that shows a decrease of rotational mobility upon binding; nonetheless, the differ-

ence is relatively small. Optimal labeling sites should have a large ∆τc and a small Kd. Sites 5, 7,

9 and 12 best fit these criteria. Similar to the binding affinity screening results, there is no obvi-

ous correlation between the magnitude of rotational mobility change and the physical location

of the labeling site since sites 5, 7 and 9 are all in the non-binding domain, and sites 12 and 13

are in the direct binding domain.

Overall, the results indicate that spin labels can be used as reporters of SOMAmer–protein

binding and can therefore form the basis of protein sensors with high sensitivity and specificity.



31

Figure 2.9: Evaluation of the performance of all spin-labeled SOMAmer constructs based on
Kd (vertical axis) and τc (horizontal axis). The magnitude of the difference in τc between the
apo (×) and holo (Ï) states is indicated by arrow length, and the corresponding Kd values are
indicated by arrow color according to the color bar on the left.

2.4 Extending the solution-based protein assay to NV center applications

Next, we explore how the EPR-detected SOMAmer protein binding assay demonstrated above

can be combined with fluorescence detection via diamond NV centers. Having experimentally

determined the rotational correlation times τc, we can estimate the effect of protein binding

on the T1 relaxation time of an NV center in proximity to the spin-labeled SOMAmer using a

previously published model.80, 140 In this model, the total T1 relaxation rate of an NV center in

proximity to a spin label is a sum of three independent contributions:

1

T1
= 1

T 0
1

+ 1

T rot
1

+ 1

T rlx
1

. (2.1)

Here, 1/T 0
1 is the NV center’s intrinsic spin–lattice relaxation rate in the absence of the spin

label, 1/T rot
1 is the contribution from the rotational dynamics of the spin label, and 1/T rlx

1 is the

contribution from the spin label’s own intrinsic spin relaxation dynamics.
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The first term depends on temperature,27, 64 diamond surface quality,45, 93, 109 depth of NV

center from surface,16, 99 and the spin environment,92 especially the 13C concentration in the

diamond lattice.10, 91 For a single NV center implanted in a 12C isotopically purified diamond,

T 0
1 can be as long as several milliseconds16, 23, 107 at room temperature, whereas bulk NV centers

in nanodiamonds may have T 0
1 as short as hundreds of µs at room temperature.27, 80, 98

The second term represents the effect of a fluctuating magnetic field at the NV center due to

the rotational diffusion dynamics of the spin label, mediated by the dipolar coupling between

spin label and NV center. At the appropriate frequency, this fluctuating field induces transitions

at the NV center. The associated transition rate is given by

1

T rot
1

= 3γ2
NVB 2

⊥,rot Jτc (ωNV), (2.2)

where γNV is the gyromagnetic ratio of the NV center, B⊥,rot is the averaged magnetic field gen-

erated by the spin label in the plane perpendicular to the magnetization direction of the NV

center, and Jτc (ωNV) is the spectral density of the rotating spin label evaluated atωNV, the angu-

lar frequency for the mS = 0 ↔±1 transition of the NV center. The full derivation of this relation

is given in Appendix A.3.

B 2
⊥,rot is given by

B 2
⊥,rot =

1

4

(µ0

4π
ħγSL

)2 2+3sin2θ

r 6
, (2.3)

where µ0 is the vacuum magnetic permeability, γSL is the gyromagnetic ratio of the spin label,

r is the distance between the spin label and the NV center, and θ is the angle between the mag-

netization direction of the NV center in a weak external magnetic field and the NV–spin label

direction. Via r and θ, B 2
⊥,rot contains the geometry dependence of 1/T1: the rate drops off

rapidly with increasing distance, but is only mildly orientation dependent as the θ term varies

beween 2 for θ = 0 and 5 for θ =π/2.
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The spectral density in Eq. 2.2 is given by

Jτc (ω) = τc

1+τ2
cω

2
, (2.4)

and represents the fluctuating field amplitude as a function of frequencyω. Its value atω=ωNV

is used in Eq. 2.2.

The third term in Eq. 2.1 is the contribution from the relaxation dynamics of the spin label,

which is relayed to the NV center by the same mechanisms as the second term. It contains

several separate contributions:51, 58

1

T rlx
1

=
(µ0

4π

)2
γ2

NVγ
2
SLħ2 1

r 6

(
1

6
B +3C + 3

2
E

)
, (2.5)

B = T2,SL

1+ (ωNV −ωSL)2T 2
2,SL

(1−3cos2θ)2, (2.6)

C = T1,SL

1+ω2
NVT 2

1,SL

sin2θcos2θ, (2.7)

E = T2,SL

1+ (ωNV +ωSL)2T 2
2,SL

sin4θ, (2.8)

where ωSL is the (angular) transition frequency of the spin label electron, and T1,SL and T2,SL

are the spin–lattice and spin–spin relaxation times of the spin label, respectively. Each of the

three terms B , C and E is a product of a spectral density (depending on T1,SL or T2,SL) and an

angular term. Given a reasonable NV–spin label geometry (r = 6 nm and θ = 45◦) and typical

ranges of relaxation times of nitroxides, 0.3 to 3 µs for T1 and 0.1 to 1 µs for T2,34, 117 values for

1/T rlx
1 are significantly smaller than the T 0

1 relaxation rate (details are discussed in Appendix

A.2). Therefore, the 1/T rlx
1 term is negligible and is dropped from now on.

Figure 2.10 elaborates on the dynamic and geometric aspects of 1/T rot
1 . Figure 2.10A illus-

trates the effect of τc for a fixed NV–spin label geometry (r and θ). The top panel shows esti-

mated NV T1 as a function of spin label τc from 0.01 ns to 50 ns, using the first two terms in

Eq. 2.1 with T 0
1 = 3.5 ms, r = 6 nm and θ = 45◦. The bottom panel shows the spectral density

from Eq. 2.4 as a function of τc. The spectral density can be used to infer the magnitude of
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Figure 2.10: The predicted dependence of NV center T1 on measured τc. A. Simulating the T1

of the NV center as a function of τc. Top: estimated T1 of an NV center 6 nm from the spin
label, with a fixed angle θ = 45◦. Blue solid line: the minimum T1 at τc = 0.055 ns. Gray dotted
line: the intrinsic T1 of the NV center in the absence of a spin label, T 0

1 . Bottom: the spectral
density evaluated at ωNV. Pink solid line: the maximum of the spectral density at τc = 1/ωNV.
B. The change in spectral density at ωNV as a function of and apo and holo τc. The color bar
indicates the differences between density amplitudes at two τc values. Yellow dots: τc values
of apo and holo states of SL5 constructs. Pink solid line indicates 1/ωNV. C. T1 (ms) of the NV
center a function of NV center–spin label distance and orientation. The contour lines represent
NV center T1 in the presence of a mobile spin label with T 0

1 = 3.5 ms and τc = 4 ns at a location
specified by distance r and angle θ.

T1 reduction. The density amplitude quantifies the transition rate at the NV center due spin

label reorienting at different rates. To isolate the dynamics of the spin label from the geomet-

ric factors, Fig. 2.10B illustrates the effect of the τc values for the apo and the holo states on

the change in spectral density (which is proportional to the change in relaxation rate). A large

change in spectral density will enhance T1 contrast. The largest spectral density changes occur

if one of τapo
c and τholo

c is close to 1/ωNV and the other is at least an order of magnitude slower or

faster (white and black regions in Fig. 2.10B). The apo/holo τc values for SL5–PDGF are shown

by the cluster of yellow dots. The τc values of apo and holo state range from 2.5-5 ns and 6-16 ns,

respectively. They do not fall within the most sensitive range. One approach to improve upon

this is to build more flexible linkers into the structure by exploring a wider range of spin label

structures and coupling chemistries.

Figure 2.10C visualizes the dependence of T1 on the relative position of the NV center spin
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and the nitroxide spin for a fixed τc. According to Eq. 2.3, T rot
1 contains an angular dependence

and a factor of 1/r 6, and the relaxation enhancement is most pronounced if the spin–spin dis-

tance is short and the angle θ perpendicular. The contour plot shows T1 using T 0
1 = 3.5 ms

and τc = 4 ns. The reduction in T1 increases as the angle θ approaches 90◦ and decreases with

increasing distance. This is an important aspect for combining the spin-labeled SOMAmer as-

say with a diamond sensor since both orientation and distance affect the sensitivity of the T1

relaxation-based sensing mechanism.

Figure 2.11: Evaluating the estimated T1, NV for all tested sites, assuming r = 6 nm and θ = 45◦.
The magnitude of the difference in T1, NV between the apo (×) and holo (▲) states is indicated
by arrow length, and the corresponding Kd is indicated by arrow color with a reference in Fig.
2.9.

To evaluate the reduction of T1 relaxation rate due to the protein binding-induced changes

in rotational mobility for spin-labelled SL5, T1 values are estimated for all sites using the same

geometry (r = 6 nm and θ = 45◦) as used in Fig. 2.10A. The calculated results are ranked from the

largest to the smallest binding-induced T1 change from left to right in Fig. 2.11. In this geometry,

the construct labelled at site 11 produces the largest contrast in T1, followed by sites 21 and

10. However, sites 5, 7, 9 and 12, which yield the largest differences in τc, are not among the

highest-ranked sites in terms of T1 contrast. This is because the apo state τc of these constructs

are longer than those of sites 11, 21 and 10 (Fig. 2.9), resulting in a shorter window of ∆τc as

illustrated by Fig. 2.10A.
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The estimated ∆T1 ranges from 0.05 ms (site 11) to less than 0.01 ms (site 1 through 4).

Recent work has demonstrated a reliable resolution of 100 µs using nanodiamonds.122 Several

publications also managed to distinguish ∆T1 values of hundreds of ms to tens of µs.14, 42, 53, 98

The SL5-PDGF binding-induced reduction of the estimated NV center ∆T1 falls in a range that

can be detected by current NV center sensor devices.80, 81, 130, 140, 151, 153 Nevertheless, several

strategies can be applied to increase T1 contrast and therefore the overall sensitivity of the NV

center relaxometry.

NV center T1 relaxometry detection sensitivity is strongly limited by the NV–spin label dis-

tance due to the steep 1/r 6 dependence in Eq. 2.3. Therefore, keeping r as short as possible is

crucial. The depth of the NV center below the diamond surface can be engineered via tuning

the energy of ion implantation.4, 43 The caveat is that shallow NV centers are often susceptible

to magnetic noise from surface spins.93, 107, 109 Another approach to potentially increase ∆T1

is to shorten the spin label linker length by using alternative labeling chemistries such as cou-

pling of azide-functionalized spin labels with terminal alkynes146 or strained cycloalkynes,78 or

by ligation to the phosphate group,104 the sugar36 and the base.60, 77, 86, 142 A series of rigid spin

labels that can be covalently conjugated to the base were designed for measuring the flexibility

of DNA;52, 69, 85, 86, 89, 95 however, these labels are less useful in this context, as their rigidity pre-

vents the detection of spin label mobility changes. The τc screening protocol reported in this

work relies on the built-in mobility from the rotatable bonds in the linker (Fig. 2.1B). In addi-

tion to linker length and rigidity, linker size is another critical aspect. An inflexible and bulky

linker may have greater potential to disrupt binding interactions in comparison to a small and

compact structure. The ideal linker would be short but flexible so that the spin label is close

to the SOMAmer and responsive to protein binding, but can still span a wide dynamic range of

rotational motion.

The affinity of SOMAmer–protein binding may affect the overall sensitivity of the NV cen-

ter detection. This effect is difficult to isolate and must be evaluated with the changes in spin

label mobility upon protein binding. However, the SOMAmers may undergo conformational

changes when binding to target proteins, potentially leading to distance changes. According to
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Eq. 2.3, the effect from a distance change can be as dramatic as the effect from a change in τc.

The distance change may counteract or enhance the effect of the τc change on T1. Further in-

vestigations of SOMAmer structure and conformational landscapes, also in the context of their

attachment to a diamond surface,148 will provide more information on probable distance effect.

2.5 Conclusions and future direction

We developed a novel protocol for sensing proteins using immobilized site-specifically spin-

labeled SOMAmers in combination with CW EPR spectroscopy to detect changes in spin label

rotational mobility upon protein binding. A full site scan on the benchmark SOMAmer SL5 and

its target protein PDGF-BB revealed a number of suitable sites where (a) the binding-induced

change in rotational mobility is significant and (b) the reduction in binding affinity due to the

presence of the spin label is small. The approach presented here is general and can be extended

to other SOMAmer–protein pairs.

In addition, we modeled the detection of the observed rotational mobility changes via T1 re-

laxometry of a proximal diamond NV center, which provides a platform for increased sensitivity

and multiplexing. The results indicate several strategies for maximizing contrast in NV T1. First,

minimize T1 in the unbound state by shortening the rotational correlation time to approach the

inverse angular transition frequency of the NV center. Second, maximize the slow-down of τc

experienced by the spin label upon protein binding. Both strategies can be pursued by varying

the nature of the spin label and scanning across labeling sites. Also, the NV–spin label distance

needs to be carefully controlled in order to maximize T1 contrast.
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Chapter 3

PROBING MILLISECONDS RESOLUTION OF PROTEIN DYNAMICS USING
RAPID FREEZE-QUENCH AND EPR SPECTROSCOPY

Resolving the reaction mechanisms of macrobiomolecules often requires structural infor-

mation before the molecular interaction reaches the equilibrium state. A sample preparation

technique known as rapid freeze-quench (RFQ) can be used along side with EPR spectroscopy

for obtaining time-resolution of the structural conversion of protein–ligand interaction. This

chapter is focused on the instrumentation of a home-built RFQ device. The following sections

begin with an introduction to RFQ (Section 3.1), followed by a review of selected literature with

discussions of design criteria (Section 3.2). The home-built RFQ instrument was constructed

(Section 3.3) and calibrated using a well-studied reaction (Section 3.4) and then used for prob-

ing the dynamics of the conformational change of maltose binding protein (MBP) (Section 3.5).

3.1 Background and motivation of RFQ technique

Understanding the mechanism of protein binding interactions often requires kinetic and

structural information; however, direct measurement of such a process remains challenging.

Experimental techniques such as stopped-flow absorption88 and pulse-labeling mass spectrom-

etry59, 72, 75 have been used for kinetic analysis and studying protein folding mechanisms. In

principle, these experiments monitor the change of population over time, but the structural

information of participating chemical species may not be resolved.

An alternative strategy is to quench and preserve the state of a reaction at different time

points before it reaches equilibrium. A technique known as rapid-freeze quench (RFQ) pre-

pares samples by freeze-trapping an on-going chemical reaction as illustrated by Fig. 3.1A and

B. The frozen samples capture the fraction of populations at the moment of quenching and
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therefore can be used for determining the rate constant (Fig. 3.1C). In addition, the frozen

samples can be used for further structural analysis, using the a variety of spectroscopic meth-

ods. The RFQ technique has been used in combination with X-ray,133 Raman,37, 82 NMR,66

and EPR24, 70, 127, 129, 131, 150 spectroscopy. The molecular systems that have been examined by

such methods include cytochrome c,22, 56, 129, 135, 150 peroxidase40, 74, 136 and catalytic intermedi-

ates.28, 70, 74, 97, 127, 131, 145

Figure 3.1: An overview of the RFQ technique. A. A two-state protein–ligand interaction with a
rate constant k. B. A simplified diagram of a RFQ instrument. C. Schematic of kinetic analysis
of using RFQ-samples prepared at different reaction time.

Early RFQ-EPR studies were mostly focused on metalloproteins since such proteins often

have a paramagnetic metal center and therefore native unpaired electron spins. The scope of

protein molecules that can be studied by this method is expanded by combining RFQ, SDSL

and DEER spectroscopy, and several recent publications49, 57, 113, 114 have achieved obtaining

information about protein conformational dynamics with temporal and structural resolution.

3.2 Existing RFQ designs

In order to perform the RFQ technique, a specialized instrument is required. A RFQ instru-

ment usually has three components: a pump for driving the reagents, a mixer for initializing
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the reaction, and a cryomedium for stopping the process by freezing the reacting solution. An

ideal RFQ device should have a short instrumental dead time and a large window of accessible

reaction times so that both the early stages and the end point of reactions can be captured. As

illustrated in Fig. 3.1B, the reaction time is often adjusted by changing the traveling distance

between the ejection nozzle of the mixer and the cryomedium where samples are frozen. The

operational time ranges from hundreds of µs to ms, and the sample volume may range from

50-200 µL,57, 66 depending on the choice of implementation.

Two commercial RFQ devices, one from Update Instrument84, 94, 111 and another from Bi-

oLogic,32, 100 have been reported in literature, and numerous papers featuring customized de-

vices have been published. A home-built RFQ instrument gives the practitioners more freedom

to mininize the instrumental dead time, maximize the operational range, and optimize the sam-

ple volume. These specifications depend on the downstream experimental setup, such as the

microwave frequency of the EPR spectrometer and the resonator type. Several commonly used

options for each component have been reported and discussed in literature and are summa-

rized in Table 3.1. The rest of this section is focused on discussing the advantages and caveats

of each reported design.
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The pumps used on RFQ devices have evolved over the past decades. The earliest reported

RFQ apparatus20 was driven by a motorized linear ram. Syringe pumps (Figure 3.2) have been

widely used in the past; however, such pumps are ultimately limited by the lack of a pressure

control module and therefore the precise control of flow rate. Instead, HPLC pumps are the

preferred choice since they are designed for pumping solutions through narrow tubings at a

steady and precise flow rate.

Mixer performance is a popular area of interest in RFQ instrumentation. The design of a

mixer usually aims to achieve fast and complete mixing by avoiding laminar flow. Microfluidic

devices with twisted channel patterns are common choices. Such mixers are made out of sili-

con37, 82, 111 or polymers102 via photolithography. An alternative design is the all-metal four-way

tangential mixer.24, 57 The four-way tangential mixer directs the two solutions into four opposite

channels that lead to a central chamber with some placement offset for inducing more turbu-

lence. A diagram of a typical tangential mixer is shown in Fig. 3.3A. The most accessible option

is a T-shaped or Y-shaped mixer, which can be easily purchased from HPLC accessory vendors.

To avoid insufficient mixing, due to fast laminar flow, Jeon et al.66 packed stainless steel beads

(O.D. = 40 µm) at the ejection port of the mixer to introduce turbulent flow.

In summary, the combination of the appropriate pump and mixing setup should result in a

high-pressure high-speed solution jet of chemicals. To achieve this condition, the diameter of

the mixer ejection port and the tubing connecting mixer to pump is usually tenth to hundreds

of µm wide. A thinner ejecting solution jet is more likely to achieve homogeneous freezing times

once the solution is deposited on/in a cryogenic environment. In almost all RFQ designs, the re-

action time is varied by changing the distance between the mixer and the cryofixation medium.

Cryofixation and sample packing are sometimes overlooked but are critical aspects for ob-

taining high-quality data. The success and consistency of samples requires instant and uniform

freezing rate so that water does not crystallize but vitrifies to an amorphous solid instead. The

easiest approach to freeze a reaction is to plunge the solution jet directly into a liquid cryo bath

of nitrogen, isopentane or ethane, which is also the cryofixation method implemented by the

commercial RFQ devices; however, such a method may result in crystallization and splashing,
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Figure 3.2: Common options of RFQ pumps. A. Syringe pump purchased from New Era Pump
Systems Inc. B. Varian ProStar 210 HPLC pump.

which then lead to inhomogeneous freezing rates.24 In addition, it is challenging to use this

method with small sample volumes. Another popular approach is to eject the reaction solution

in between two rotating metal wheels submerged in a cryo bath. The rotating wheels grind the

frozen solution to fine powder as it freezes on the metal surface, creating a more homogeneous

sample. A schematic of this design is shown in Fig. 3.4. To create a thin layer of uniform vitri-
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Figure 3.3: Two examples of RFQ mixers. A. A design diagram of a four-way tangential mixer.
The design was replaced by using a commer T-shaped mixer. B. A commercial T-shaped mixer
with auxiliary components. The details of this setup is further explained in Fig. 3.5 and Fig. B.1.

fied solution, another option is to deposit sample on a pre-cooled rotating disc. This method is

usually accompanied with a electric motor,25, 66, 102 which sweeps the sample mixer across the

entire plate to use the entire surface of the disc.

3.3 Construction and operation of the home-built RFQ instrument

Considering the overall cost, feasibility and ease of operation, a home-built RFQ device

based on the model presented in Jeon et al.66 was constructed with several additional modi-

fications. An schematic flow diagram is shown in Fig. 3.5. Figure 3.5A shows the fluidic sys-
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Figure 3.4: Schematic diagrams of cryofixation methods. A. Direct plunging. B. Grinding frozen
samples by rotating wheels. C. Depositing sample across a rotating cryo disc. This method is
implemented in the home-built instrument (Fig. 3.5).

tem. The HPLC pump (Varian, ProStar 210) pumps buffer solution through the gray tubings

and supplies steady pressure to the rest of the fluidic system. The buffer solution enters the

injector (Rheodyne, 7010). The injector switches between two modes: standby and injection.

The standby mode directs buffer solution to a T-shaped mixer and then to waste. The standby

mode tubing connection is built to mimic the injection mode tubing connection to maintain

stable and similar pressure between the two modes, which intends to maintain a steady flow

rate when switching between two modes. The injection mode is connected to the 200 µL sam-

ple loops (IDEX Health Science, 9055-025), one for ligand (Figure 3.5B, red) and one for protein

(Figure 3.5B blue). The loading loops are connected to filters (IDEX Health Science, A-431) to

remove particulates in the sample solutions. The filters are then connected to tubings with an

inner diameter of 127 µm and outer diameter of 1/32"(IDEX Health Science, A-431). Switching

the 1/16" sample loop tubing to the 1/32" tubings increases the fluid pressure and therefore

the linear flow rate, and the latter is compatible with a T-shaped mixer (IDEX Health Science,

P-885) designed to handle up to 5000 psi pressure. The pump and sample loops are kept on a
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lab bench at room temperature. A photo of the entire setup is shown in Figure B.2.

Figure 3.5: Flow diagram of the home-built RFQ instrument. A. The fluidic system. B. Com-
ponents housed in a temperature-regulated dry nitrogen box. C. Details of the mixer and
temperature-controlled mixer manifold.

The 1/32" tubings lead to the mixer and cryomedium setup housed in a acrylic box as shown

in Figure 3.5B. The acrylic box is purged with dry nitrogen gas during operation to reduce the

humidity to avoid water condensation on the sample collection surface. When the setup is in

operation, the reaction solution comes out the mixer as a jet and is sprayed on an aluminum

wheel rotating at 300 rpm. A gear motor (Greartisan, 24 V DC motor) and a customized pulse

width modulation unit (XY-LPWM) were used together to maintain specific speed of the ro-

tating wheel if needed. To avoid inhomogeneous freezing rates, the mixer sweeps across the

aluminum wheel during sample deposition, creating a thin layer of solid sample (Figure 3.4).

The total sample deposition time may be varied depending on the volumetric flow rate set by

the HPLC pump and is approximated by equation:

protein sample volume + ligand sample volume

deposition time
= volumetric flow rate. (3.1)

For example, the calculated sample deposition time is 12 seconds if 200 µL protein solution and

200 µL ligand solution are mixed by a 2 mL/min volumetric flow rate. In operation, the sweep
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time of the stepper motor (StepperOnline, 17HM19-2004S) is usually shorter than the calculated

total sample deposition time to avoid spraying buffer on cyromedium, which would dilute the

spin concentration and reduce sensitivity. The aluminum wheel is pre-cooled in a liquid ni-

trogen bath on a lab jack stand. The wheel remains cold during the entire sample collection

packing period, which last around 2-3 minutes on average. The stepper motor is controlled by a

digital stepper drive (StepperOnline, DM542T), an Arduino Uno R3 board. As mentioned in pre-

vious discussion, the RFQ device should be able to quench reaction at different time points. The

reaction time is varied by changing the distance between the mixer and the aluminum wheel.

The stepper motor that controls the mixer sweeping motion is mounted on a ball screw linear

sliding rail, which moves vertically by a hand wheel on top.

Following by the method presented in Jeon et al.,66 stainless steel micro beads with diame-

ters ranging from 37 to 41 µm (Cospheric, SSMMS-7.8 35-41um) were packed into the mixer to

ensure sufficient mixing between the two solutions. The details of the setup are schematically

shown in Figure 3.5C, where the beads are hosted in the mixing region and blocked by a 10 µm

mesh screen (Valco Instruments, 10SR.5-10). A photo of the mixer and mixer manifold is pre-

sented in Figure B.1. The temperature of the mixer is regulated to match the room temperature

outside the nitrogen box where the samples are stored before mixing. The temperature inside

the nitrogen box is difficult to control and stabilize because of nitrogen boiling. A heat gun is

used during operation to prevent severe differences between the box air temperature and the

mixer temperature.

3.4 Calibrating the time axis of the home-built RFQ device

To obtain reliable kinetic data from RFQ-prepared samples, it is good practice to experi-

mentally determine the absolute reaction time and operational time range of the instrument.

This section is focused on using the aforementioned (Table 3.1) myoglobin–azide reaction to

calibrate the home-built RFQ device.

The binding interaction between myoglobin–azide is well-characterized24 and is the most

widely used calibration reaction for X-band EPR applications.57, 94, 100 The reaction converts the
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Figure 3.6: The conversion of spin states in myoglobin–azide binding interaction. A. Electron
configurations of S = 5/2 Fe(III)(left) and S = 1/2 Fe(III)(right). B. Corresponding X-band EPR
spectra. The gray line is the background signal measured under the same experimental condi-
tion.
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heme center from a high spin (HS) S = 5/2 Fe(III) to a low spin (LS) S = 1/2 Fe(III) as shown

in Fig. 3.6A. The shift of the spin states exhibits distinctive features in X-band EPR spectra.

Figure 3.6B shows the unbound HS myoglobin spectrum and the azide-bound LS myoglobin

spectrum. The zero-field splitting in the Fe(III) S = 5/2 system is too large to be observed at

X-band frequency experiments,124 therefore the HS spectrum is treated as an effective S = 1/2

species with an axial effective g -tensor, featuring a sharp peak at g = 5.9 and a dip at g = 2.0.

The LS Fe(III) has a rhombic g (g = [2.78, 2.20, 1.72]) at higher magnetic field. In the presence

Figure 3.7: Stopped-flow absorption of myoglobin–azide monitored at 575 nM. A. The time
traces using 50µM myoglobin and 0.25 mM(×5), 0.5 mM (×10), 2.5 mM(×50) and 10 mM (×200)
NaN3 solutions prepared in 50 mM TRIS buffer (pH = 7.5). B. Temperature profile using 2.5 mM
NaN3. C. Linear fit of the rate constant k. D. Linear fit of the ln(k ′) and 1/T. The fitting model is
adapted using Arrhenius equation: ln(k ′) = C1

R ( 1
T )+C2, with R = 8.3145 J mol−1K−1, C1 = 159(2)

J mol−1, and C2 = 0.0722(9) .

of excessive NaN3, the kinetic of the myoglobin–azide binding interaction is treated as pseudo
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first-order kinetics:

HS+N−
3 → LS (3.2)

d[HS]

dt
=−k ′× [HS] (3.3)

k ′ = k × [N−
3 ], (3.4)

and the integrated rate equation is

RHS(t ) = [HS]t

[HS]0
= [HS]t

[HS]t + [LS]t
= exp[−k ′t ] (3.5)

where RHS is the fraction of HS, measurable via EPR, and t is the unknown reaction time. As

described in Section 3.3, the reaction time is varied by changing the reaction distance (d) be-

tween mixer and the cryomedium. The conversion from RHS(d) to RHS(t ) requires a known rate

constant k, which is measured using stopped-flow absorption at 575 nm of the LS state.100

The stopped-flow absorption data was measured using 50 µM myoglobin and different con-

centrations of NaN3 to extrapolate the rate constant k. All time traces are shown in Fig. 3.7A. The

apparent rate constant k ′ increases with increasing concentration of azide as expected. The rate

constant k is then obtained by fitting all k ′ using Eq. (3.4). This yielded k = 5266(±23) M−1s−1,

which is slightly smaller than the reported value of 6504(±49) M−1s−1.100 The discrepancies

are attributed to variations in chemicals, pipetting errors and temperature drifts. To assess the

effect of temperature drifts, additional calibrations (Fig 3.7B) using 50 µM myogloblin and 2.5

mM NaN3 were performed. The relation between temperature and the apparent kinetic rate

k ′ is fitted (Fig. 3.7D) and can be used for correction if the device were to operate at different

temperatures.

Having obtained a rate constant k = 5266(±23) M−1s−1, the time axis can be calculated us-

ing the change of fraction of HS over a range of reaction time. To prepare such EPR samples

quenched at different times, solutions of 1mM myoglobin and 10 mM NaN3 were prepared in

50 mM TRIS buffer (pH = 7.5) with 5%(v/v) glycerol. The addition of glycerol is a compromise
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to suppress a background signal that is possibly caused by aggregation of protein during freez-

ing (Fig. B.5). The addition of glycerol increases the viscosity of buffer solution and therefore

alters the mixing efficiency. This effect is further demonstrated in Fig B.5 as well. In the future,

stopped-flow absorption data should be collected using the appropriate amount of glycerol to

account for its effect on rate constant. The sample solutions are prepared before injecting to the

loading tubes that are maintained at 22(1) ◦C. The mixer chamber was regulated to maintain the

same temperature range during sample deposition. To quench the reaction at different times, a

total of 7 samples were collected using different mixer–cryomedium distances of 1, 4, 6, 8, and

11 cm. All frozen samples were collected and packed into 4 mm outer-diameter X-band EPR

tubes before melting. The sample preparation and EPR experiments are described with more

details in Appendix B.2.

Representative spectra of RFQ-prepared myoglobin–azide samples with different reaction

times are plotted in Fig. 3.8A. The intensity of the HS spectrum does not decrease linearly as

the reaction time increases. This is because the packing efficiency and therefore the spin con-

centration and signal intensity varies from tube to tube. Nevertheless, by visual inspection, the

LS features emerge with increasing reaction time. Since the packing efficiency varies from sam-

ple to sample, the reaction progress is evaluated by the fraction of HS, as defined in Eq. (3.5).

Conventionally, spin concentration is proportional to the double integral of the EPR spectrum;

however, this quantification method is susceptible to baseline effect. Therefore, instead of us-

ing double integral, peak-to-peak intensity from the g = 5.9 feature of HS spectrum and from

g = 2.20 of the LS spectrum are used for quantitative analysis. Figure 3.8B shows the fraction

of HS calculateed from each spectrum as a function of reaction distance, which monotonously

decreases as expected. The reaction time is calculated using equation

t =− ln[RHS(d)]

k[N−
3 ]

(3.6)

where k = 5266(±23)M−1s−1 is obtained from the stopped-flow data () and N−
3 is 10 mM. The

calculated time values were plotted against reaction distance in Fig. 3.8C, and the data was
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fitted using a linear model to convert any reaction distance to an estimated reaction time. The

errors in RHS are attributed to noise in spectra(< 0.2 %) and concentration. The time values are

calculated using ln[RHS] so that the errors are small and not included in Fig. 3.8B and C. The

error propagated from k is less than 0.5%, and the ranges of calculated t are listed in Table B.1.

The experimentally determined operational range of the RFQ instrument has an instrumen-

tal dead time of 15.29 ms as a collective result of sample mixing time and freezing time. The

operational range of the RFQ setup is 18.22 ms to 26.72 ms, covering 8.50 ms between 1 cm and

11 cm. The slope of the fit in Fig. 3.8C can be interpreted as the experimentally determined

linear flow rate, which is equivalent to 17 ms−1. Using a simple equation

linear velocity = volumetric velocity

cross section area
(3.7)

the linear flow rate of the system setup is 16.98 m s−1, given 2 mL/min volumetric flow rate and

50 µM mixer nozzle O.D., which is in agreement with the experimentally determined flow rate.

Using the current setup, the operational range of the RFQ is limited; however, the width of the

reaction time window is reasonable.
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Figure 3.8: Determining the operational range of the home-built RFQ apparatus. A. Represen-
tative X-band EPR spectra of the myoglobin–azide binding interaction at 120 K. B. The fraction
of the HS (RHS) population in samples quenched at different reaction distances. C. The relation
between reaction distance and reaction time calculated using RHS and Eq. 3.6.
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3.5 The dynamics of MBP open-to-close conversion

As discussed in Section 3.1, the advantage of RFQ is to preserve the state of a reaction for

structural analysis. To validate the home-built RFQ apparatus, it was used for measuring the

dynamics of conformational change of a model protein, maltose binding protein (MBP), upon

ligand binding. MBP is a bacterial periplasmic binding protein involved in uptaking maltose

sugars.88, 128 The conversion between the apo (PDBID: 1omp) and the holo (PDBID: 1anf) state

is a well-studied hinge motion and can be characterized by monitoring the distance changes

between two spin labels attached at two carefully chosen amino acid residues using DEER spec-

troscopy.138

Figure 3.9: Crystal structure of MBP, with spin labels attached via in silico modeling. Residues
L20/T345 are spin labeled with MTSSL. The spin label rotamer distributions are represented by
the surface around the label. The spin labels and rotamers are attached to MBP in silico using
chiLife.139

In spite of the well-characterized structural conversion of the MBP–maltose binding inter-

action, detailed information about the kinetics of this reaction is lacking. Miller et al.88 re-

ported stopped-flow measurements using cyclic maltoheptaose (β-dextrin), which suggests the
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equal molar of MBP and ligand binding reaction reaches equilibrium around 25 ms. To reveal

whether the MBP–maltose binding interaction is in a similar time range, the reaction should be

quenched using the shortest time captured by the RFQ instrument, which is limited to 20.0 ms.

Since the instrument is limited to capture reaction time between 20.0-27.6 ms, which is unlikely

to cover the entire kinetic range of the MBP–maltose binding interaction, a time-fixed titration

may reveal some kinetic information.

An MBP construct with R1 spin labels at sites L20 and T345 was chosen for two reasons: 1.

a clear predicted distance shift upon binding to maltose, and 2. a relative short distance that

compensates for the loss of spin concentration due to low packing efficiency.138 The construct

was purified by Maxx H. Tessmer from frozen cell culture.138 All samples were prepared using

50 µM MBP, reacting with different concentrations of maltose at different reactions. The instru-

mental setup remained the same as calibration condition, and the reaction time distance was

set to 1 cm, equivalent to 20 ms reaction time. To minimize the usage of MBP, the apo and holo

states of were not prepared by RFQ and were instead slowly frozen in liquid nitrogen. More in-

formation regarding the sample preparation and DEER experiments are described in detail in

Appendix B.2.

Figure 3.10A presents the DEER traces, and Fig. 3.10 B shows the associated distance dis-

tributions extracted from Tikhonov regularization and compactness regularization via an one-

step implemented by DeerLab. The Tikhonov regularization parameter and the compactness

regularization were selected based on Akaike information criterion (AIC) and informational

complexity criterion (ICC), respectively. The apo and holo states have defined sharp distance

peaks at 4.0 nm and 3.5 nm, respectively, which is in agreement with the data presented in the

previous publication.139 The RFQ sample using 5 mM maltose reaches equilibrium at 20 ms

since the distance distribution only reveals a peak at the holo state distance of 3.5 nm. The RFQ

sample using 50µM shows that some population of the apo state with a shoulder peak at 4.0 nm.

The differences in distance distribution between the two RFQ samples suggests a decreasing of

reaction rate using less concentrated maltose as expected. The result shows the possibility of

applying the current RFQ setup to reveal kinetic information from structural shift, measured by
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DEER experiments.

Figure 3.10: DEER data of MBP–maltose binding reaction. The concentration of MBP is 50 µM.
A. Time-domain traces shifted to the same starting amplitude. B. Distance distributions gener-
ated using DeerLab.44 Gray dotted line: center of the peaks at 4.0 nm and 3.5 nm. The shaded
region on each P (r ) represents the 95% confidence interval.
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3.6 Conclusion and future work

3.6.1 Conclusion

A home-built RFQ apparatus was designed and built. Using the myoglobin–azide reac-

tion at X-band EPR spectroscopy, its dead time (15.29 ms) and operational range (18.22-26.72

ms) were determined. Using the calibrated setup, a fixed time point pseudo-titration of MBP–

maltose binding interaction was assessed using equal molar and excessive maltose. The DEER

results show that the current setup is capable of capturing the non-equilibrium state of the

MBP–maltose binding interaction by adjusting the reaction rate via changing the ligand con-

centration.

3.6.2 Improving the performance of RFQ

The two main limitations of the current RFQ apparatus are the longer dead time and the

small operational range. It is difficult to attribute the limitations to specific components. To im-

prove the performance, the following strategies for alternative engineering and bench-marking

experiments can be pursued:

1. Verify the mixing efficiency in the mixer by repeating the calibration with a range of NaN3

concentrations. If the mixing efficiency is consistent, the calibrated time should remain

the same regardless of the concentration of NaN3 if analyzed using the method discussed

in Section 3.4.

2. Repeat the stopped-flow measurements with buffer solution containing glycerol. The rate

constant used in Section 3.4 was obtained by using aqueous buffer solution, whereas the

RFQ samples were all prepared with glycerol.

3. Improve the sample deposition method on the cryomedium. In the current setup, the

mixer sweeps through the round disc at a constant angular velocity, resulting in uneven

distribution of depositing at different radii and possible elongated freezing rate.
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4. Regulate the temperature within the nitrogen box. For longer reaction distance, the thin

jet of mixed solution travels longer between the temperature regulated mixer manifold

and the cryomedium. As it is exposed to the dry and cold air from liquid nitrogen boil-off,

the probability of nonuniform reaction rate increases.

5. A new instrument implemented with a vacuum chamber is worth considering. The vac-

uum space minimize the air resistance and may increase the flow rate and therefore a

shorter instrumental distance.
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Appendix A

THEORY OF NV CENTER T1 RELAXATION ENHANCEMENT

A.1 Definition of NV center T1

This section discusses the theory for the dependence of the NV center T1 on the nitroxide

rotational correlation time.140 In a weak external magnetic field, the S = 1 triplet ground state of

the NV center splits into three energetically distinct states, mS = 0, mS =−1 and mS =+1. The

microscopic relaxation rates k01 across the two transitions ms = 0 ↔ −1 and 0 ↔ +1 are con-

sidered equal. The (effective) T1 longitudinal relaxation time for the NV center is defined such

that 1/T1 is the rate constant for the return of the ms = 0 population to is thermal equilibrium

population of 1/3:

n0(t ) = 1

3
+

(
n0(0)− 1

3

)
e−t/T1 1/T1 = 3k01 (A.1)

Non-thermal populations are obtained by optical pumping using a laser pulse, which over-

populates the ms = 0 state (n0(0) > 1/3). After this polarization step, the recovery towards equi-

librium is experimentally monitored via the spin-dependent photoluminescence intensity of

the NV center, which is essentially proportional to n0. The relaxation rate T1 is obtained by

fitting the decay of the photoluminescence intensity.

A.2 Effects from the spin label rotational motion

There are three contributions to T1, as described by Eq. 2.1, and the contribution due to spin

label rotational diffusion is indicated by T rot
1 . As in Eq. (A.1), this equals 1/T rot

1 = 3krot
01 , where

krot
01 is the microscopic rate constant for this process. It can be calculated using Fermi’s golden
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rule (,9 Eqs. A5.12 and A5.14):

krot
01 =

∣∣∣∣− i

ħ
∫ t

0
〈−1|Ĥ(t )|0〉exp(iωNVt )d t

∣∣∣∣2

. (A.2)

where ωNV is the (angular) transition frequency for ms = 0 ↔−1. The time dependence of the

Hamiltonian comes from the rotational motion of the spin label and is a stochastic function

f (t ). Factoring out the time dependence in the Hamiltonian as H(t ) = H · f (t ), we rewrite Eq.

(A.2):

krot
01 = 1

ħ2

∣∣〈−1|Ĥ |0〉∣∣2
∣∣∣∣∫ t

0
f (t )exp(iωNVt )d t

∣∣∣∣2

(A.3)

The integral in this expression is the spectral density J (ω), evaluated at ω=ωNV. In this specific

model, the spectral density takes the form

J (ωNV) = τc

1+ω2
NVτ

2
c

, (A.4)

where τc is the rotational correlation time of the spin label.

Now we focus on the first term in Eq. (A.3) by writing out the elements in the time-independent

Hamiltonian. The Hamiltonian takes the specific form

Ĥ = gNVµBB rot(u · ŜNV), (A.5)

where B rot is the magnetic field at the NV center due to the spin label, ŜNV is the spin vector

operator of the NV center, and u is the unit vector u =
[
ux , uy , uz

]
= r /r 3. Alternatively, these

elements can be written as
[
sinθcosφ, sinθ sinφ, cosθ

]
in spherical coordinates. The dot prod-

uct of the unit vector u and ŜNV project the spin operator to the NV–spin label distance vector

r . Substituting the Hamiltonian back the first term of Eq. A.3, we obtain

1

ħ2

∣∣〈−1|Ĥ |0〉∣∣2 =g 2
NVµ

2
B

ħ2

∣∣〈−1|B rot(u · ŜNV)|0〉∣∣2

=γ2
NV

∣∣〈−1|B rot(u · ŜNV)|0〉∣∣2
,

(A.6)
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where γNV is the gyromagnetic ratio of the NV center spins.

Although Brot originates from a quantum system, the field is treated as a constant irradiation

with variance caused by rotational motion. Since only the field perpendicular to the quantized

magnetic field of the NV center spins will induce transition, only the averaged B⊥,rot is needed

for modeling purposes, and it can be calculated by averaging the x- and y-components of B rot.

As a result, we obtain

γ2
NV

∣∣〈−1|B rot(u · ŜNV)|0〉∣∣2

=γ2
NVB 2

⊥, rot

∣∣〈−1|u · ŜNV|0〉
∣∣

=γ2
NV〈B 2

x +B 2
y〉

∣∣〈−1|u · ŜNV|0〉
∣∣2

=γ2
NVTr{ρ̂(B 2

x +B 2
y )}

∣∣〈−1|u · ŜNV|0〉
∣∣2

,

(A.7)

where ρ̂ is the density operator at thermal equilibrium, i.e. at room temperature approximately

a 2-by-2 identity matrix with a prefactor 1
2 . The exact elements of Brot are obtained from

Brot = µ0

4πr 3
ħγSL

(
ŜSL −3(ŜSL ·u)u

)
, (A.8)

where r is the scalar distance between the NV center and spin label, γSL is the gyromagnetic

ratio of the spin label, and ŜSL is the spin vector operator for the spin label. Equation A.8 can be

written in the expanded form as


Bx, rot

By, rot

Bz, rot

= c


Ŝx,SL(1−3ux

2)+ Ŝy,SL(−3uxuy )+ Ŝz,SL(−3uxuz)

Ŝx,SL(−3uxuy )+ Ŝy,SL(1−3uy
2)+ Ŝz,SL(−3uy uz)

Ŝx,SL(−3uxuz)+ Ŝy,SL(−3uy uz)+ Ŝz,SL(1−3uz
2)

 , (A.9)

where c = (µ0/4π)ħγSL/r 3. Now we choose the coordinate system such that r lies in the xz

plane, so that uy = 0. Summing all the non-zero terms in B 2
x and B 2

y , we obtain

B 2
⊥,rot = c2

[〈
Ŝ2

x

〉
(1−3ux

2)2+〈
Ŝx Ŝz + Ŝz Ŝx

〉
(1−3u2

x)(−3uxuz)+〈
Ŝ2

z

〉
(−3uxuz)2+

〈
Ŝ2

y

〉]
. (A.10)
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The term 〈Ŝx Ŝz+ŜzSx〉 vanishes, since the operators have only off-diagonal elements. The other

expectation values are 〈Ŝ2
x〉 = 〈Ŝ2

y〉 = 〈Ŝ2
z〉 = 1/4. This gives

B 2
⊥, rot =

c2

4

[
(1−3u2

x)2 + (−3uxuz)2 +1
]

= c2

4

[
1−6u2

x +9u4
x +9u2

xu2
z +1

]
= c2

4

[
2−6u2

x +9u2
x(u2

x +u2
z)

]
= c2

4

[
2+3u2

x

]
(A.11)

With u = [sinθ, 0, cosθ], this gives the result

B 2
⊥,rot =

1

4

(µ0

4π
γSLħ

)2 2+3sin2θ

r 6
(A.12)

Finally, we obtain the exact elements in |〈−1|u ·SNV|0〉|2 by expanding the expression:

|〈−1|u ·SNV|0〉|2

=

∣∣∣∣∣∣∣∣∣∣
〈
−1

∣∣∣[sinθ 0 cosθ
]
·


Ŝx,NV

Ŝy,NV

Ŝz,NV


∣∣∣0〉

∣∣∣∣∣∣∣∣∣∣

2

=


|〈−1|sinθŜx,NV|0〉|2 0 |〈−1|cosθŜx,NV|0〉|2

|〈−1|sinθŜy,NV|0〉|2 0 |〈−1|cosθŜy,NV|0〉|2

|〈−1|sinθŜz,NV|0〉|2 0 |〈−1|cosθŜz,NV|0〉|2

 .

(A.13)

Then we utilize the relations

〈m′|Ŝx |m〉 = (δm′,m+1 +δm′+1,m)
1

2

√
S(S +1)−m′m,

〈m′|Ŝy |m〉 = (δm′,m+1 −δm′+1,m)
1

2i

√
S(S +1)−m′m,

〈m′|Ŝz |m〉 = (δm′,m)m,

(A.14)
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where m′ =−1, m = 1 and S = 1. After eliminating the zero terms, we obtain

∣∣〈−1|u · ŜNV|0〉
∣∣2 = 2(sin2θ+cos2θ)(

1

2
) = 1 (A.15)

Now we collect all the elements from above equations and obtain the final expression

1

T rot
1

= 3krot
01 = 3

[
1

4
γ2

NV

(µ0

4π
γSLħ

)2
(

2+3sin2θ

r 6

)(
τc

1+ω2
NVτ

2
c

)]
(A.16)

A.3 Effects due to magnetic relaxation dynamics spin label

This section contains evaluation of the term 1/T rlx
1 in Eq. 2.1. As discussed in Chapter 2,

this term accounts for the magnetic relaxation dynamics of the spin label, which affects the NV

center through dipolar interaction. Here we used a range of T2 values for nitroxide spin labels

based on a reference34, 117 to determine whether the contribution from this term is compara-

ble to the effects from other two terms. The T1 and T2 ranges of the nitroxide spin labels are

chosen to be 0.3 to 3 µs and 0.1 to 1 µs, respectively. A specific NV center–spin label geometry

with a spin–spin distance of 4.5 nm and an angle of 45◦ away from B 0,z is used for evaluation.

Using Eq. (4) through (7) from the main text, the range of 1/Trlx falls between 0.0566 s−1 0.0057

s−1, whereas the intrinsic 1/T 0
1 is 285.7 s−1. We therefore consider the effect of the spin label

magnetic relaxation dynamics to be inconsequential in the discussion.

A.4 Addtional spectra and fitting results
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Figure A.1: All EPR spectra of spin-labeled SL5 and simulations in derivative lineshape.
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Table A.1: The anisotropic g -tensors from simulations with fitting errors. All values are about
0.002-0.0025 units too high due to the lack of field calibration.

Site gx, apo g y , apo gz, apo gx, holo g y , holo gz, holo

1 2.0114(1) 2.0100(2) 2.0053(1) 2.0115(1) 2.0103(1) 2.0051(0)
2 2.0099(2) 2.0092(2) 2.0038(1) 2.0001(2) 2.0097(2) 2.0039(0)
3 2.0100(2) 2.0089(2) 2.0039(1) 2.0101(2) 2.0095(2) 2.0040(1)
4 2.0106(5) 2.0110(5) 2.0051(1) 2.0099(3) 2.0102(3) 2.0040(1)
5 2.0100(7) 2.0108(7) 2.0058(1) 2.0094(3) 2.0100(3) 2.0038(0)
6 2.0107(7) 2.0099(7) 2.0061(1) 2.0094(5) 2.0093(6) 2.0041(1)
7 2.0094(1) 2.0093(1) 2.0050(1) 2.0096(4) 2.0091(4) 2.0038(1)
8 2.0093(7) 2.0088(7) 2.0047(1) 2.0094(6) 2.0096(6) 2.0044(1)
9 2.0094(8) 2.0089(8) 2.0048(1) 2.0097(5) 2.0095(5) 2.0041(1)

10 2.0096(1) 2.0086(1) 2.0050(1) 2.0098(4) 2.0088(5) 2.0040(1)
11 2.0103(1) 2.0099(1) 2.0057(2) 2.0097(6) 2.0099(6) 2.0040(1)
12 2.0103(1) 2.0099(1) 2.0060(1) 2.0097(6) 2.0096(7) 2.0043(1)
13 2.0103(1) 2.0102(1) 2.0058(1) 2.0096(6) 2.0100(6) 2.0043(1)
15 2.0102(8) 2.0103(8) 2.0059(1) 2.0096(6) 2.0103(6) 2.0043(1)
16 2.0098(9) 2.0091(9) 2.0053(1) 2.0093(1) 2.0092(1) 2.0046(1)
17 2.0098(9) 2.0094(9) 2.0055(1) 2.0092(7) 2.0095(8) 2.0045(1)
21 2.0104(1) 2.0101(1) 2.0060(1) 2.0093(5) 2.0095(5) 2.0039(1)
24 2.0105(5) 2.0102(5) 2.0056(1) 2.0094(2) 2.0089(2) 2.0050(2)
28 2.0102(1) 2.0100(1) 2.0059(1) 2.0096(5) 2.0098(5) 2.0042(1)

12 + IgG 2.0103(1) 2.0099(1) 2.0060(1) 2.0105(1) 2.0073(1) 2.0047(1)
12 +trans-

ferrin
2.0103(1) 2.0099(1) 2.0060(1) 2.0098(1) 2.0087(1) 2.0046(1)
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Table A.2: Fitted τc and T1 values using T1,0 = 3.5 ms, r = 6 nm, and θ = 45◦ (the same geometry
and T1,0 used for Fig. 2.10). The errors in T1 are propagated from fitting errors of τc.

Site τc,apo (ns) τc,holo (ns) T1,apo (ms) T1,holo (ms)
1 9.2(2) 11.1(2) 3.476(1) 3.480(0)
2 13.9(4) 15.2(5) 3.484(0) 3.485(0)
3 11.4(3) 14.6(5) 3.480(1) 3.485(1)
4 8.7(2) 13.2(4) 3.474(1) 3.483(0)
5 5.6(1) 14.4(4) 3.460(1) 3.484(0)
6 4.4(1) 9.7(2) 3.450(1) 3.477(1)
7 4.7(1) 11.6(3) 3.452(1) 3.481(1)
8 3.9(0) 7.6(2) 3.442(1) 3.470(1)
9 5.3(1) 12.5(4) 3.458(1) 3.482(1)

10 3.9(1) 10.5(2) 3.443(1) 3.479(0)
11 3.5(1) 11.8(4) 3.437(2) 3.481(1)
12 4.3(1) 11.1(4) 3.448(1) 3.480(1)
13 4.1(1) 9.9(3) 3.445(1) 3.477(1)
15 4.2(1) 9.0(2) 3.447(1) 3.475(1)
16 3.6(1) 5.5(2) 3.437(1) 3.459(1)
17 3.7(1) 6.5(2) 3.439(1) 3.466(1)
21 3.8(1) 10.5(2) 3.441(1) 3.478(0)
24 5.5(1) 3.6(1) 3.459(1) 3.439(2)
28 3.9(1) 9.9(3) 3.443(1) 3.477(1)

12 + IgG 4.3(1) 5.3(1) 3.448(1) 3.457(1)
12+ transferrin 4.3(1) 5.2(1) 3.448(0) 3.458(1)
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Appendix B

DETAILS OF RFQ DESIGN AND EPR EXPERIMENTS

B.1 Figures of miscellaneous RFQ components

Figure B.1: The mixer and mixer manifold. A. Placement of the T-shaped mixer and the union in
a customized manifold. B. An abstract diagram of the packed beads inside the 100 µm tubing.
C. The same setup with disassembled fittings. D. A close-up photo of the mesh screen placed at
the end of the tubing.
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Figure B.2: Photos of
the home-built RFQ
instrument.
A. The RFQ setup on lab
bench.

B. The tubing con-
nections. From right to
left: injector (Rheodyne
7725) to sample loading
loops (Rheodyne 9725i,
200µL) to inline filters
(IDEX A-431) to unions
(IDEX P-881).

C. The sample collection
setup inside the nitrogen
box. The cryomedium
will be submerged into
the green ice bucket
for cooling and will be
spinning as the sample
deposits.
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Figure B.3: Packing myoglobin–azide sample.
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B.2 Extended information of EPR experiments

For all of the RFQ-prepared samples, the volume of solution doubles as the protein and

ligand mix; therefore, the initial concentrations are twice as the resulting concentration. This

section only reports the initial concentration.

B.2.1 Stopped-flow experiments for determining the rate constant of Myoglobin–azide reaction

The stopped-flow absorption data set was measured using Applied Photophysics SX 18 MV.

Myoglobin (MilliporeSigma M0630) and sodium azide (MilliporeSigma 1066880100) were pre-

pared in 100 mM TRIS buffer (pH = 7.5). The concentrations of NaN3 solution are 0.5 mM, 1

mM, 5 mM and 20 mM, resulting a ratio 5, 10, 50, and 200 folds excess. All time traces were

analyzed under the pseudo 1st-order assumption and were fitted using equation

A(t ) =C ×exp(−k ′× t ) (B.1)

The temperature series was performed using 2.5 mM NaN3 at 16.7 C◦, 21.4 C◦, and 27.6 C◦.

An equation based off the Arrhenius equation was used for fitting:

ln(k ′) = C1

R
(

1

T
)+C2 (B.2)

The physical interpretation of the C1 and C2 is neglected since the purpose of this data set will

only be used for correcting the effect from drifting room temperature.

B.2.2 Myoglobin–azide calibration reaction and X-band EPR experiments

Stock solutions of 2 mM myoglobin and 20 mM NaN3 were prepared in 50 mM TRIS buffer

(pH = 7.5) with 5% glycerol(v/v). A total of 200 µL of each solution is loaded to the sample loops

using a Hamilton gas-tight syringe for each sample. The flow rate of the HPLC was set to 2

mL/min.
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Figure B.4: Microwave power saturation behavior of the HS (S = 5/2) and LS (S = 1/2) state
of myoglobin. A. Spectra of HS (500 µM) and LS (500 µM) myglobin collected at different mi-
crowave power. Right: HS. Left: LS. B. Difference between the max-to-min intensity of each
spectrum normalized to square-root of the corresponding microwave power (

p
P ). Right: HS.

Left: LS.

All spectra in Fig. 3.8 were measured using Bruker EMX and SHQE resonator with a res-

onator frequency of 9.30(1) GHz. The cavity temperature ranges from 120-125 K. All spectra

were obtained with a peak-to-peak modulation amplitude of 1 mT and a sweep rate of 4 mT/s

and were collected at 0.5(0) mW. The HS and LS signals are slightly saturated as shown in Fig.

B.4. This is addressed by using a normalizing factor R0, which is described in details in Appendix

B.3 in quantitative analysis of spin population.

Figure B.5 shows the differences in data quality of representative spectra, using samples pre-

pared with different glycerol content. The data shown in this figure are not baseline corrected.
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All samples were prepared using 1mM myoglobin and 5 mM NaN3. Aqueous buffer has the

worst baseline problem overall. Using 20% glycerol mitigates the issue but also affect the mix-

ing efficiency by visual inspection. The artifact baseline shape obscures the certainty of quan-

titative analysis, and to make a compromise, 5% of glycerol was used in the dataset used for

quantitative analysis in Section 3.4. Noticeably, the spectra collected from long reaction/longer

distance tend to have worse baseline problem. The physical reason is unclear.

B.2.3 MBP–maltose DEER measurements

All samples were prepared in deuterated MBP binding buffer (20 mM TRIS, 20 mM imida-

zole, 150 mM NaCl, pH 7.5). The non-RFQ samples were made prepared in buffer with 20%

glycerol and transferred to 1.5 mm O.D., 1.1 mm I.D. quartz capillaries (Sutter Instrument) and

then flash frozen in liquid nitrogen. The non-RFQ samples were measured using a Bruker MD2

dielectric resonator. The RFQ samples were prepared using buffer with 5% glycerol to match

with the RFQ calibration conditions. The frozen solution was packed from the cryomedium to a

3 mm O.D. quartz tube (Wilmad-Labglass, 705-SQ-250). The RFQ samples were measured using

a Bruker QT2 cavity resonator.

All DEER experiments were performed using Bruker EleXsys E580 EPR spectrometer equipped

with SpinJet AWG and a 390 W TWT amplifier (Applied Systems Engineering) at Q-band fre-

quencies. The experiment pulse sequence is the standard four-pulse DEER sequence (π/2)probe−
τ1−(π)probe−(τ1+t )−(π)pump−(τ2−t )−(π)probe−τ2−echo. All probe pulses were 60 ns Gaussian

pulses centered at the maximum of the nitroxide spectrum with corresponding flip angles. All

pump pulses were 150 ns sech/tahn (β= 10) pulses 40-120 MHz above the probe frequency. The

resonator temperature was set to 50 K. All time-domain traces were analyzed with DeerLab.44

The time domain data was transformed to distance distribution with a modal constructed using

non-parametric distribution and a homogeneous background. .



73

Figure B.5: Representative spectra collected using 0%(top), 20%(middle) and 5%(bottom) glyc-
erol in buffer solution. The reaction time is indicated by reaction distance.

B.3 Derivation of RHS(t ) for time axis calibration

This section is focused on the derivation of RHS(t ). The mathematical treatment is based on

the derivation in Pievo et al.100 and Hett et al.57 with several modifications.

As stated in Eq. 3.5, RHS(t ) is defined as the ratio of the concentration at HS a given reac-
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tion time t to the initial concentration of HS-state myoglobin. At 120 K and under dilute spin

concentration (< 2mM), it is assumed that the peak-to-peak intensity of each spectrum is pro-

portional to spin concentration, and this relation is described as

IHS = cHS[HS] (B.3)

ILS = cLS[LS] (B.4)

where I is defined as the peak-to-peak intensity. Equation 3.5 can therefore be restated as

RHS(t ) = (IHS)t

(IHS)0
=C ×exp[−k′t] (B.5)

where C is a scaling factor. As mentioned in Section 3.4, the signal intensity varies from sample

to sample due to inconsistency in packing efficiency (Fig. 3.8A). Therefore, a simple division be-

tween the (IHS)t and IHS)0 (not prepared by RFQ) is incorrect. To bypass this problem, assuming

the total myoglobin population is the combined HS and LS population, Eq. 3.5 is rewritten as

RHS(t ) = [HS]t

[HS]t + [LS]t
=C ×exp[−k′t] (B.6)

[HS]t + [LS]t = [HS]0 = [LS]∞ (B.7)

Using the relation in Eq. B.4,

RHS(t ) = (IHS)t

(IHS)t +R0(ILS)t
=C ×exp[−k′t] (B.8)

R0 = cHS

cLS
(B.9)

Having obtained RHS, the time points associated with reaction distances can be solved using

Eq. 3.6. The errors from k are propagated to the calculated t values and are listed in Table B.1.
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Table B.1: The ranges of calculated t .

distance (cm) tmin (ms) tmean (ms) tmax (ms)
1 18.14 18.22 18.30
1 18.30 18.38 18.46
4 18.91 19.00 19.08
6 20.40 20.49 20.58
8 20.18 20.26 20.36
8 20.76 20.85 20.94

11 26.61 26.72 26.84
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